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Leaflet-heterostructures by MWCNT
self-assembly following electrospinning

John Texter,1,2,5,* Qi Li,3,4 and Feng Yan3
SUMMARY

Electrospinning of nanocarbons such as graphene and carbon nanotubes typically produces mats
composed of one-dimensional fibers where the carrier polymer encapsulates the nanocarbons. Recently
it was found that decreasing the amount of carrier polymer in approaching the electrospinning-electro-
spray boundary for graphene suspensions resulted in retention of the graphene two-dimensional anisot-
ropy with one-dimensional carrier polymer fibers connecting flakes. We explored a similar decrease in
carrier polymer in MWCNT suspensions to investigate the network topology that might ensue. Unexpect-
edly, two-dimensional leaflet meso-networks were obtained wherein the leaflets comprise laterally
aligned MWCNTs one to several nanotubes thick. A mechanism based on capillary force-driven
MWCNT self-assembly activated by menisci formed during drying of electrospun fibers is presented.
Such materials offer new approaches to producing high surface-area coatings for catalytic and energy ap-
plications and suggest ways of formulating two-dimensionalMWCNT assemblies inmetal foams and other
open-cell porous materials.

INTRODUCTION

2D networks in catalysis and energy

Two-dimensional (2D) materials and networks are becoming increasingly important in designing advanced catalytic electrodes and mem-

branes for energy storage and conversion,1–3 and they offer novel and diverse design opportunities for multifunctional catalytic systems. Het-

erostructures derived from 2D materials provide independent approaches to tuning electronic structure, an important feature in modifying

catalytic activity4,5 and an important new tool for interfacial engineering.2 Such heterostructures include sandwich core-shell structures of one

type of nanosheet (MoS2) encapsulated in another (heavily pyrrolic N doped graphene),6 Ni/Fe layered double hydroxides (LDH) sheets inter-

spersedwithMoS2 nanosheets,
7 phosphorene/graphene bilayers,8 reduced graphene oxide (rGO) – graphitic carbon nitride nanostructures,9

alternating graphitic boron-nitride and MoS2 nanosheets,10 and electrically conducting 1T-MoS2 domains within 1H-MoS2 nanosheets,11

among numerous other examples. Another important class of heterostructures are graphene foams and related porous materials for catal-

ysis,11,12 EMI shielding,13,14 electrical double layer capacitors,15,16microwave absorbers,17,18 electrodes for batteries19–21 and solar cells,22 and

other applications ranging from oil-water separation23 to sensors.24 In each case, a basic building block of the respective heterostructure is a

flake of a 2D material that very often is a graphene flake.
Electrospinning of MWCNT

Electrospinning25,26 is becoming increasingly studied to create non-wovenmats for diverse applications andmembranes, and themain prod-

uct is typically a one-dimensional (1D) very thin fiber composed of a desired polymer. It is common to create nanocomposite fibers25,27 by

simply spinning suspensions of particles in the presence of an appropriate carrier polymer such as PVP (polyvinylpyrrolidone) or PVA (polyvinyl

alcohol). There have been many reports of e-spinning MWCNTs,28–35 and the MWCNTs are typically embedded in the carrier polymer,

yielding 1D fibers similar to control fibers obtained without MWCNTs. No previous report of electrospinning MWCNTs has reported gener-

ation of 2D structures. Similarly, in the electrospinning of graphene suspensions, the graphene flakes typically are ‘‘rolled up’’ within the elec-

trospun fibers.36 However, one of our reports showed how the 2D anisotropy of graphene flakes could be realized in fibers by sufficiently

decreasing the carrier polymer to grapheneweight ratio.37 In this report we find that 2D leaflet heterostructures formwhen the carrier polymer

to MWCNT weight ratio becomes sufficiently small.
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Figure 1. Dispersion preparation and electrospinning

Schematic of (A) synthesis of lightly crosslinked co-polymerized ionic liquid with methylmethacrylate using microemulsion polymerization to produce 20–30 nm

diameter nanolatexes, NLs.

(B) Admixture of aqueous suspension of NLs with aggregates of MWCNT in water followed by sonication to yield stable aqueous dispersion of NL-stabilized

MWCNT.

(C) Admixture of aqueous polyvinyl alcohol (PVA) solution with NL-stabilized MWCNT suspension driven by mild sonication.

(D) High-voltage, V, of 20 kV drives electrospinning of an aqueous PVA suspension of NL-stabilizedMWCNT onto an aluminum foil target on a rotating drum; the

dispensing needle is rastered back and forth to produce an approximately 8–10 cm wide coating on the rotating target.
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Overview

The production of nonwoven MWCNT mats on an aluminum-foil rotating target is illustrated in Figure 1 as a four-step process. First, a sta-

bilizer that provides thermodynamically stable dispersions in water of MWCNTs is prepared. In this study, we used a polymerized ionic

liquid,38–40 a nanolatex (NL) stabilizer based on an ionic liquid monomer, ILBr,41–44 co-polymerized with methyl methacrylate, MMA. This

NL stabilizer, lightly cross-linked due to alkyl scrambling during ILBr synthesis to produce N,N-bis[1-(2-acryloyloxyundecyl)]imidazolium bro-

mide as a minor side product,45,46 was synthesized by microemulsion polymerization41–44 (Figure 1A) and has been used to produce aqueous

MWCNT dispersions at up to 17% by weight MWCNT.47,48 It has also been found very useful for dispersing SWCNT,49 hydrothermal car-

bons,50 and graphene51 (at up to 6.4% graphene by weight) in water. The ‘‘active’’ moiety in this NL is the imidazolium bromide functional

group that provides two important functions: (1) strong binding to theMWCNT sp2 surface viap-p orbital overlap between filled imidazolium

p orbitals and half-empty p orbitals on MWCNT surfaces; (2) strong aqueous hydration of imidazolium bromide ion-pairs by water. This ‘‘bi-

functionality’’ (dual efficacy) bridges the hydrophobic surface energy of sp2 surfaces and the relatively high surface energy of water, thereby

yielding thermodynamically stable dispersions. It is noteworthy that aqueous nanocarbon dispersions can reliably be made using a variety of

imidazolium-based polymerized ionic liquids.52

The production of such aqueous MWCNT dispersions is illustrated in Figure 1B using a lab-scale ultrasonic device. MWCNT (Bay-

tubes)53–55 were obtained as a gift from Bayer MaterialsScience. These MWCNTs were reported to average 13–16 nm55 in diameter

and 1 mm to more than 10 mm51 in length before sonication. Our own SEM measurements45 have indicated they are 30–50 nm in diameter.

Sonication (5 min) in ethanol cut such tubes to lengths of 200–1000 nm.55 Baytubes were provided as black powder aggregates 300–1000 mm

in diameter, and we used these aggregates to produce stable aqueous dispersions by ultrasonicating crude suspensions of such powder ag-

gregates in aqueous nanolatex dispersions.

The third step, Figure 1C, is addition of the carrier polymer, polyvinyl alcohol (PVA), to the aqueous MWCNT suspension. Mixing is facil-

itated by using sonication. The fourth step in producing our coatings is electrospinning of the PVA/MWCNT suspension produced in step 3.

We used an electrospinning system with an aluminum foil target wrapped around a rotating mandrel (drum) and a needle assembly that was

rastered back and forth during operation.

Our NL was prepared using AIBN (azobisisobutyronitrile) thermal initiation at 60�C bymicroemulsion polymerization asmentioned above.

The diameters of theNLwere in the range of 20–30 nmas determined by dynamic light scattering. Our aqueousMWCNTdispersion, about 10

g, was prepared at 4.8% by weight MWCNT and 2.4% NL. A pre-dispersion with all components was activated for 15 min in an ultrasonic

cleaning bath (Branson Model B300, Danbury, CT, USA), and then further activated using a micro-tip sonic horn about 4 mm in diameter

at the tip end (SONIS Vibra-Cell, Model VC 30, Newtown, CT, USA)51 Sonic horn treatment was done by suspending the reactor (vial) in

an ice-water bath with the horn tip about 1 cm above the bottom of the reactor vial. Sonication was done for about 8 h.
2 iScience 27, 110186, July 19, 2024
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Dilutions of the above-describedMWCNT/NL dispersion were used to prepare suspensions for electrospinning. The carrier polymer, PVA,

had a nominal number-averagemolecular weight of about 80 kDa and a degree of polymerization, DP, of about 1750. This DP corresponds to

a linear length of about 380 nm. Suspensions for spinning were sonicated for 30 min to form a stable suspension prior to electrospinning.

Electrospinning was done using a system that was obtained from Foshan Lepton PrecisionMeasurement and Control Technology Co. Ltd.

(model QENZ-E05, Foshan, China). A potential of about 20 kV was used to polarize the electrospinning suspension, and the 22-gauge-steel

needle tip was about 10 cm away from the aluminum foil target fixed to a rotating mandrel. The aqueous MWCNT/NL-PVA suspension was

fed to the needle by a 10mL syringe pump at a flow rate of 0.6 mL h�1. The needle was rastered back and forth over a distance of about 10 cm

to produce a coating on the rotating target about 10 cmwide. The target and drumwere rotated at about 400 revolutions perminute. The as-

spun fibrous films were dried overnight in a vacuum at room temperature to remove weakly bound water.
RESULTS

The nonwoven-mat topologies obtained as a function of PVA:MWCNT weight ratio are illustrated in Figure 2. The PVA control mat (web),

Figure 2A, shows that there is some 2D character to the PVA fibers obtained in the absence of MWCNT suspension. The mat obtained by

adding PVA in large excess, at a PVA to MWCNT weight ratio of 6:1 is illustrated in Figure 2B, and only two differences with the PVA control

are evident: (1) The impact of nanolatex-stabilized MWCNT induces small-amplitude irregularities (undulations) along the fiber edges. (2)

There are a small number of apparent ‘‘bulging’’ structures along some of the fibers (highlighted with green-dashed circles). These structures

may be precursors to 2D leaflet formation, but at this point are not primary objects of this study. Figure 2C, at a PVA toMWCNT ratio of 4:1 and

at higher magnification than in Figures 2A and 2B, illustrates (3) increased longitudinal undulations of the fibers and (4) an apparent onset of

fiber bifurcation, highlighted by magenta dotted-circles. We have not attempted to highlight all of these bifurcations because of the limited

depth of field available and because some cannot be easily distinguished from overlapping fibers. We believe that these bifurcations repre-

sent the onset of meso-network formation and are discussed further below.

Themat of Figure 2D obtainedwith a PVA toMWCNT ratio of 2:1 also illustrates structures seen in Figures 2B and 2C. Similar structures are

also highlighted within green and magenta circles, respectively, in Figure 2D. Two ‘‘leaflet’’ structures are highlighted with cyan oval shapes

and appear to be examples where bifurcations of the type highlighted within magenta circles grow in width. Also, the basic widths of fibers

evident in Figure 2C appear to narrow in Figure 2D, where the PVA to MWCNT weight ratio drops 50% from 4:1 to 2:1. Further dramatic nar-

rowing of fibers is seen in Figures 2E and 2F, where the PVA to MWCNT weight ratio drops further to 1:1 and 0.5:1, respectively. Concom-

itantly, we see meso-network formation of apparent 2D leaflets, wherein leaflets and meso-networks are interconnected by narrow fibers.

These meso-networks are the main features we wish to discuss. The MWCNTs in their aqueous dispersion are stabilized by nanolatexes,

NLs, at an MWCNT to NL weight ratio of 1:0.5, and this ratio is constant in each mat containing MWCNTs.

We term these structures meso-networks because they appear somewhat clustered rather than as individually isolated 2D films or mem-

branes. Closer inspection of such networks is illustrated in Figures 3 and 4 for 0.5:1 PVA:MWCNT. Themagnification series in Figure 3 suggests

MWCNTs, coated with NLs, provide a somewhat random network supporting such membranes. Between and on MWCNT and NLs we pre-

sume there are PVA film regions serving a binder function.
DISCUSSION

The apparent 2D leaflet structures seen in Figures 2E and 2F are reminiscent of the PVA, graphene, and nanolatex networks created by the

same electrospinning process wherein graphene flakes were also stabilized by nanolatexes 20–30 nm in diameter.37 A key aspect of graphene

flakes is that they are quintessential 2D materials. However, here there were no 2D materials used in formulating the suspensions used in our

electrospinning processing. Our further analysis is based on ‘‘drilling down’’ the SEM of Figure 3A for the 0.5:1 PVA:MWCNT coating. We

focus on regions associated with the meso-network illustrated in Figure 2F. The approximately 60 mm 3 50 mm field illustrated in Figure 3A

shows that the coating is not dense in meso-networks (clusters). Such clusters are interspersed among relatively sparsely coated regions.
Analysis of SEM images

Figure 3B illustrates approximately 6–10 meso-networks, and we highlight a rectangular region therein from the top-central portion of Fig-

ure 2F that is further magnified in Figure 3C. The image of Figure 3D illustrates that partially isolated fibers are defined by segments of

MWCNT. Also evident at various places in Figure 3 are isolated single, linear chains. The NL mass is about the same as that of the PVA,

and each is half theMWCNTmass. The PVA strands cannot be resolved, but their distribution is the primary reason individualMWCNT cannot

more easily be resolved. Further, the 2D leaflet character structurally is more complex than arising from a PVA membrane formed by drying

menisci supported by MWCNT networks.

Figure 4A overlaps with Figure 3D, and two approximately 0.25 mm2 areas magnified in Figures 4B and 4C reveal significant structural as-

pects of the 2D leaflets. The major result is that the 2D layers are composed of densely packedMWCNT. Also visible in Figures 4B and 4C are

linear arrays of NLs on some of the MWCNTs that make it easier to visualize the underlying MWCNTS and their packing relative to proximal

MWCNTs. These images in Figures 4B and 4C are displayed in Figure 5 at increasing levels of contrast to help delineate the interfaces be-

tween the MWCNTs and to highlight the NLs.

The wider field images in Figure 3 show that these leaflet structures are 2D in nature, though some of them exhibit flower-petal-like

curvature, such as shown in Figure 3D. The depth of field of SEM makes clear, however, that these leaflets are not necessarily one
iScience 27, 110186, July 19, 2024 3



Figure 2. Development of meso-networks as carrier polymer decreased

SEM of electrospun coatings with decreasing PVA/MWCNT weight ratios: (A) 1: 0 (PVA control), 10 mm scale marked in 1 mm increments.

(B) 6:1, 6 mm of scale marked in 1 mm increments.

(C) 4:1, 3 mm scale marked in 300 nm increments.

(D) 2:1, 3 mm scale marked in 300 nm increments.

(E) 1:1, 3 mm scale marked in 300 nm increments.

(F) 0.5:1, 5 mm scale marked in 500 nm increments. The features highlighted with green, magenta, and cyan are discussed further in the text.
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Figure 3. Leaflet heterostructures in meso-networks

SEM of PVA:MWCNT 0.5:1 coating illustrating meso-network structural and compositional aspects.

(A) Portion of coating on aluminum foil target, 30 mm scale marked in 3 mm increments.

(B) Cyan-rectangular region of (A) magnified 3x illustrating clusters of 2D meso-network leaflets, 7 mm of scale marked in 1 mm increments.

(C) Green-dashed region of (B) magnified �2x illustrating meso-network cluster, 2 mm scale marked in 200 nm increments.

(D) Magenta-dotted region of (C) magnified �2.5x illustrating multi-leaflet region of meso-network, 1 mm scale marked in 100 nm increments.
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MWCNT thick, and the contrast series shows tiered layering suggesting thicknesses of at least two and three MWCNTs (and more are quite

feasible).

The contrast series of Figure 5 highlights important features of the MWCNT packing. The main feature is that individual layers appear

dense in MWCNT. The MWCNTs are aligned side by side, but not in a longitudinally very extended way as they might be if polarized by

an electric field. The cartoon illustrating this association in the article graphic was composed to accentuate capillary force assembly discussed

below. Various geometric patterns are evident in this sampling. Also, vacancy-type defects in this dense packing are also evident. Areal type

‘‘vacancies’’ are shown in the top images of Figure 5, where occluded areas appear to be barred from further space-filling or are simply empty.

Also, small spaces between alignedMWCNT are visible, and we call attention to the concentrically oval alignment illustrated in the lower right

quadrant of the bottom images of Figure 5.

Figure 5 also serves to show how the NLs adsorbed to MWCNT help to clarify the geometry of the underlyingMWCNT packing. While it is

known that such NLs in water at concentrations greater than 25% by weight can form a gel phase, other studies have shown their binding to

MWCNTs is slowly reversible. Here, the dense packing shows that MWCNTs that are aligned with one another must induce NL desorption in

order to benefit from van der Waals close packing.

A significant contributor to these phenomena is the cutting of the MWCNT during the sonication of the parent aqueous MWCNT/NL

dispersion and during the admixture of this dispersion with aqueous PVA to make the aqueous suspension processed by electrospinning.

Examination of SEM of a PVA-MWCNT-NL suspension showtes that the MWCNT lengths vary between 200 nm and 800 nm in length. These

lengths are consistent with the packing seen in Figure 5, though packing of an MWCNT segment partially in one layer and extending into an

adjacent layer cannot be discounted.

Lastly, the PVA is present at half themass level of theMWCNTand the samemass level of theNLs, but these are inherently small 1D objects

with a nominal number-average molecular weight of about 80 kDa and projected linear lengths of about 380 nm with a degree of polymer-

ization of about 1750. As a random coil, very dilute random coils would have a radius of gyration of about 110 nm (b[N/6]1/2; b z 6.5). Intra-

molecular hydrogen bonding likely produces solution spheroidal structures having radii smaller than 110 nm, but nevertheless, we expect

them to be of low density and difficult to image as colloidal objects. When dried, the PVA contributes to film formation.

Mechanism of meso-network membrane formation

The meso-2D networks illustrated comprise four chemical components: PVA, NL, MWCNT, and water of hydration. During electrospinning

and the ensuing drying, three phases support the formation of these networks. The NL constitutes a nanophase because they are a lightly
iScience 27, 110186, July 19, 2024 5



Figure 4. Examination of MWCNT packing in meso-network

Magnified (A) view of SEM of PVA:MWCNT 0.5:1 coating from Figure 3C illustrating (B) and (C) micro- and nano-structural compositional aspects including

alignment of MWCNTs and decoration of MWCNT with nanolatexes. In (A) the 2 mm scale is marked in 200 nm increments.
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cross-linked hydrogel, and the MWCNTs compose an allotrope of carbon. The way these phases separate from aqueous suspension and

assemble to generate the 2D leaflet structures of Figures 2E and 2F highlights key colloidal phenomena.

The low magnification SEM of Figures 3A and 3B show that the coatings are not dense in meso-networks, and this varied density distin-

guishes these coatings from the PVA control coatings exemplified by the SEM of Figure 2A, typical of non-woven mats obtained by electro-

spinning with rastering. No doubt, these differences are due in part to the rastering used to coat the rotating target. The contrast between

Figures 2A and 2F underscores the existence of significant topological differences in the drying of our electrospun multiphase suspensions,

particularly because there were only 0D and 1D components in our suspensions, although 2D heterostructured meso-network coatings are

obtained. An important starting point for our mechanistic discussion is that each meso-network illustrated comprises a 3D network of fibers,

thereby articulating a 3D foam. Such "foams" form natural supports for multiple menisci, and we assert that the leaflet structures illustrated

are the dried products of such menisci.

The above image analysis provides some insight because we see that leaflet structures are inherently dense in segmentally aligned

MWCNT. However, we are still left with trying to rationalize how a suspension of MWCNT could form such leaflet structures. Random aggre-

gation would be expected to produce 3D aggregates rather than the meso-networks observed. In our present system, we have a transfor-

mation from cylindrical symmetry to 2D on drying. We want to understand what forces direct 2D arrangements of the MWCNT. The fibers

connecting meso-networks and leaflets within such networks appear to be composed mainly of MWCNT, NL, and PVA.

It is important to understand if an association of nanorods might have provided some expectation of this MWCNT association. Of about

800 papers that address nanorods and electrospinning, only 103 (listed in Table S1 referenced in the SI) topically mention membranes. None

of these discuss any formation of 2D structures emanating from assemblies of nanorods.

Rationalizing precipitation, solidification, and crystallization processes in terms of van der Waals, polar, electrostatic, and H-bonding in-

teractions is a standard approach. Here in thismeso-network systemexhibiting novel supramolecular assembly aspects, our discussions are of

forces and interactions that are magnified and longer range. We suggest that these 2D leaflet structures form in response to two nanoscale

self-association forces: (1) bead (NL) and rod (MWCNT) necklace formation threaded by PVA strands forming H-bonds, polar bonds, and

dispersion force bonds with NL (polymerized ionic liquid) segents and groups; (2) capillary force-driven associations during drying that bring

MWCNTs coated with NL into closely aligned association.

Bead-necklace model of MWCNT association

Cabane and Duplessix56 explained how polymers, often poly-electrolytes, tied spherical and cylindrical micelles together to form micellar

networks. Such networks became known as the bead-necklacemodel. Similarly, the formation of analogous networks wherein polymer chains

tied together particles became appreciated as a mechanism for forming loose flocs of particles.57 The nominal 380 nm lengths of our PVA

chains appear sufficiently long to tie proximal MWCNTs together in suspension. Bare MWCNT sp2 surfaces are inherently hydrophobic,

but when coated with NL they are compatible with water. The ester and imidazolium groups of these NLs provide multiple sites for hydrogen

bonding and polar interactions with PVA, particularly with the hydroxyl groups of PVA, and these interactions likely become stronger as drying

proceeds in these electrospun coatings. Thus, one can see how PVA anchoring to two or more NLs on separateMWCNTs can establish loose

links between proximal MWCNTs that help maintain the proximity of suchMWCNTs to one another during drying and, subsequently, further
6 iScience 27, 110186, July 19, 2024



Figure 5. Impact of contrast variations on discerning MWCNT packing

Effects of increasing contrast (+30%, +50%, and +70%) on Figures 4B (top) and 4C (bottom).

ll
OPEN ACCESS

iScience
Article
association. Therefore, PVA chains provide connectivity and binding betweenNLs andMWCNTs. This connectivity is important in leaflets and

in inter-network and intra-network fiber formation.

Themost well-known 2Dmaterials such as graphene, h-C2N2, andMoS2, amongmany others, rely on dispersion forces to hold nanosheets

to one another. In almost all 2D materials, inorganic and organic, dispersion forces are significant contributors to intersheet attraction. We

have not found any reports that apply the bead-necklace model to drive association of 2D nanosheets.

SEM of the 2D leaflets derived from MWCNTs bear great similarity to graphene coatings made by electrospinning. Compare Figure 3B

with Figures SI-S5 obtained for graphene electrospinning. They are difficult to distinguish. In general, however, 2D materials of inorganic

composition exhibit rigid planar structures, while the leaflets we report exhibit diverse curvatures.
Capillary forces during drying

2D arrays of monodisperse spherical nanoparticles can be obtained by a process of drying that has become known as the coffee ring ef-

fect.58,59 This phenomenon requires a supporting substrate and is driven by capillary forces that have been explored in hundreds of publica-

tions.59–61 The strongest interparticle capillary forces come into play when a liquid bridge (meniscus or lens) connects the particles. These

capillary forces operate during the drying of films on substrates (coffee ring effect). They also operate during the thinning of films and the

formation ofmenisci.62 TheMWCNTs ultimately are attached to both sides of ameniscus and become subject to capillary forces. These forces

have been discussed quantitatively by Kratchelvsky et al.63,64 The 2D arrangement of assembled MWCNTs appears assignable in part to the

2D nature of the menisci that form during drying.

Transitioning from high levels of carrier polymer to low levels produces 2D heterostructures comprising meso-networks of leaflets and

interconnecting fibers. The leaflet structures appear to comprise aligned and layered MWCNTs. This alignment is tentatively assigned to in-

ter-MWCNT capillary forces that come into play during the late stages of menisci drying.
Further characterizations

While the depth of field provided by SEM in Figures 3 and 4 provides significant morphological characterizations of these electrospun coat-

ings, a variety of other physical properties, such asmechanical durability, electrical conductivity, and capacitance (charge storage), are of keen

interest. The coatings reported here on aluminum supports (and current collectors) cannot be separated from the support without being

structurally destroyed. Therefore, mechanical measurements are not yet feasible.We think broadbanddielectric spectroscopymeasurements

of electrical conductivity, however, may be feasible with appropriate spacers in a sandwich geometry.65,66 The feasibility of making analogous

coatings on dissolvable collectormaterials (e.g., alumina/silica cloth) is also under investigation, and if successful, it may be possible to pursue

mechanical, electrical, and optical measurements on free-standing electrospun coatings.
Applications

We believe that the most useful applications of these electrospun meso-networks will be in stimulating the design of derivative materials for

specific applications. Several other derivative materials and associated potential applications are outlined in the SI because of the intrinsic

speculation involved. An implicit utility of these electrospun meso-networks is the extent to which they are stimulating further applications

of the bead-necklace model and of capillary forces generated during the drying of complex fluids. We expect that such multiphase
iScience 27, 110186, July 19, 2024 7
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suspensions as used herein may provide simple means (immersion and drying) to construct 2D films in inter-pore windows between pores in

open-cell porous materials and metal foams.

Summary and outlook

This study shows that a profound change in coatingmorphology occurs as the weight fraction of carrier polymer (PVA) is decreased. Concom-

itantly, we observe the formation of meso-networks of 2D leaflets. This leaflet formation represents the spontaneous formation of a new class

of 2Dmaterials composed of alignedMWCNTs. Future work to verify or refute themechanistic importance of bead-necklace connections and

capillary forces in forming layered leaflet structures dense inMWCNTs is needed, as aremore extensive characterizations of mechanical, elec-

trical, and optical properties.

We believe that the most useful applications of these electrospun meso-networks will be in stimulating the design of derivative materials

for specific applications. Several other derivativematerials and associated potential applications are outlined in the supplemental information

because of the intrinsic speculation involved. An implicit utility of these electrospun meso-networks is the extent to which they may stimulate

further scientific examinations and applications of the bead-necklace model and of capillary forces generated during the drying of complex

fluids wherein both sides of menisci are exposed to ambient vapor.

If the electrical conductivity of such coatings is sufficient, or if it can bemade to be sufficient, such electrospinningmay offer practical (high

volume) means to create electrodes competitive with graphene foams that offer dramatically higher specific surface area per cm2 than can be

obtained from a conformal coating.

Limitations of the study

The toughness and brittleness of our electrospun coatings are unknown, and we are not yet sure how to effectively measure these properties

with aluminum foil as the collector. In an upcoming project, we will investigate the use of alumina/silica (ASC) cloth as a collector. We will

impregnate the ASC with metal nanoparticles and metal coatings in case the ASC prevents sufficient electrical polarization during electro-

spinning. If electrospinning is successful, the ASC coatings will be dissolved in weak aqueous base. This will generate ‘‘coatings’’ free of sub-

strate (aluminum foil collector) for mechanical, electrical, and optical characterization.

The electrical conductivity of such coatings should be measurable by dielectric spectroscopy methods discussed above for nanoparticle

SnO2 and conducting polymer latex coatings. We expect such coatings to exhibit ionic conductivity because the nanofibers connecting 2D

leaflets are composed of nanolatex and PVA, and the 2D leaflets are coated with nanolatex.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Acryloyl chloride SigmaAldrich Product #549797

Bromoundecanol SigmaAldrich Product #184136

Methyl imidazole SigmaAldrich Product #336092

Polyvinyl alcohol Aladdin Chemical Reagent Company https://www.china-pva.net/category/PVA-

2488-PVA-2499.html

MWCNT - Baytubes� Bayer MaterialScience https://www.bayer04.de

Software and algorithms

Origin 8.0 Pro OriginLab https://www.originlab.com/

CS ChemDraw Std CambridgeSoft Cole-Palmer Item # EW-82221-20;

Other

Brookhaven 90Plus Brookhaven Instruments https://www.brookhaveninstruments.com/

Model QENZ-E05 electrospinning apparatus Foshan Lepton Precision Measurement and

Control Technology Co. Ltd., Foshan, China;

now Foshan NanofiberLabs Co., Ltd.

https://www.qingzitech.com/about/10.html;

https://www.nanofiberlabs.com/

Hitachi S-4700 scanning electron microscope Hitachi High-Tech https://www.hitachi-hightech.com/
RESOURCE AVAILABILITY

Lead contact

Subsequent inquiries and requests for materials and chemicals should be sent to andwill be fulfilled by the lead contact, John Texter (jtexter@

emich.edu).

Materials availability

No new reagents were created in this investigation.

Data and code availability

� On request, the lead contact will share the original data reported in this article.
� This article contains no original code.

� Any extra data necessary to reanalyze the data given in this research is accessible upon request from the lead contact.

METHOD DETAILS

Synthesis of ionic liquid acrylate monomer, ILBr

This nanolatex (NL) stabilizer is the primary material synthesized to effect the creation of the stable aqueous MWCNT dispersion used in our

electrospinning processing. This NL is composed of an ionic liquid acrylate surfactant, ILBr, andmethylmethacrylate (obtained commercially).

For the first step of ILBr synthesis,41 100mmol (25.12 g) 11-bromoundecanol is dissolved in 100ml THF in a three-neck 500ml round bottom

flask in an ice bath under nitrogen. Triethylamine (120 mmol, 12.14 g, 20% excess) is dissolved in 100 ml THF and is added to the stirred so-

lution. Next, 120 mmol acryloyl chloride (9.7 ml, 20% excess) is added to 100 ml THF by syringe. This acryloyl chloride solution is then added

dropwise to the stirred 11-bromoundecanol solution over a period of 30 min using an addition funnel. After addition of acryloyl chloride is

completed, the ice bath is removed, and stirring is continued under a nitrogen atmosphere at room temperature for 48 hr. After 48 hours,

the white salt precipitate is removed by filtration. The light yellow liquid filtrate is washed three times with 2% sodium bicarbonate in DI (de-

ionized) water in a 500 ml separatory funnel. The washed filtrate is dried overnight over anhydrous magnesium sulfate. The resulting filtrate is

then diluted with 100 ml methylene chloride and passed through a gravity column containing approximately 2 cm of neutral alumina.

Solvents are removed by rotary evaporation at 45�C. The 11-bromoundecylacrylate structure is confirmed by 1H NMR. 1H NMR (400 MHz,

CDCl3, d): 1.30 (m, 14H, -CH2(CH2)7CH2-), 1.65 (m, 2H, -OCH2CH2(CH2)7-), 1.85 (m, 2H, -(CH2)7CH2CH2Br), 3.40 (t, 2H, -CH2CH2Br), 4.10

(t, 2H, -OCH2CH2(CH2)7-), 5.80 (1H, CH2=CH-), 6.10 (1H, CH2=CH-), 6.40 (1H, CH2=CH-).
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For the second step, 11-bromoundecylacrylate is stirred with a 20% molar excess of 1-methylimidazole and 0.01% by weight 2,6-di-tert-

butyl-4-methylphenol inhibitor at 40�C for 48 hr under a nitrogen atmosphere. After 48 hr, the viscous, amber liquid is washed three times

with diethyl ether in a separatory funnel. The washed product is diluted with 100 ml of methylene chloride and is passed through a gravity

column containing approximately 2 cm of neutral alumina. This filtered solution is placed in a Petri dish to allow evaporation of methylene

chloride at room temperature. The resulting waxy-tan solid is dried under vacuum at room temperature, producing a white, powdery solid,

ILBr. The ILBr structure is confirmed by 1H NMR. 1H NMR (400 MHz, CDCl3, d): 1.30 (m, 14H, -CH2(CH2)CH2-), 1.65 (m, 2H, -OCH2CH2(CH2)7-),

1.85 (m, 2H, (CH2)7CH2CH2N-), 4.10 (m, 2H, -OCH2CH2(CH2)7-), 4.10 (m, 3H, -N-CH3), 4.30 (t, 2H, -CH2CH2N-), 5.80 (1H, CH2=CH-), 6.10 (1H,

CH2=CH-), 6.40 (1H, CH2=CH-), 7.25 (d, 1H, -NCHCHN-), 7.35 (d, 1H, -NCHCHN-), 10.60 (s, -NCHN-).

During the second step above, alkyl scrambling45,46 generates a small amount of N,N-bis(acryloylundecyl) imidazolium bromide side-

product. The bis-functional monomer results in lightly crosslinked nanolatexes below.
Synthesis of nanolatex

A partial ternary phase diagram of this system is illustrated in Figure 1A,42,43 where the composition for microemulsion polymerization we

utilized is indicated by the pink ‘‘✕’’ in the lower left corner. The microemulsion domain is a thermodynamically stable and somewhat exotic

single-phase solution. Our nanolatexes are prepared by diluting 3.7 g of a stock solution of 60% ILBr (w/w) in MMA with 46.6 g of DI water to

reach a total weight of 50 g (about 50 mL). AIBN initiator was present in the MMA stock solution at 0.5% (w/w) with respect to total monomer

weight. The microemulsion solution is then heated to 60�C in a temperature-controlled oil bath and held overnight. The resulting suspension

comprising about 55% (w/w) nanolatex, linear poly(ILBr-r-MMA), and a small amount of unpolymerized ILBr is used to produce aqueous

MWCNT dispersions as illustrated in Figure 1B.
Structural properties

NMR (1H NMR) measurements are done with JEOL 400 MHz NMR. The hydroxyundecyl acrylate and ILBr samples are prepared by dissolving

about 15 mg of analyte in CDCl3 in 5 mmODNMR tubes. The nanolatexes are analyzed using a Brookhaven 90-Plus dynamic light scattering

instrument. The number-frequency particle diameters are in the range of 20-30 nm.

SEM analysis of electrospun coatings are performed using a Hitachi S-3400N scanning electron microscope. All materials are sputter

coated with gold on a Denton Vacuum Desk IV Cold Sputter/Etch unit to reduce surface charging by the electron beam.
Electrospinning

Electrospinning is done using a system that was obtained from Foshan Lepton Precision Measurement and Control Technology Co. Ltd.

(modelQENZ-E05, Foshan, China). A potential of about 20 kV is used to polarize the electrospinning suspension, and a 22-gauge-steel needle

is mounted on a moveable assembly and the needle tip is placed about 10 cm away from an aluminum foil target fixed to a rotating mandrel.

The aqueous MWCNT/NL-PVA suspension is fed to the needle by a 10 mL syringe pump at a flow rate of 0.6 mL h�1. The needle is rastered

back and forth over a distance of about 10 cm to produce a coating on the rotating target about 10 cmwide. The target and drum are rotated

at about 400 revolutions perminute. The as-spun fibrous filmswere dried overnight in a vacuumat room temperature to removeweakly bound

water.
12 iScience 27, 110186, July 19, 2024
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