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ssembling carbon nanotubes

(CNTs) into bulk materials with de-

sired structures and properties
holds the key to realize their extensive ap-
plications. For example, CNT sheet repre-
sents one of the most attractive CNT bulk
materials' 3 and is considered an alterna-
tive to indium tin oxide (ITO) for transpar-
ent electrode materials.* ¢ The fibers spun
from CNTs were demonstrated to combine
both high strength and high stiffness de-
rived from individual CNTs.”® The vertically
aligned CNT forest has found important ap-
plications in field emission displays® and
flexible energy storage devices.'*"" Assem-
bling CNTs into aerogels creates a new CNT
bulk material that integrates the intriguing
properties of CNTs'2~'7 with the unique
structures and related properties of aero-
gels. Aerogels are low density, highly po-
rous materials with large surface area,'® 2
offering a wide range of applications as
thermal®® and acoustic?! insulating materi-
als, catalyst support,?? and electrodes for su-
percapacitors.” Although aerogels have
been fabricated from silica, metal oxides,
polymers, and carbon-based materials,
fabricating CNT aerogels is still challenging
with only a few successful examples.2824
During the process of producing CNT
sheets? and drawing nanotube fibers 2 aero-
gels were produced as intermediate phases,
which were not free-standing monoliths
and eventually collapsed into dense struc-
tures. Free-standing CNT aerogels were fab-
ricated from a CNT wet gel formed by so-
dium dodecylbenzene sulfonate (NaDDBS)
dispersed CNTs.2* Owing to the low me-
chanical strength of the obtained CNT aero-
gels, poly(vinyl alcohol) was incorporated
for the reinforcement, which decreased the
conductivity and increased the density of

Www.acsnano.org

ABSTRACT Ultralight multiwalled carbon nanotube (MWCNT) aerogel is fabricated from a wet gel of well-
dispersed pristine MWCNTSs. On the basis of a theoretical prediction that increasing interaction potential between
CNTs lowers their critical concentration to form an infinite percolation network, poly(3-(trimethoxysilyl) propyl
methacrylate) (PTMSPMA) is used to disperse and functionalize MWCNTs where the subsequent hydrolysis and
condensation of PTMSPMA introduces strong and permanent chemical bonding between MWCNTS. The interaction
is both experimentally and theoretically proven to facilitate the formation of a MWCNT percolation network,
which leads to the gelation of MWCNT dispersion at ultralow MWCNT concentration. After removing the liquid
component from the MWCNT wet gel, the lightest ever free-standing MWCNT aerogel monolith with a density of
4 mg/cm? is obtained. The MWCNT aerogel has an ordered macroporous honeycomb structure with straight and
parallel voids in 50—150 p.m separated by less than 100 nm thick walls. The entangled MWCNTs generate
mesoporous structures on the honeycomb walls, creating aerogels with a surface area of 580 m?/g which is much
higher than that of pristine MWCNTs (241 m?/g). Despite the ultralow density, the MWCNT aerogels have an
excellent compression recoverable property as demonstrated by the compression test. The aerogels have an
electrical conductivity of 3.2 X 10725 - cm™" that can be further increased to 0.67 S - cm™" by a high-current
pulse method without degrading their structures. The excellent compression recoverable property, hierarchically
porous structure with large surface area, and high conductivity grant the MWCNT aerogels exceptional pressure
and chemical vapor sensing capabilities.

KEYWORDS: carbon nanotube aerogel - honeycomb - hierarchically porous -
pressure sensor - gas sensor

the aerogels. Most recently, a sponge-like
CNT material was fabricated by a CVD pro-
cess. The obtained CNT sponges have a den-
sity of 5.8—25.5 mg/cm? and surface area of
300—400 m?/g, and have demonstrated in-
teresting oil spill cleanup properties.?®

In this paper, we report a solution-based
approach to fabricating an ultralight free-
standing MWCNT aerogel monolith. This ap-
proach is based on the theoretical predic-
tion that increasing interaction potentials
between CNTs decreases their critical con-
centration to form an infinite percolation
network,2%?” which is responsible for the ge-
lation of a fluid system according to the per-
colation model.?®%° Therefore, introducing
intense interactions between CNTs repre-
sents a potential solution to induce the
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Figure 1. Fabrication procedure of MWCNT aerogel illustrated by
pictures of each fabrication step.

gelation of a MWCNT dispersion at ultralow CNT con-
centration, which can be further processed to fabri-
cate ultralight CNT aerogels. In our study, we func-
tionalized MWCNTs with poly(3-(trimethoxysilyl)
propyl methacrylate) (PTMSPMA).3°~32 PTMSPMA is
a reactive polymer with two functions: (1) dispers-
ing and stabilizing MWCNTSs as individual tubes in
solutions and (2) introducing permanent and intense
chemical bonding between MWCNTSs by the forma-
tion of cross-linked polysilsesquioxane through the
hydrolysis and condensation of PTMSPMA. The in-
tense chemical bonding interactions between
MWCNTs decrease their percolation threshold and
lead to the formation of MWCNT wet gels with low
MWCNT concentration. The removal of the solvent
from wet gels generates the lightest free-standing
MWCNT aerogels with a density of 4 mg/cm?3. The
MWCNT aerogels have a honeycomb structure, hier-
archical porosity with a surface area of 580 m?/g, ex-
cellent compression recoverable property, and a
high electrical conductivity, making them interest-
ing pressure and chemical vapor sensing materials.
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Scheme 1. Schematic illustration of gelation process of P3HT-b-
PTMSPMA dispersed MWCNTs. Before gelation, P3HT blocks bond
to the MWCNT surface through = —17 interaction; PTMSPMA blocks
locate at the outer surface of MWCNT. After gelation, MWCNTSs inter-
act with each other through chemical bonding formed by PTM-
SPMA blocks.
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TABLE 1. Characteristics of Three P3HT-b-PTMSPMAs, the
CGC of the CNT Wet Gel, and the Density and Conductivity
of Dispersed MWCNT Aerogels

P3HT-b-PTMSPMA1  P3HT-b-PTMSPMA2  P3HT-b-PTMSPMA 3
M, 18700 21900 27600
My prwspva 9600 13000 18300
6 1.2/0.053% 0.3/0.014% 0.3/0.014%
density® 1.6 40 5.8
conductivity  0.26 32X 1072 791073

“The numbers represent the mass volume CGC in unit of mg/mL and volume frac-
tion CGC, respectively. “The density (mg/cm?) of the MWCNT aerogel fabricated from
different P3HT-b-PTMSPMASs at the CGC of MWCNTs. The conductivity (S - cm ")
of MWCNT aerogel fabricated from different P3HT-b-PTMSPMAs at the (GC of
MWCNTs.

RESULTS AND DISCUSSION

The Fabrication of MWCNT Aerogels. Figure 1 illustrates
the fabrication procedure of MWCNT aerogels from
pristine MWCNTs by presenting the pictures taken at
each step of the MWCNT aerogel fabrication process.
Pristine MWCNTSs were dispersed as individual tubes in
chloroform by poly(3-hexylthiophene)-b-PTMSPMA
(P3HT-b-PTMSPMA) via a sonication of 13 min (Support-
ing Information, Figure S1). According to our previous
investigations,®~32 the dispersed MWCNTs have PTM-
SPMA on their surfaces through the binding of P3HT
block to MWCNT surface via w—r interactions (Scheme
1). As compared to other methods to functionalize
CNTs with PTMSPMA, such as encapsulating CNTs by
vesicles formed by PTMSPMA-PEG copolymers®* and
MWCNT surface-initiated polymerization,** our ap-
proach provides a nondestructive method to uniformly
anchor PTMSPMA on MWCNT surfaces with control-
lable density. The MWCNT dispersion set into a wet gel
in several minutes to several hours, which was inversely
proportional to the concentration of MWCNT (Support-
ing Information, Table S1). The obtained MWCNT wet
gel was aged for 12 h at room temperature and then ap-
plied to a solvent-exchange process with methanol to
remove chloroform. Subsequently, an ammonia aque-
ous solution was added to cross-link the MWCNT wet
gel for 12 h by the hydrolysis and condensation of PT-
MSPMA. Shrinkage of the wet gel was observed during
this process indicating the successful cross-linking. After
removing methanol and ammonia by exchanging with
water, the wet gel was freeze-dried to obtain the
MWCNT aerogels.

Mechanism of MWCNT Wet Gel Formation. Three P3HT-b-
PTMSPMAs with different PTMSPMA molecular weight
(M, prmspma) but same P3HT molecular weight (Table 1)
were applied to disperse MWCNTs at a ratio of 1 mg
MWCNTs to 8.5 X 107> mmol P3HT-b-PTMSPMA to
achieve the same PTMSPMA polymer chain density on
a MWCNT surface (Supporting Information). Such pro-
cess assures the same PTMSPMA polymer chain density
on MWCNT surfaces for the subsequent investigation
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Figure 2. FTIR spectra of the MWCNT dispersion, wet gel,
and aerogel.

of the impact of M, pruspma ON the critical gelation con-
centration (CGC), which is defined as the lowest
MWCNT concentration that forms a wet gel (Table 1).
The CNT wet gels have been produced by several
groups and their formation is ascribed to the interac-
tions among CNTs.>*~38 For example, sodium dodecyl-
benzenesulfonate (NaDDBS)-dispersed CNTs gelate at a
concentration of 5 mg/mL, and the gelation is be-
lieved to be induced by the CNT attraction arising from
osmotic pressure of NaDDBS-formed micelles.>® CNTs
functionalized by ferrocene-grafted poly(p-
phenyleneethynylene) (PPE) show a CGC of 4 mg/mL
in chloroform due to the interaction among CNTs
through ferrocene groups.3® CNTs (>1 wt %) form a
wet gel in ionic liquid, where the local molecular order-
ing of the ionic liquid mediates the physical cross-
linking of the CNTs.>” Oxidized CNTs in aqueous solu-
tions form gels when the CNT concentration is above
0.3 wt % due to the interactions between CNTs through
hydrogen bonds.?® In these studies, physical interac-
tion between CNTs is the key for the gelation process
in different gel systems. Since the interaction potential
determines the CNT threshold of percolation network
which leads to the wet gel formation, it is not surpris-
ing to observe comparable CGCs (several milligrams of
CNT per milliliter solvent) in all these CNTs wet gels. In
our study, the lowest CGC of MWCNTs was character-
ized to be 0.3 mg/mL (Table 1), which is 10 times less
than the literature-recorded CGCs. Such a low CGC indi-
cates the presence of strong interactions between
MWCNTs since the percolation threshold is reversibly
proportional to the interaction potential between CNTs.
We believe that the intense interactions originate from
the chemical bonding formed by the cross-link of PTM-
SPMA to polysilsesquioxane. As illustrated in Scheme
1, the cross-link of the PTMSPMAs attached on indi-
vidual MWCNT introduces chemical bonding interac-
tions between MWCNTs. The proposed chemical bond-
ing interaction induced gelation mechanism was
proved by the FTIR studies of MWCNT dispersion, wet-
gels, and aerogels. As shown in Figure 2, the spectrum
of a freshly prepared P3HT-b-PTMSPMA/MWCNT disper-
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sion shows the stretching vibration band of Si(OCH3);
of the PTMSPMA at 1077 cm™'. The MWCNT wet gel ex-
hibits an identical spectrum except that a small shoul-
der at 1030 cm ™" assigned to Si—O—Si of polysilsesqui-
oxane is observed,* suggesting that PTMSPMA blocks
partially cross-link during the gelation process. The
Si(OCH3); peak at 1077 cm ™' decreases significantly
and a broad peak of Si—O—Si appears at 1030 cm™'
for the MWCNT aerogels, suggesting that most PTM-
SPMA blocks have cross-linked. The PTMSPMA cross-
linking induced gelation mechanism was also proved
by several control experiments. First, MWCNTSs dis-
persed by P3HT homopolymer do not form wet gels, in-
dicating the critical role of PTMSPMA in the wet gel for-
mation. Second, the MWCNT wet gel cannot be
redispersed by various approaches including sonica-
tion, agitation, dilution, and heating, showing that
MWCNTs are cross-linked through permanent chemi-
cal bonding interactions. Third, when P3HT-b-
PTMSPMA itself is sonicated in chloroform for 13 min
and then kept at room temperature for 12 h, the poly-
mer becomes insoluble, which is analyzed to be due to
the hydrolysis and condensation of PTMSPMA block.
Forth, in contrast to the formation of physical-
interaction mediated wet gel, which is usually trig-
gered by cooling the sol precursor down to a certain
temperature,* the gelation of our MWCNT dispersion
is facilitated at high temperature, which promotes the
cross-linking reaction of PTMSPMA (Supporting Infor-
mation, Table S1).

To quantitatively verify the chemical bonding inter-
action induced gelation mechanism, we investigated
the CGC of MWCNTs dispersed by P3HT-b-PTMSPMAs
with different M, pruspma. When the density of the PTM-
SPMA chain on MWCNT is kept constant via control of
the MWCNT/polymer ratio, the intensity of the interac-
tion can be manipulated by M, pruspma, Which deter-
mines the number of chemical bondings between
MWCNTs. As shown in Table 1, the CGC of MWCNTSs de-
creases dramatically from 1.2 to 0.3 mg/mL when
M, prvspma increases from 9600 to 13000. However, the
CGC remains a constant of 0.3 mg/mL when M, prmspma
further increases to 18300. To quantitatively account for
these results, eq 1,*" derived from pair-connectedness
theory which describes the distribution of physical clus-
ters of particles,**~* was applied to establish the con-
nection between the percolation threshold and interac-
tion potentials between MWCNTSs.

_ 2 2 71/2 (BWJ_) .
¢, = 4Ld /[ZL dfvc exp _siny sin(y) dy +

4q* LL exp(BTmz) dz] (1)

In eq 1, ¢, represents the volume-fraction-based
percolation threshold. In our calculation, we consid-
ered the CGC as ¢;, since the percolation threshold has
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Figure 3. Percolation threshold of MWCNTs as a function of
molecular weight of PTMSPMA (M, prmspma) With solid dots
(@) and solid line (—) representing the experimental result
and theoretical calculation, respectively.

been proved to coincide with the CGC.2%* Volume frac-
tion was deduced from mass volume concentration
(mg/mL) by taking the purity (95 wt %) and density (2.1
g/cm? for small cavity MWCNTSs)* of MWCNTSs into ac-
count (Table 1). L and d represented the length (4.85
pm) and diameter (21.6 nm) of MWCNTSs, which are as-
sumed to be monodispersed;* vy was the angle be-
tween two interacted MWCNTSs with y¢ given by sin y¢
= d/L. B = 1/(kT) with k denoting Boltzmann'’s constant
and T representing the temperature; w, is the interac-
tion potential between two perpendicular MWCNTs. We
further assumed that w, was directly proportional to
M prmspma Since My, prvsema determines the number of
chemical bonds between MWCNTs. Therefore, ¢, and
M, ptmsema are the only two variables in eq 1 with an in-
dependent fitting parameter of proportionality factor
between M, prmspma @and w . By varying the proportion-
ality factor, w, = 3.98 X 107® kKTM, prwsema is found to
be the best fit. The best fit theoretical plot in Figure 3 in-
dicates an abrupt slope change around M, pryspma Of
11000. When M, prumsema is below 11000, the percola-
tion threshold decreases dramatically with the increase
of M, ptmsema, Whereas, when M, prvspma is above 11000,
the increase of M, prmsema ONly leads to a slight decrease
of percolation threshold, which is in good agreement
with the experimental results. w, = 3.98 X 107°

KTM,, prmspma can be further applied to estimate interac-
tion potentials between MWCNTSs. For P3HT-b-
PTMSPMA with M, ptmsema Of 18300, w, was calculated
to be 7.28 X 1072kT. Consequently, the interaction po-
tential between two MWCNTSs was estimated to be in
the range of 7.28 X 107 2kT to 16.35kT, corresponding
to the situations that two MWCNTSs are perpendicularly
interacted and parallel interacted over their entire
length, respectively. This is a reasonable estimation
since previous research has proved that an interaction
potential ~KT is sufficient to overcome the thermal en-
ergy of two colloidal objects and induce their floccula-
tion.*® All these results quantitatively support our pro-
posed mechanism that the chemical bonding

MCNT AN . .
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interactions introduced by the hydrolysis and the con-
densation of PTMSPMA block are the major driving
force for the gelation of MWCNTs.

Characterization of MWCNT Aerogels. Chemical bonding
interactions not only decrease the CGC of MWCNTSs
but also chemically cross-link and strengthen the
MWCNT wet gel. Therefore, the chemically cross-linked
CNT wet gel represents a more advantageous precursor
of MWCNT aerogels than physically cross-linked CNT
wet gel, which is mechanically weak, and some physi-
cal interactions may become invalid or diminished after
the removal of the solvent. In our study, MWCNT wet
gel can be freeze-dried to obtain MWCNT aerogels with-
out collapse due to its robust institution. A systemati-
cal investigation of the MWCNT aerogel properties was
performed on the aerogels derived from P3HT-b-
PTMSPMA with M, prmspma Of 13000 (P3HT-b-

PTMSPMA 3000) since such a polymer not only led to
the lowest CGC but also favored the formation of ul-
tralight MWCNT aerogels due to its relatively low molec-
ular weight.

The bulk densities of the MWCNT aerogels fabri-
cated from different P3HT-b-PTMSPMAs at the CGCs of
MWCNTs are listed in Table 1. MWCNTSs dispersed using
P3HT-b-PTMSPMA 3000 resulted in the aerogel with a
density of 4 mg/cm?3, which represents the lowest den-
sity ever for the free-standing monolithic CNT aerogels,
and is only slightly larger than the lowest recorded
aerogel density in the literature (3 mg/cm?3).* The pic-
ture of this ultralight MWCNT aerogel (MWCNT aerogel-
13000/0.3, where 13000 and 0.3 denote the molecular
weight of PTMSPMA and concentration of MWCNTSs, re-
spectively) in Figure 1 indicates a crack-free monolith.
The overall shape of the aerogel, which is cylindrical in
this case, was controlled by the mold used for gelation.

To optimize the mechanical properties of the ul-
tralight MWCNT aerogels, its structure needs to be
elaborately designed. Honeycomb structure is applied
in honey bee nests for its excellent structural efficiency,
that is, using less material to construct a given volume
architecture with high strength to weight ratio. To
achieve this efficient structure in the MWCNT aerogels,
a modified ice-template approach was applied to the
MWCNT wet gel.°~52 The MWCNT wet gel was unidirec-
tionally frozen by liquid nitrogen. Under such a condi-
tion, pseudo-steady-state continuous growth of ice
crystals generated an array of micrometer-sized polygo-
nal ice rods parallel with the freezing direction. The ice
rods acted as the templates for the honeycomb struc-
tures and could be removed by freeze-drying to pro-
duce MWCNT aerogels with ordered honeycomb struc-
tures. The SEM image of MWCNT aerogel-13000/0.3
(Figure 4a) indicates macroporous honeycomb mor-
phology with the honeycomb cell size in the range of
50—150 pm. The honeycomb wall composed of the
tangled MWCNTs is less than 100 nm thick (Figure 4b),
which is exceptionally thin compared to the honey-
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Figure 4. SEM images showing the morphology and structure of MWCNT aerogels. (a) Surface morphology of MWCNT aero-
gel-13000/0.3 indicating a honeycomb structure, (b) honeycomb wall of MWCNT aerogel-13000/0.3, (c) vertical section im-
age of MWCNT aerogel-13000/0.3 indicating straight and parallel channels, (d) surface morphology of MWCNT aerogel-

13000/1.0, (e) honeycomb wall of MWCNT aerogel-13000/1.0.

comb cell. Such a high cell to wall ratio, rarely reported
for the honeycomb structure, indicates the ultralow
density of the MWCNT aerogels. It is also worth noting
that the honeycomb wall is not uniform and contains
defects since the aerogel was built at the CGC of
MWCNTs. The inner structure of the MWCNT aerogel-
13000/0.3 was investigated by examining its vertical
section. As shown in Figure 4c, straight and parallel
channels were observed, indicating the anisotropic
structure of the aerogels. To study the influence of
MWCNT concentration on the honeycomb structures,
MWCNT aerogels derived from 1.0 mg/mL MWCNTs dis-
persed by P3HT-b-PTMSPMA 13000 (MWCNT aerogel-
13000/1.0) were investigated. As shown in Figure 4d, a
more ordered and less defected honeycomb structure
was observed with its honeycomb cell dimension com-
parable to that of MWCNT aerogel-13000/0.3, indicating

www.acsnano.org

that the cell dimension was mainly determined by the
ice rod templates instead of the MWCNT concentration.
However, MWCNT concentration had a remarkable in-
fluence on the honeycomb wall. As indicated in Figure
4e, the honeycomb wall of MWCNT aerogel-13000/1.0 is
more uniform and thicker (~400 nm) than that of
MWCNT aerogel-13000/0.3.

Besides the unique macroporous honeycomb struc-
ture, the MWCNT aerogels were found to have mesopo-
res developed in the honeycomb walls, indicating that
the aerogels are hierarchically porous materials. The
mesoporosity of the MWCNT aerogel-13000/0.3 was
quantitatively characterized by nitrogen adsorption/
desorption experiments. The adsorption/desorption
isomers shown in Figure 5a represented a IUPAC type
IV curve, characteristic of mesoporous (2—50 nm pore
diameter) materials.>>** The explicit adsorption/desorp-
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Figure 5. (a) N, adsorption (0J) and desorption (M) isotherms
of MWCNT aerogel and pristine MWCNTSs. The isotherms of

pristine MWCNTSs are vertically shifted —100 cm? STP/g~" for
visual clarity. (b) BJH mesophore size distribution of MWCNT
aerogel (@) and pristine MWCNTs (O).

tion hysteresis loop at the high relative pressure sug-
gests that the MWCNT aerogels were highly mesopo-
rous. By fitting the isotherms to the
Brunauer—Emmett—Teller (BET) model, the surface
area of the MWCNT aerogels was characterized to be
580 m?/g. The mesopore size distribution which was
calculated by the Barrett—Joyner—Halenda (BJH)
method,*® depicted a narrow peak centered at 8 nm
(Figure 5b). The pristine MWCNTSs were also investi-
gated by a nitrogen adsorption/desorption experiment
to compare with the aerogels. The isotherms shown in
Figure 5a were essentially between IUPAC type Il and IV.
The adsorption isotherm of pristine MWCNTSs re-
sembled that of the MWCNT aerogels, signifying that
the morphology and structure of MWCNTSs in the aero-
gels were identical to those of pristine MWCNTSs. This
result suggests that both the structure and intrinsic
properties of pristine MWCNTSs remain intact during
the aerogel fabrication process. The desorption iso-
therm of the pristine MWCNTs shows less hysteresis
when compared to that of the MWCNT aerogels, in-
dicating less porosity and different pore texture. The
surface area of pristine MWCNTs was characterized
to be 241 m?/g, which is only 41.5% of that of the
MWCNT aerogels. The surface area difference is
caused by the different dispersion levels of MWCNTs
in two systems. As-produced pristine MWCNTSs form

f)% VOL. 4 = NO.12 = ZOU ET AL.

aggregates with partial surface area available for ni-
trogen adsorption, while MWCNTSs exist as individual
tubes in the aerogels, providing entire surface area.
The better dispersion of MWCNTSs in aerogels is also
indicated by the mesopore size distribution where
the mesopore size distribution of MWCNT aerogels
is much narrower that that of as-produced pristine
MWCNTSs as indicated in Figure 5b.

Regardless of their ultralight density, the MWCNT
aerogels are mechanically robust as indicated by the
compression test. The MWCNT aerogel can be repeat-
edly compressed down to 5% of its original volume and
recovers most of its volume after the release of com-
pression (a video and images of the compressing and
recovering process can be found in Supporting Infor-
mation). Figure 6 panels a and b show the compressive
stress (o) and strain (€) diagrams of the compression
test with the stress loaded along (out-of-plane com-
pression) and normal to (in-plane compression) the
honeycomb cell axis direction, respectively. The hyster-
esis loop formed by the loading and unloading curves
represents a typical stress—strain diagram of elasto-
meric open cell foams.>® The compression loading
curves indicate that the MWCNT aerogels can be com-
pressed down to 5% of their original volume from both
directions by low stress, indicating high porosity of the
MWCNT aerogels. The unloading curves show that the
stress remains above zero until the strain is zero, sug-
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Figure 6. Compressive stress—strain diagrams of MWCNT
aerogel-13000/0.3: (a) stress loaded along honeycomb cell
axis; (b) stress loaded normal to honeycomb cell axis. The
black and red curves represent the first and 1000th cycle
during a fatigue cyclic compressive test.
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gesting rapid and complete recovery of the highly com-
pressed MWCNT aerogels. Despite their broadly similar
shapes, the stress—strain diagrams of out-of-plane de-
formation and in-plane deformation are different in de-
tails due to the anisotropic structure of the MWCNT
aerogels. First, the out-of-plane compression stress is
much higher than the in-plane stress at the same strain
(16.6 vs 3.1 KPa at € of 0.95) because honeycombs are
stronger and stiffer along the cell axis than normal to
the cell axis.>” Second, the out-of-plane compression
diagram has three regimes. The linear-elastic regime at
€ < 0.33 records the elastic bending of cell walls. The
nonlinear regime at 0.33 < e < 0.80 has an increased
slope, which may be due to the elastic buckling of the
cell walls. The densification regime at € > 0.80, where
stress rises steeply with compression, is because the cell
walls begin to impinge upon each other. In contrast,
the in-plane stress—strain diagram has two regions
with a linear-elastic region at e < 0.60 followed by a
densification region. This two-region diagram was also
observed in foam-like CNT films.>® In addition, the
MWCNT aerogels were subjected to a fatigue cyclic
compression test (e = 0.95) by undergoing 1000 load-
ing/unloading cycles. The stress—strain diagram of
cycle 1000 is identical to that of cycle 1 except that the
compressive stress at € of 0.95 decreases slightly to
87.1% and 90.2% of the original values for the out-of-
plane and in-plane compression, respectively. Actually,
the stress decreased gradually for the first 100 cycles
and then leveled off in the subsequent cycles. The thick-
ness reduction of the MWCNT aerogels after the fa-
tigue test, which was obtained as the strain where the
stress approaches zero at cycle 1000, is about 5% and
8% for the direction along and normal to the cell axis,
respectively (Supporting Information, Figure S3). The fa-
tigue test demonstrates the robust mechanical proper-
ties of the MWCNT aerogel attributed to both the out-
standing mechanical properties of MWCNTs and the
cross-linking between MWCNTSs. When the compress-
ing stress is applied to the aerogel, the MWCNTs tend
to be bent instead of slipping past each other. Conse-
quently, the strain energy is stored within the MWCNT
aerogel, and recovery of the compressed aerogel to its
original volume is driven by the release of the strain
energy.

MWCNT-aerogel-13000/0.3 shows a conductivity of
3.2 X 1072S-cm™". Although the conductivity is signifi-
cantly high for a material with a density of 4 mg/cm?,
it is still not as high as expected considering the con-
ductivity of individual MWCNTSs. We believe that the low
conductivity of the MWCNT aerogels is due to the pres-
ence of the insulating PTMSPMA at the junction be-
tween MWCNTSs since MWCNT-aerogel-18300/0.3,
which has almost identical composition as MWCNT-
aerogel-13000/0.3 except higher PTMSPMA content,
shows a lower conductivity of 7.9 X 1073 S-cm™ . The
conductivity of MWCNT-aerogel-9600/1.2 was charac-
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Figure 7. (a) The resistance change of MWCNT aerogel with
applied pressure. At low pressure range, the resistance var-
ies linearly with the pressure (inset). (b) Change of MWCNT
aerogel resistance with loadings. Arrows indicate the mo-
ments of the application and release of loading.

terized to have a higher conductivity of 0.26 S-cm™’

due to both the lower PTMSPMA content and higher
MWCNT concentration. A high-current pulse method
was applied to increase the conductivity of the aero-
gels.?* By applying 15 ms 100 mA current pulses at an
interval of 30 s, we observed stepwise increase of the
conductivity, and after 20 pulses the conductivity
reached a steady value of 0.67 S-cm™' (Supporting In-
formation, Figure S4), which is 20 times higher than the
initial conductivity. The increase of the conductivity
was irreversible indicating that the pulse may cause
some permanent effect on the aerogels. The current
pulses could initiate the decomposition of insulating
polymers at the junction of MWCNTSs. However, both
SEM and mechanical studies on current-pulse-treated
MWCNT aerogels indicated no property changes, sug-
gesting that the high-current pulse did not cause the
decomposition of polysilsesquioxane which cross-
linked the MWCNT aerogels.

MWCNT Aerogels for Pressure and Chemical Vapor Sensing.
The compression recovery and conductive properties
of the MWCNT aerogels lead to the pressure responsive
property (i.e., the resistance changes with the applied
pressure). The correlation between the MWCNT aero-
gel resistance and the applied pressure along the hon-
eycomb cell axis direction was investigated. As shown
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in Figure 7a, the resistance of the MWCNT aerogels de-
creases linearly with the applied pressure from 0 to
180 Pa. A detail investigation in this pressure range in-
dicates that even a pressure as low as 5 Pa can cause a
remarkable change in the resistance (inset of Figure 7a),
demonstrating the potential application of the MWCNT
aerogel as an ultrasensitive pressure sensor. The re-
sponse of aerogel resistance to the applied pressure be-
comes smaller when the pressure is higher than 180
Pa. We believe that such a resistance change profile is
due to the pressure-induced increment of the MWCNT
network density of the aerogels. Upon the application
of the pressure, the aerogels are compressed and the
MWCNT network is condensed, leading to the decrease
of the resistance. The MWCNT network density in the
uncompressed aerogels is equal to the percolation
threshold at which the wet gel forms. A small pressure
(0—180 Pa) increases the MWCNT network density
around the percolation threshold, and greatly de-
creases the resistance of the aerogels. Such dramatic re-
duction of resistance is in good agreement with the
percolation theory stating that a slight increase of the
MWCNT concentration around the percolation thresh-
old can noticeably increase conductivity. In contrast, ap-
plying a larger pressure (>180 Pa) onto the MWCNT
aerogels generates a MWCNT network density well
above the percolation threshold where the conductiv-
ity is not sensitive to the MWCNT network density in-
crease according to the percolation theory, leading to
a flat pressure vs resistance curve as shown in Figure 7a.
The resistance change of the MWCNT aerogels in re-
sponse to repeated loading and unloading of pressure
(25 Pa) (Figure 7b) shows an instant resistance decrease
(<0.2 S) with the loading of pressure, while, following
the unloading of pressure, a complete and fast (<0.4 S)
recovery was observed. The cycling measurement indi-
cates that resistance change of the MWCNT aerogels
with pressure is reproducible, which is due to the excel-
lent compression recoverable capability of the MWCNT
aerogels. Such intriguing pressure responsive proper-
ties of the MWCNT aerogel make it a promising candi-
date for pressure sensing.

The MWCNT aerogels have potential applications
as sorption-based chemoresistance vapor sensors
since their hierarchical porous structures not only
provide high surface area but also facilitate the ana-
lyte diffusion in the aerogel.’®%° The response of
the MWCNT aerogels resistance to chloroform va-
por was investigated (Supporting Information). As
shown in Figure 8a, the resistance of the MWCNT
aerogels increases to a saturated value in 0.5 s upon
exposure to the vapor, and completely recovers in
0.5 s upon exposure to air even at very low vapor
concentration. The detection limit was characterized
to be 1 ppb. Alternating exposure of the MWCNT
aerogels to chloroform vapor and air demonstrates
reproducible response and recovery. As a control ex-
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Figure 8. The resistance change of (a) MWCNT aerogel and
(b) MWCNT thin film upon exposure to chloroform vapor.
The bias voltage is fixed at 0.1 V.

periment, a MWCNT thin film (~1 wm), which has
the same composition as the MWCNT aerogels, was
prepared by casting the MWCNT/P3HT-b-PTMSPMA
dispersion on a glass substrate. The sensory re-
sponse of the MWCNT thin film as shown in Figure
8b demonstrates a significantly slower response
(4—10 s) and much higher detection limit (37 ppb)
compared to the MWCNT aerogels, indicating that
the unique hierarchical porous structure improves
the performance of the MWCNT aerogels as a
chemoresistance vapor sensor.

CONCLUSION

We have fabricated the lightest free-standing mono-
lithic MWCNT aerogels with a density of 4 mg/cm3. The
strong chemical bonding interactions between
MWCNTSs played a key role in the fabrication, which
was proved both experimentally and theoretically. The
MWCNT aerogel has an anisotropic macroporous hon-
eycomb structure with straight and parallel honeycomb
channels and mesoporous honeycomb walls. The
MWCNT aerogel is a hierachically porous material with
a surface area of 580 m?/g and electrical conductivity of
32X 1072S-cm™ ' (0.67 S-cm™! after high-current
pulse treatment). The MWCNT aerogel demonstrates
excellent compression recovery property. The unique
anisotropic honeycomb structure combined with the
hierarchical porosity with large surface area, compres-
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sion recovery property, and high electrical conductivity
makes the MWCNT aerogel promising for applications
as chemoresistant vapor sensor and ultrasensitive pres-

METHODS

Materials. P3HT-b-PTMSPMA was synthesized by reversible
addition—fragmentation chain transfer (RAFT) polymerization
of 3-(trimethoxysilyl) propyl methacrylate using P3HT trithiocar-
bonate compound* as the RAFT agent (Supporting Information,
Scheme S1). Three P3HT-b-PTMSPMAs with different PTMSPMA
molecular weight were synthesized using the same P3HT RAFT
agent. Table 1 lists the number average molecular weight (M,,) of
P3HT-b-PTMSPMAs and molecular weight of PTMSPMA block
(M prmsema), Which was calculated by multiplying M, with the
weight percentage of PTMSPMA in P3HT-b-PTMSPMA deter-
mined by '"H NMR spectrum (Supporting Information, Figure
S5). MWCNTSs were purchased from Nanolab (diameter of 10—20
nm, length of 5—20 wm, and purity beyond 95%) and were
used as-received without further purification or chemical
modification.

Characterization. Molecular weight of P3HT-b-PTMSPA was de-
termined by size exclusion chromatography (SEC, A JASCO HPLC
system equipped with PLgel 5 um MIXED-C column) using poly-
styrene as standard. Morphology of the MWCNT aerogel was
characterized by scanning electron microscope (SEM, ZEISS
ULTRAS55). The nitrogen adsorption/desorption experiment was
carried out on Nova 4200e. Samples were dried at 130 °C for 4 h
before the measurement. The compression tests were carried
out on MTS Tytron 250 with loading capacity from 0.001 to 250 N
at a constant loading and unloading speed of 0.05 mm/s. Cubic
test pieces with a dimension of 1 cm X 1 ¢cm X 1 cm were cut
from the MWCNT aerogel. The conductivity of the MWCNT aero-
gel was measured by a typical four-probe conductivity measure-
ment setup (Supporting Information, Figure S6) using a Keithley-
2400 digital sourcemeter.
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