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ABSTRACT

We investigated dynamical processes of capillary-mediated deformation of vertically aligned

single-walled carbon nanotubes (VA-SWCNTs) via in situ observation of their wetting and

dewetting behaviors using an environmental scanning electron microscope (ESEM). Three types

of wetting behaviors on a VA-SWCNT sample were confirmed, including conical shaped water

aggregates, spherical droplets on tips of conical shaped water aggregates, and extensively

distributed water layers. While the former two types both resulted in dimples on the VA-

SWCNT surface and failed to induce large-scale deformation of VA-SWCNTs, the latter caused

the formation of wall-like structures and crack propagation in the VA-SWCNT film during the

dewetting process due to directional retraction of vapor-liquid interfaces. This dewetting-induced

large-scale deformation that was confirmed by the in situ ESEM observation for the first time

represented initial stages of capillary processes, leading to the self-organization of VA-SWCNTSs

reported in recent literatures. Compared to the previous studies based on ex situ observations of

dried samples, our in situ observation successfully captured temporal evolution of the dewetting-

induced deformation, facilitating the more precise construction of predictive models of final

morphologies of VA-SWCNT films after capillary-mediated densification.
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1. Introduction

Carbon nanotubes (CNTs) [1,2] possess excellent electrical [3], optical [4], mechanical [5],

and thermal properties [6]. CNTs, thus, have been widely studied for various applications. In

addition to nanostructures of an individual CNT, there is a need to control macroscale

morphologies of CNT ensembles, which depends on intended applications. For instance,

horizontally aligned CNTs [7] are suitable for field-effect transistors [8], while vertically aligned

(VA-) CNTs [9,10] are efficiently used for thermal interface materials [11]. The morphology of

VA-CNTs can be further adjusted via post-growth processing. Capillary-mediated self-

organization of VA-CNTs [12,13] is one of the attractive approaches in terms of its scalability

and low-cost. Such a simple liquid-induced process has realized various CNT morphologies by

tuning original VA-CNTs and treatment methods, such as honeycomb-like networks [12,13],

tepee structures [14], densified arrays [15], and more complex architectures [15,16]. These

shape-engineered CNTs have demonstrated their superior performance as cell seeding scaffolds

[17], field-emitters [18], super-capacitors [15], sliding electrical contacts [19], and CNT-Si

heterojunction solar cells [20].

In general, when nanopillars such as VA-CNTs are immersed in water and pierce the vapor-

liquid interface, capillary force causes nanopillars to bend and buckle [21-26], resulting in their
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collapse or clustering [27]. Some studies have proposed predictive models for the final

morphology of VA-CNTs after capillary-mediated densification [27,28]. However, most studies

to date have been based on ex sifu observations of the dried structures [12,16,19,29], paying

much less attention to dynamical processes of VA-CNT deformation during wetting and

dewetting. The elucidation of these dynamical processes can contribute to constructing more

precise models that enable the prediction of the final morphology according to experimental

conditions; therefore, allowing the opportunity to tailor morphologies for certain purpose.

However, it is still a challenge to observe microscale dynamical processes of the VA-CNT

deformation using an optical microscope via conventional direct immersion of VA-CNTs in

water [12,30] or exposure of VA-CNTs to vapor [16,19,29]. Therefore, the present study aims to

capture the dynamical processes of the capillary-mediated deformation of vertically aligned

single-walled carbon nanotubes (VA-SWCNTSs) by in situ observation of their wetting and

dewetting behaviors using an environmental scanning electron microscope (ESEM). The

formation of wall-like structures and crack propagation in a VA-SWCNT film during the

dewetting process of water were confirmed, which supports the initial stage of capillary-

mediated modifications of VA-SWCNT morphologies.
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2. Materials and methods

leading to the porosity of ~ 97% [32]. The VA-SWCNT film had a disordered and dense crust

layer on the top region [33].
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Fig. 1. Scanning electron microscope (SEM) images of the VA-SWCNT film from a top view (a)

and a side view (b).

2.2. Experimental identification of water-induced deformation of VA-SWCNTs

It was reported that the exposure of VA-CNTs to vapor results in self-assembled

microhoneycomb networks [20], although its microscale dynamical processes are yet to be

understood (see Supplementary material S2). In the present study, we employed an

7
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environmental scanning electron microscope (ESEM, FEI Quanta 250) for the in sifu observation

of water-induced deformation of VA-SWCNTs, as illustrated in Fig. 2. The sample was mounted

on a copper holder in contact with a Peltier cooling stage at 1.0 °C. The sample was tilted by 65°

with respect to the horizontal direction to observe the water distribution and shapes of water

aggregates on the sample. The ambient temperature inside the vacuum chamber, except in the

vicinity of the sample, was about 23 °C (i.e., room temperature). The working distance was 3

mm. The acceleration voltage and the probe current were 20 kV and 0.28 nA, respectively. The

pressure of water vapor was initially kept at P = 680 Pa and elevated to P = 760 Pa to initiate the

vapor condensation. Subsequently, the vapor pressure was reduced to P = 680 Pa to induce the

water evaporation. This pressure range roughly originated from the saturation vapor pressure

(657 Pa) at 1 °C [34], although a larger pressure was actually required to trigger vapor

condensation on the VA-SWCNT film because the film temperature was higher than that of the

Peltier cooling stage.

Note that before measurements, almost all gases in the chamber were purged by water vapor

through purge-flood cycles, ensuring that the fraction of non-condensable gases was lower than

1%. Then, the water vapor pressure inside the chamber was controlled via the microscope’s

feedback control system.
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Fig. 2. A schematic presentation of the ESEM measurement system. The sample was mounted

on a copper holder in contact with a cooling stage at 1.0 °C via a Peltier cooling system. The

sample was tilted by 65° with respect to the horizontal direction. The ambient temperature inside

the chamber was about 23 °C. Dimensions are not to scale.

After the in situ observation of the VA-SWCNT deformation induced by water vapor

condensation and evaporation, a scanning electron microscope (SEM) (Hitachi High-Tech, S-

4800) was also employed to complement the observation.
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3. Results and discussion

Figure 3 shows water aggregates condensing on the sample at the vapor pressure of P = 760

Pa in the ESEM chamber. Water aggregates under the crust layer were visible because the VA-

SWCNT film was transparent, owing to its high porosity (~ 97%) which allowed the electron

beam (secondary electrons) to enter inside (escape from) the film. The bottom left region

bounded by the green dashed-dotted line was initially exposed to electron beams for observation,

followed by the change of view. Clearly, there was negligible condensed water in the initial

observation area due to electron beam heating effects [35,36]. Meanwhile, an evident amount of

water aggregates were found at the boundary of the initial observation area swept by the electron

beam. In addition, a number of small water aggregates were observed out of the initial

observation area. Three types of wetting behaviors on the VA-SWCNT sample were confirmed,

including (I) conical shaped water aggregates, (II) spherical droplets on the tips of conical

shaped water aggregates, and (III) extensively distributed water layers. While the water

aggregates of types (I) and (II) were mainly observed out of the initial observation area, the

water layers were only observed along the edge of that area. We infer that this intriguing

phenomenon originates from the balance between suppression and enhancement effects of vapor

condensation by electron beams. While heating effects due to electron beams [35,36] suppressed

10
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vapor condensation, positively charged water molecules (H,O") in the ESEM chamber interacted

with negatively charged surfaces [37] and became H,0, enhancing the nucleation of liquid water.

Specifically, the boundary of the initial observation area was exposed to more electron beams

because of the turnarounds of the electron beam sweep. Vapor condensation, thus, was enhanced

and overwhelmed the evaporation due to heating effects. This allowed for the formation of

extensively distributed water layers (III) in the ESEM environment. For the water aggregates of

type (I), the nucleation was considered to occur at the interface between the substrate and VA-

SWCNTs (Fig. 2), where the temperature was lower than that at the tips of VA-SWCNTs. The

condensation growth subsequently proceeded upwards until the crust region was reached, which

suppressed further growth in the height direction. The type (II) may originate from type (), i.e.,

water aggregates of type (I) turned to be type (II) after penetrating through the crust region. As

we discuss below, the extensively distributed water layers (III) mainly contributed to the

formation of wall-like structures and crack propagation.

11
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Fig. 3. Wetting behaviors of VA-SWCNTs observed in the ESEM chamber having the vapor

pressure of P = 760 Pa. Water aggregates under the crust layer were visible because of high

porosity of the VA-SWCNT film. Three types of wetting behaviors were exhibited, i.e., (I)
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conical shaped water aggregates, (II) spherical droplets on the tips of conical shaped water

aggregates, and (III) extensively distributed water layers inside the VA-SWCNT forest. The

bottom left area bounded by the green dashed-dotted line was initially exposed to electron beams

for observation.

Figure 4 shows the type (III) wetting behavior of VA-SWCNTs during vapor condensation

observed in the ESEM chamber. VA-SWCNTs became evidently wet for the pressure of P = 760

Pa, exhibiting extensively distributed water layers as discussed above. We note that there was no

evident structural deformation of the VA-SWCNTs during the wetting process for more than 5

min. In contrast, structural deformation of the VA-SWCNTs was clearly confirmed during the

dewetting process, as shown in Fig. 5. By decreasing the pressure to P = 680 Pa, a dimple

appeared in wet SWCNTs as shown in Fig. 5(a). Subsequently, vapor-liquid interfaces retracted

from the dimple along the edges of the initial observation area (Fig. 3) as indicated by the dashed

arrows in Figs. 5(b)—(f), generating structural deformations of SWCNTs along these directions.

This directional retraction of the vapor-liquid interfaces played a key role in the large-scale

structural deformation of VA-SWCNTs.

13
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Fig. 4. The type (III) wetting behavior of the VA-SWCNTs during vapor condensation observed

in the ESEM chamber having the vapor pressure of P = 760 Pa; (a) t=0s, (b) t =324 s.
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Fig. 5. Time evolution of dewetting-induced deformation of the VA-SWCNTs during

evaporation of an extensively distributed water layer (the type (III) in Fig. 3) observed in the

ESEM chamber having the vapor pressure of P~ 680 Pa; (a) t=0s,(b)t=19s,(c)t=58s,(d) ¢

=86 s, (e) t =202 s, (f) t = 366 s. The dashed arrows in (b)—(f) represent the directions of

structural deformations.
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To investigate the dewetting-induced deformation of the VA-SWCNTs in detail, Fig. 6
compares the in situ ESEM image with the subsequent SEM images after the exposure to vapor.
As shown in Fig. 6(b), collapsed SWCNTs were clearly observed. In addition, crack and wall-
like structures were also confirmed in Figs. 6(c) and (d). Again, extensively distributed water
layers (IIT) played an important role to induce large-scale deformation of the SWCNTSs, resulting

in the collapse, crack propagation, and formation of wall-like structures.

(a) (b)

1.0kV x5.00k SE(M)

1.0kV x5.00k SE(M)

Fig. 6. Specification of dewetting-induced deformation of SWCNTs by comparing the in situ
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ESEM image (a) with the subsequent SEM images after the exposure to vapor (b—d). The SEM
observation angle was 65° in accordance with the ESEM observation. (a) ESEM image identical
to Fig. 5(f). (b) SEM image corresponding to the region denoted by the dashed line in (a); (c)
SEM image of the crack corresponding to the region denoted by the dashed-dotted line in (a); (d)

SEM image of the wall-like structure corresponding to the region denoted by the dashed line in

(b).

Figure 7 shows the SEM images of the SWCNTSs where the water aggregates of types (I) and
(IT) were present. While a number of dimples were present on the SWCNT surface, large-scale
structural deformation of the SWCNTs was not confirmed, which is different from the area
where the water layers (III) were extensively distributed. Basically, VA-SWCNTs that pierce a
vapor-liquid interface are subject to a compressive force along the thickness and hence likely to

buckle [27,38]. More specifically, for a circular rod clamped on a substrate, the critical buckling

El
Fean (1)

where E ~ 1 TPa is Young’s modulus of a single SWCNT [39], / = m#/4 is inertia moment with

length is given by

IS

L.=

N

SWCNT radius of » ~ 2 nm, F,, = 2nrcosd is capillary force with surface tension of y = 72

17
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mN/m and contact angle of § = 86° corresponding to a water droplet on a graphite surface [40].

Equation 1 yielded L, = 0.7 um < H = 5 um with H being the SWCNT length. The possibility of

the SWCNT buckling, thus, was indicated. However, entanglements and crust regions together

with the small amount of water prevented complete collapse of SWCNTs in the present

conditions. In addition, no clear difference in the deformed structures was observed between the

spots where the water aggregates of types (I) and (II) were present. Namely, both of type (I) and

(IT) water aggregates just yielded dimples and failed to induce large-scale deformation of the

VA-SWCNTs in contrast to type (III). Directional retraction of vapor-liquid interfaces of

spatially distributed water layers (Fig. 5) played a crucial role for the large-scale deformation of

VA-SWCNTs, leading to crack propagation and formation of wall-like structures. Although the

extensively distributed water layers observed in the present study stemmed from the vapor

condensation enhancement due to electron beams, we expect that the directional retraction of

their vapor-liquid interfaces could be a main factor of spatially distributed deformation of VA-

SWCNTs in actual capillary process.
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Fig. 7. SEM images of the SWCNTs where the water aggregates of types (I) and (II) were

present in Fig. 3. The SEM observation angle was 65° in accordance with the ESEM observation

(Fig. 2). (a) Dimples distributed on the SWCNT surface. (b) Enlarged view of a representative

dimple.

Finally, self-assembled microhoneycomb networks reported by Cui et al. [20] were not

observed in the present study. We note that the water vapor treatment [20] consisted of repetitive
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two steps, i.e., (1) exposing a VA-SWCNT array to vapor from a hot water reservoir and (2)

turning the sample over and drying the array in an ambient environment (see Supplementary

material S2), which is considerably different from our experimental condition.

4. Conclusions

We investigated dynamical processes of capillary-mediated deformation of vertically aligned

single-walled carbon nanotubes (VA-SWCNTSs) by in situ observation of their wetting and

dewetting behaviors using an environmental scanning electron microscope (ESEM). We

confirmed the formation of wall-like structures and crack propagation in the VA-SWCNT film

during the dewetting process of water, which were caused by extensively distributed water layers

that resulted in directional retraction of vapor-liquid interfaces. Such dewetting-induced large-

scale deformation that was for the first time captured by the in situ ESEM observation

represented initial stages of capillary processes, leading to capillary-mediated self-organization

of VA-SWCNTs. Our findings can help to more precisely construct the predictive models of

final morphologies of VA-SWCNT films after capillary-mediated densification. Finally, it will

be interesting to use SWCNT films with microscale patterns fabricated via a lithography process

[38]. The pre-patterned surfaces would allow us to control the directions of SWCNT

20



1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176

deformation, enabling more systematic in situ observation of the dewetting-induced deformation

using an ESEM.
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