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Fast Gas-Adsorption Kinetics in Supraparticle-Based MOF
Packings with Hierarchical Porosity

Atsushi Fujiwara, Junwei Wang, Shotaro Hiraide, Alexander Götz, Minoru T. Miyahara,
Martin Hartmann, Benjamin Apeleo Zubiri, Erdmann Spiecker, Nicolas Vogel,*
and Satoshi Watanabe*

Metal–organic frameworks (MOFs) are microporous adsorbents
for high-throughput gas separation. Such materials exhibit distinct
adsorption characteristics owing to the flexibility of the crystal framework in a
nanoparticle, which can be different from its bulk crystal. However, for practical
applications, such particles need to be compacted into macroscopic pellets,
creating mass-transport limitations. In this work, this problem is addressed
by forming materials with structural hierarchy, using a supraparticle-based
approach. Spherical supraparticles composed of nanosized MOF particles
are fabricated by emulsion templating and they are used as the structural
component forming a macroscopic material. Zeolitic imidazolate framework-8
(ZIF-8) particles are used as a model system and the gas-adsorption kinetics
of the hierarchical material are compared with conventional pellets without
structural hierarchy. It is demonstrated that a pellet packed with supraparticles
exhibits a 30 times faster adsorption rate compared to an unstructured
ZIF-8 powder pellet. These results underline the importance of controlling
structural hierarchy to maximize the performance of existing materials. In
the hierarchical MOFs, large macropores between the supraparticles, smaller
macropores between individual ZIF-8 primary particles, and micropores
inherent to the ZIF-8 framework collude to combine large surface area, defined
adsorption sites, and efficient mass transport to enhance performance.

1. Introduction

Metal–organic frameworks (MOFs) form crystalline porous ma-
terials from molecular frameworks consisting of metal ions
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bridged by organic ligands.[1] They ex-
hibit well-defined porosity, large surface
area, and tunable pore sizes and struc-
tures, owing to the versatile choice of the
constituent components.[2] In addition to
these features, specific types of MOFs have
flexible structural frameworks and exhibit
a unique adsorption phenomenon called
“gate adsorption”. In this case, the guest
molecule uptake increases in a stepwise
way at a certain threshold pressure (gate
pressure) because of the structural tran-
sition of the host MOF structure (e.g.,
from a nonporous closed state to an open
porous one).[3] Thanks to these attractive
properties, MOFs are promising for var-
ious applications such as gas storage,[4]

gas separation,[5] sensing,[6] catalysis,[7] and
drug delivery.[8]

At the lab-scale, high-throughput sep-
aration of CO2 and CH4 has been re-
cently demonstrated by utilizing two se-
quential adsorption columns which are
packed with flexible and non-flexible MOFs,
respectively.[9] For up-scaling integration
into industrial separation processes, pack-
ing columns simply with MOF particles

results in a large pressure drop, and hence excessive energy con-
sumption. Therefore, shaping micrometer-sized MOF particles
into defined macroscopic structural units such as beads and pel-
lets has been studied before and is a key step to enable stable
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Figure 1. Fabrication of hierarchically structured ZIF-8 materials based on supraparticle building blocks. A) Design strategy: individual ZIF-8 primary
particles form supraparticles, which are assembled into macroscopic pellets with structural hierarchy of pores, from micropores to large macropores.
B) Schematic illustration of the supraparticle fabrication using a cross-junction microfluidic device. C–E) Structural characterization of ZIF-8 supra-
particles fabricated at the mass fraction of ZIF-8 particles w = 0.02 and the microchannel width W = 100 μm with a 1:1 water–methanol mixture ratio:
C) low-magnification and D) high-magnification SEM images of supraparticles and E) cross-sectional slice through a nano X-ray computed tomography
(nano-CT) reconstruction of a ZIF-8 supraparticle (please refer to Videos S1 and S2, Supporting Information for animated videos of the tilt series and
slices through the 3D reconstruction).

operations.[10] A particularly attractive property of flexible MOFs
is their size-dependent adsorption properties.[11] Nanoparticulate
MOFs can exhibit different adsorption dynamics compared to
their bulk analogs because of different flexibility and/or frame-
work structures.[12] Exploiting this effect in applications requires
the creation of macroscopic materials from nanoscale building
blocks. In this case, however, even forming beads or pellets
fails to provide sufficiently fast mass transport within individual
macroscopic units, degrading the overall adsorbent performance.
To solve this issue, meso/macropores are incorporated into struc-
tural units, as demonstrated by Chen et al. who fabricated hi-
erarchically porous millimeter-sized foams composed of MOF
nanoparticles and carboxymethylcelluloses.[13] Developing intra-
particle meso/macropores is another approach to improve mass
transport. The creation of MOF crystals with ordered macropores
formed by using polystyrene beads as templates provided more
efficient gas diffusion efficiency compared with that of conven-
tional MOF single crystals.[14] However, these approaches of in-
corporating meso/macropores decrease the apparent density of
MOF structural units and accordingly, the volumetric gas storage
capacity. Thus, there is a considerable demand to create macro-
scopic materials with a well-defined structural hierarchy, which
provides both a low mass-transport resistance and a high appar-
ent density.

We address this challenge by creating multilevel hierarchical
materials with well-defined internal structure spanning several
length scales (Figure 1A). In particular, we take advantage of

supraparticles (SPs)[15] as intermediate building blocks to cre-
ate the desired structural hierarchy that bridges the micro- and
macropores. Microscopically, our primary MOF particles are in
the size range of a few hundred nanometers with sub-nanometer
pores (Figure 1A-i). SPs are spherical assemblies with a size
in the range up to tens of micrometers, formed by a packing
of the primary MOF particles (Figure 1A-ii). The SPs are then
packed into a regular macroscopic structure to create the multi-
hierarchical material (Figure 1A-iii,iv). Inside each SP, the dense
packing of the primary particles minimizes loss in volumetric
gas storage, while the interstitial spaces between the primary par-
ticles in contact form a first macropore network (Figure 1A-ii).
On a larger length scale, the interstitial sites formed between
the SPs in contact create a second network of larger macropores.
This multi-hierarchical structural design ensures efficient mass
transport within the macroscopic material, through two levels of
macropore networks into the micropore network of MOF parti-
cles (Figure 1A-iii).

SPs can be fabricated by confining a dispersion of primary
particles within a droplet. As the solvent evaporates, the volume
fraction of the particles continuously increases until they consol-
idate into a spherical agglomerate when capillary forces force the
primary particles into close contact.[15,16] The required droplets
can be formed by emulsification, using conventional rotor-stator
systems[17] or microfluidic devices[18] to control droplet size and
size distribution. Alternatively, droplets can be directly formed
on superhydrophobic substrates,[19] albeit with low throughput,
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or within spray drying setups, where the consolidation into spher-
ical structures requires careful parameter control.[20] Recent ad-
vances in the design of SPs have demonstrated the successful
incorporation of mesopores in SPs composed of colloidal silica
particles,[21] mesoporous silica particles,[22] and microporous ze-
olite particles[23] and the formation of consolidated SPs using
MOF particles.[24] These studies underline the great potential of
creating hierarchical porosity within SPs, yet, to this point, have
mainly focused on the structural design of the SPs. Although
photonic crystals of MOF particles displayed excellent separation
capacity toward organic dye solutions and great potential in the
separation field,[25] basic understanding of equilibrium and ki-
netic adsorption characteristics of SPs is still lacking.

Here, we take the development one step further and explore
the functional properties of macroscopic materials formed by
such SP building blocks, focusing on gas adsorption as the trade-
mark property of MOF materials. We use zeolitic imidazolate
framework-8 (ZIF-8) particles as a model MOF system and fabri-
cate SPs to introduce a second level of hierarchy (Figure 1A). We
fundamentally explore how this structural hierarchy affects the
adsorption equilibrium and gas-adsorption kinetics, compared to
conventional packings of MOF particles without structural hier-
archy. We believe that the present study provides an important
guideline for the development of pellets with excellent adsorption
performance and encourages the development of ordered MOF
particle systems as novel porous materials.

2. Results and Discussion

We first synthesized colloidal ZIF-8 particles by mixing aque-
ous solutions (typically 20 mL each) of zinc nitrate hexahydrate
(50 mm) and 2-methylimidazole (3.0 m) in a central-collision type
microreactor.[26] The reaction solution was collected in a vial and
maintained under a quiescent condition for 1 h. The resultant
ZIF-8 particles were washed with methanol by centrifugation at
3500 rpm for 1 h and obtained as a powder by drying overnight
under vacuum (≈102 Pa) with a mean particle size of 190 nm
(Figure S1, Supporting Information). The XRD pattern (Figure
S2, Supporting Information) and the BET surface area of 1508 m2

g−1 confirmed the synthesis of well-ordered ZIF-8 crystals. The
synthesized ZIF-8 powder was redispersed in a water–methanol
mixture and used as primary building blocks to form SPs. Impor-
tantly, this redispersion step was performed in the absence of sur-
factants to avoid blocking of the ZIF-8 micropores by surfactant
adsorption and thus a decrease in adsorption capacity. We found
that the addition of methanol increased the dispersibility of ZIF-8
particles (Figure S3, Supporting Information). We formed ZIF-8
dispersion droplets in a microfluidic cross-junction device, using
a perfluorinated oil containing a perfluorosurfactant (0.5 wt%) as
the continuous oil phase (Figure 1B).[18d,27] We successfully pro-
duced spherical SPs with a diameter of 24.9 ± 1.1 μm (Figure 1C)
composed of densely packed ZIF-8 primary particles (Figure 1D)
by letting the water–methanol mixture of the inner droplets evap-
orate by diffusion through the oil phase. Nano X-ray computed to-
mography (nano-CT) analysis revealed that the formed ZIF-8 SPs
were fully consolidated into densely packed internal structure, ev-
idenced by a reconstructed cross section through a representative
SP (Figure 1E and Video S1, Supporting Information). The ratio
of water and methanol in the ZIF-8 dispersion critically affected

the SP formation. A 3:1 water–methanol mixture resulted in the
formation of buckled SPs with a wide variety in size (Figure S4A,
Supporting Information), which we tentatively attribute to pre-
mature aggregation of ZIF-8 particles within the droplets as a re-
sult of the reduced dispersibility at the increased amount of water
(Figure S3, Supporting Information). A 1:3 water–methanol mix-
ture also failed to produce monodispersed SPs, showing broken
structures and low yields (Figure S4B, Supporting Information),
possibly due to the reduced emulsion stability at higher methanol
content. We found that a 1:1 water–methanol mixture used as
a dispersion medium allowed both the dispersibility of ZIF-8
particles and the stability of emulsion droplets, thereby yielding
monodispersed spherical SPs of ZIF-8 particles (Figure 1C–E).

Using the optimized 1:1 water–methanol mixture of the dis-
persed phase, we varied the mass fraction of ZIF-8 particles, w,
and the microchannel width, W. Figure 2A shows the relation-
ship between the SP diameter, Dp, and w for different values of
W. Increasing W from 50 to 100 μm under a preset w of 0.05 in-
creased Dp from 20.8 (Figure S5A, Supporting Information) to
46.7 μm (Figure 2B), which is due to a larger droplet size pro-
duced in a wider microchannel. For a preset W of 100 μm, in-
creasing w from 0.02 to 0.05 increased Dp from 24.9 (Figure 1C)
to 46.7 μm (Figure 2B). A parameter set of high values of both w
and W (w= 0.10 and W= 150 μm) resulted in the largest prepared
SPs (Dp = 79.9 μm, Figure S5B, Supporting Information). These
results indicate that the number of ZIF-8 particles trapped in a
single droplet, Np, directly determines Dp. To confirm this, we cal-
culated Np and Dp and compared the calculated values with the
experimental results. Under simple assumptions that the droplet
diameter is identical to W and that ZIF-8 particles are spherical,
Np is given as the following equation.

Np =
(

W
dp

)3 𝜌sus

𝜌p
w (1)

where dp is the diameter of ZIF-8 particles, and 𝜌p and 𝜌sus are the
densities of ZIF-8 (=0.95 g cm−3)[28] and a suspension of ZIF-8
particles, respectively. The SP size Dp is then expressed as fol-
lows.

Dp = dp
3

√
Np

𝜙
(2)

where ϕ is the volume fraction of ZIF-8 particles in an SP.
The calculated results assuming a close-packed structure (𝜙 =
𝜋∕(3

√
2) ), which are shown as the dotted lines in Figure 2A,

broadly agree with the experimental results, demonstrating that
the SPs have a consolidated nature and are packed well within
the SPs, corroborating the results of nano-CT (Figure 1E).

Further decrease in w from 0.02 to 0.005 under a fixed W of
100 μm did not produce smaller SPs but resulted in buckled
structures as shown in Figure 2C, indicating the existence of ex-
perimental constraints in the design of well-defined SPs. We hy-
pothesize that the formation of buckled structures relates to the
strong affinity of ZIF-8 particles to the surface of the droplet.
We estimate the adsorption energy of a ZIF-8 particle to the
interface to the order of 102kT (see calculation details and Figure
S6, Supporting Information). Figure 2D displays a possible
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Figure 2. Size and shape variation in spherical supraparticles. A) Effect of w and W on the supraparticle diameter Dp. The dotted lines show the calculated
diameters for three different W values based on the proposed model (Equation (2)). B,C) SEM images of supraparticles fabricated at w = 0.05 and W
= 100 μm (B) and w = 0.005 and W = 100 μm (C). D) Proposed mechanism for the formation of supraparticles with buckled (a) and spherical (b)
structures.

formation pathway leading to buckled structures and spherical
SPs, respectively. In the case of low ZIF-8 concentrations under
which buckled structures form (Figure 2D-a), most of the ZIF-8
particles in a droplet are trapped at the interface (a-i) because the
solvent removal is slow enough for ZIF-8 particles to reach the
interface by Brownian diffusion. In fact, a characteristic time for
a ZIF-8 particle in a droplet to diffuse across the radius of the
droplet is calculated to be 103 s, which is shorter by one to two
orders of magnitude than the drying time (≈104 to 105 s) (see
calculation details in the Supporting Information). As the dis-
persion droplet shrinks, the interface is completely covered with
ZIF-8 particles to form a particulate shell (a-ii). Once the shell is
formed, it subsequently gives in to the stress developed by the
capillary pressure[29] and becomes concave toward the center of
the droplet (a-iii), resulting in the formation of buckled structures
(a-iv). In contrast, with higher numbers of particles within the
droplet (Figure 2D-b), even after the attachment of ZIF-8 particles
onto the interface, a number of ZIF-8 particles remain dispersed
in the droplet (b-i) and form a dense structure upon solvent re-
moval (b-ii). Because of this dense structure of ZIF-8 particles, the
concave deformation is hindered (b-iii), resulting in the forma-
tion of spherical SPs (b-iv). Based on this assumption, the forma-
tion of spherical SPs requires that the surface area that the ZIF-8
particles in a single droplet can potentially cover, SZIF-8, must be
much larger than the surface area of the droplet, Sp. Otherwise,
buckled structures would form because all the ZIF-8 particles in
a droplet attach to the droplet interface. In fact, as summarized in
Table S1, Supporting Information, in our experiments, spherical

SPs formed in the case of SZIF-8/Sp values larger than 2.5, while
buckled structures resulted in a SZIF-8/Sp value smaller than 1.
Because SZIF-8 can be calculated by Np and dp, the morphology of
resultant SPs can be predicted by w, W, and dp. These investiga-
tions suggest that a high w is a key to forming spherical SPs with
compact internal structure.

We focused on gas adsorption as the functional property of
ZIF-8 MOFs.[2] We first determined the equilibrium N2 adsorp-
tion properties of individual SPs. This investigates whether the
densely packed nature within the SP (Figure 1E) hinders trans-
port accessibility to primary particles. To fairly evaluate the per-
formance of the SPs, we used the largest size (79.9 μm in diame-
ter, Figure S5B, Supporting Information) that was available from
our fabrication process, because the pressure drop (energy loss)
inside SPs is generally proportional to SP size. The largest SP
size therefore potentially causes the largest degree of restriction
of interior particles. We found that a loose powder of SPs exhib-
ited a N2 adsorption isotherm identical to that of ZIF-8 powder
that went through the same treatment as SPs (i.e., a long-term
immersion in a water–methanol mixed solution and subsequent
calcination, which was used to remove emulsion-stabilizing fluo-
rosurfactant from the SP powder, as described in the Supporting
Information). This confirms that SP formation did not induce
any structural limitation to the equilibrium adsorption proper-
ties of primary ZIF-8 particles (Figure 3A). Note, however, that
the treatment leads to a small decrease (≈10%) of overall gas
adsorption in both SP and treated ZIF-8 powder as well as a
shift in the stepwise uptake[30] at a relative pressure of 2.0 ×
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Figure 3. Adsorption properties of ZIF-particles and supraparticles. A) N2 adsorption/desorption isotherms (77 K) of ZIF-8 powder, treated ZIF-8 powder
(solvent immersion and calcination), and the supraparticles composed of ZIF-8 particles. B) N2 adsorption isotherms (77 K) of ZIF-8 powder, ZIF-8
powder immersed in a water–methanol solution for 1 week, and ZIF-8 powder calcined at 300 °C for 1 h in an air atmosphere.

10−2 compared to the initial, untreated ZIF-8 powder (Figure 3A).
Through control experiments, we found that the immersion pro-
cess causes the decrease in the adsorption capacity, possibly due
to the partial dissolution of ZIF-8 crystal structures into a water–
methanol mixed solution. Meanwhile, the calcination process
caused the pressure shift of the stepwise uptake and contributed
to the adsorption capacity decrease (Figure 3B). Because we ob-
served that some of the calcined ZIF-8 particles were merged with
each other (Figure S7, Supporting Information), the calcination
process at 300 °C would have partially fused and damaged the
surface structures of ZIF-8 particles.

We then characterized the adsorption properties of macro-
scopic packings of spherical ZIF-8 SPs and compared them to
conventional packings without the intermediate SPs. We hypoth-
esized that the additional level of hierarchy provided by the pack-
ing of individual SPs leads to hierarchical porosity within the
macroscopic material (Figure 1). In such a hierarchical material,
the micropores of the nanoscopic ZIF-8 primary particles are in-
terfaced with an open network of interstitial macropores in the
≈100 nm size range, given by the self-assembled particle struc-
ture within the SPs. This first pore network is again interfaced
with a larger, interconnected macropore network in the microm-
eter range, provided by the packing of the SPs. This hierarchi-
cal pore network ensures fast and open access to all micropores
via the interconnected, double macropore network. We prepared
these macroscopic materials by packing the two types of powder
(SPs vs primary ZIF-8 particles) into a fluoropolymer tube with a
length of ≈1.8 cm (see experimental procedures and Figure S8,
Supporting Information). The packing densities of ZIF-8 in tubes
calculated from the packed weights were 0.64 and 0.39 g cm−3 for
ZIF-8 powder and SPs, respectively, while those of the ideal pack-

ings with close-packed structures were calculated to be 0.70 and
0.52 g cm−3 assuming the ZIF-8 density to be 0.95 g cm−3.[28]

To confirm the existence of this hierarchical pore network, we
measured the pore size distributions in the macroscopic pack-
ings of ZIF-8 powder and SPs using mercury porosimetry. As
shown in Figure 4A, the hierarchical material exhibited bimodal
macropores with sizes of ≈14 μm and 150 nm, while no pores
were detected in the ZIF-8 powder pellet. The larger macrop-
ore size in the hierarchical material formed by the second pore
network agrees well with the expected size of the interstitial
sites between individual SPs given by (

√
6 − 2)Dp∕2, while the

smaller macropores evidently corresponded to the first pore net-
work formed by the interstitial sites in the packing of the ZIF-8
primary particles (Figure 4A, black dotted lines). The pore size
analysis of the segmented nano-CT reconstruction of a single SP
(see Figure S9 and Video S3, Supporting Information) further re-
veals macropores with sizes around 100 nm formed between the
ZIF-8 primary particles. Note that the shift to slightly larger val-
ues (154 nm for mercury porosimetry and 100 nm for nano-CT)
compared to the theoretical size of a perfectly packed, spherical
crystal can be attributed to the packing irregularities within the
spherical structure (compare Figure 1D,E and Video S2, Support-
ing Information) and the size distribution as well as deviations
from the spherical shape of the primary particles.

The impact of the hierarchical arrangement on the macro-
scopic functional properties becomes evident in the kinetics
of the gas-adsorption process. Figure 4B compares N2 adsorp-
tion rates at 77 K of the macroscopic packings of ZIF-8 pow-
der and SPs plotted against (time)1/2. The adsorption rate of the
hierarchical packing formed by the SPs was ≈30 times faster than
that of the conventional ZIF-8 packing; the time required to reach
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Figure 4. Pore size distribution and kinetic adsorption measurements of pseudo-pellets (Figure S8, Supporting Information), which were fabricated by
injecting a methanol suspension of ZIF-8 particles or SPs into a perfluoroalkoxy alkane (PFA) tube and subsequent drying. A) Pore size distributions
(from mercury porosimetry) in pellets packed with ZIF-8 powder and the supraparticles. The dotted lines show the theoretical gap sizes between the
supraparticles and between primary ZIF-8 particles. B) N2 adsorption rates of pellets packed with ZIF-8 powder and supraparticles measured with a
pressure step of 130 kPa at 77 K, plotted against (time)1/2.

95% of the saturation amount (qt/q∞ = 0.95, where qt is the ad-
sorption amount at time t and q∞ is that at equilibrium) was
5000 s for the unstructured ZIF-8 material, while the hierarchical
material exhibited a much shorter time of 160 s (see also Figure
S10, Supporting Information with linear and logarithmic x-axes).
The initial stage of uptake in the macroscopic packing of ZIF-
8 powder increased linearly with the square of time, suggesting
that the uptake process was controlled by diffusion. More specif-
ically, the uptake rate of N2 in the macroscopic packing of ZIF-8
powder was much smaller than that in unpacked ZIF-8 powder
(see Figure S10, Supporting Information for the comparison of
unpacked and packed ZIF-8 powder). For the SPs, by contrast,
shaping into the pseudo-pellet did not greatly reduce the uptake
rate as in the case of ZIF-8 powder, because of the larger macro-
pores formed between SPs (Figure 4A). The smaller macrop-
ores present in individual SPs enhanced the diffusivity in SPs
as evident from the adsorption rate in unpacked SPs, which was
comparable with that of unpacked powder (see Figure S10, Sup-
porting Information for the comparison of unpacked ZIF-8 pow-
der and SPs). Therefore, the hierarchical pore structure with the
much more open macropore space in the pseudo-pellets formed
from SPs resulted in a reduced transport resistance. Similar re-
sults have been observed for fluid catalytic cracking catalysts[31]

and binderless X- and A-zeolites,[32] where additional macrop-
ores in beads markedly increase the intraparticle diffusivity of
n-octane and water, respectively. Details on the factors affecting
mass transport in packed beds of porous particles such as length
of the packed column, viscosity and density of the fluid, ratio of
column diameter to particle diameter, ratio of column length to
particle diameter, particle size distribution, particle shape and ef-

fect of fluid velocity are given inref. [33]. Their determination is,
however, beyond the scope of this paper.

Although the saturated adsorbed amount of the hierarchical
material per unit bulk volume was smaller than that of the con-
ventional material due to a lower apparent density, the time to
reach a certain adsorption amount, for example, of 150 cm3-
STP cm−3-sample was still approximately ten times faster (Figure
S11, Supporting Information). Because our concept is based on
a close-packed structure, the packing density of ZIF-8 in the SP
pellet (0.39 g cm−3) is higher than those from other shaping
techniques (e.g., ≈0.07 g cm−3 for hierarchical porous foams[13]),
which is a clear advantage of the SP-based hierarchical structure.

3. Conclusions

We have designed a macroscopic MOF material with a hierar-
chical pore structure consisting of interconnected pore networks
at three distinct length scales (>1000; ≈100; ≈1 nm), using a
bottom-up, self-assembly process with SPs as intermediate build-
ing blocks.

Kinetic adsorption measurements demonstrated a large differ-
ence between macroscopic materials with and without structural
hierarchy. The adsorption rate of the supraparticle-based mate-
rial was 30 times faster than that of the unstructured ZIF-8 pow-
der pellet. Mercury porosimetry measurements demonstrated
the presence of the anticipated interconnected pore networks
with distinct interstitial sites of both SPs and primary particles
providing percolation pathways for efficient mass transfer to the
actual gas-adsorption sites within the ZIF-8 nanoparticles. This
study underlines the importance of a rational structure design

Adv. Mater. 2023, 35, 2305980 2305980 (6 of 8) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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spanning multiple length scales to optimize macroscopic func-
tional properties. Because MOF particles exhibit size-dependent
adsorption properties, downsizing to nanoscale can be quite ef-
fective to achieve specific adsorption characteristics. In such a
case, SPs, with their ability to form secondary structural elements
at the microscale, are an emergent, flexible tool to bridge materi-
als design from the nano- to the macroscale.
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