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 Ultralight Interconnected Metal Oxide Nanotube Networks 
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  Synthesis of multifunctional materials that are simultane-

ously ultralow density, high surface area, yet mechanically 

robust is a topic of intense interest for researchers in catal-

ysis, energy harvesting, fi ltration, and gas sensing. [ 1–3 ]  These 

applications dictate that the material have large amounts of 

accessible surface area in the form of interconnected pores 

through which molecules can easily permeate, diffuse, and 

interact with the active material. Nanoscale architectures 

are often desired due to their high surface area to volume 

ratio, with the intent of high accessible material surface 

area (inversely proportional to free volume). Methods 

to controllably fabricate 3D and large-scale (dimensions 

≥ 1 cm) nanostructured materials are rare, particularly 

those which retain an interconnected network structure 

with large pore size. In this work, we present a method 

for the fabrication of large, ultralow density (1.2 mg cm −3 ) 

and anisotropic metal oxide nanotube networks with high 

porosity and surface area using aligned carbon nanotube 

foams (CNTFs) as a customizable template. The resulting 

3D architecture is unique in that it is comprised by a con-

tinuous network of aligned, interconnected, and hollow 

Al 2 O 3  nanotubes. Additionally, these materials can be 

fabricated in large-scale dimensions with highly customiz-

able form-factors. Not only does it show a lower density 

than any Al 2 O 3  aerogel ever reported, the material is also 

mechanically robust, exhibiting a partial elastic recovery 

response after compression. 

 Ultralight materials ( ρ  ≤ 10 mg cm −3 ) have recently 

gained widespread attention, and have been realized in many 

forms including silica, [ 2 ]  and carbon-based aerogels, [ 4–6 ]  as 

well as engineered structures such as inorganic micro and 
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nanolattices. [ 7–9 ]  Porous metal oxides, particularly alumina, 

are desirable due to their semiconducting and dielectric prop-

erties as well as thermal, mechanical, and chemical stability. 

Historically, monolithic alumina aerogels have been fabri-

cated using sol–gel processes. [ 10–12 ]  Although this and other 

self-assembly methods can produce aerogels with very high 

surface area, the overall density can hardly reach below 

30 mg cm −3 . The pore size and structure of these aerogels are 

also not well controlled. To overcome this, templating methods 

have been developed where sacrifi cial scaffolds are utilized 

in conjunction with various deposition techniques to create 

unique materials with hollow and interconnected pores. [ 3 ]  

 A promising templating technique is atomic layer depo-

sition (ALD), which has the unique ability to conformally 

deposit materials with angstrom-level precision onto large-

scale substrates. ALD has been demonstrated to be suit-

able for coating materials with large surface areas and high 

aspect ratio features such as aerogels. [ 13,14 ]  ALD on sacrifi -

cial templates including mesoporous block copolymers, [ 15 ]  

nanofi brillated cellulose aerogels, [ 16 ]  CNT-based aerogels, [ 17 ]  

and nanoporous gold, [ 18 ]  has been demonstrated as a viable 

means for the production of high surface area fi lms. Following 

removal of the templates, porous networks of inorganic nano-

tubes remain, though with random orientation. Aligned net-

works have been fabricated by ALD of TiO 2 , 
[ 19 ]  and Al 2 O 3 , 

[ 20 ]  

onto vertically aligned carbon nanotube arrays or forests, sub-

sequently followed by their oxidative removal, but only in the 

case of the latter study was the tubular nature of the Al 2 O 3  

coating preserved after CNT removal. In both cases the fi nal 

form factor is limited by the dimensions of the CNT array 

template and the depth to which ALD precursors can dif-

fuse into the high aspect ratio structures. Due to limited pre-

cursor diffusion, penetration depth is typically limited to 10 

s or 100 s of micrometers for reasonable process times, [ 21–23 ]  

though infi ltration to over 1 mm has been demonstrated. [ 20 ]  

Achieving large-scale foams with tunable nanostructure 

remains a primary challenge that is addressed in this work. 

 In the present study, we have employed novel aligned 

CNTFs, shown in  Figure    1  , as unique sacrifi cial templates for 

the formation of anisotropic, large-scale inorganic nanotube 

architectures that exhibit the combined characteristics of high 

surface area, ultralow density, and mechanical robustness. 

Using ALD, very thin yet conformal coatings were deposited 

onto the CNTFs, followed by their removal via calcination in 

air to leave behind an interconnected network of thin-walled 

and aligned nanotubes. A schematic illustrating the novel 

processing method is provided in  Figure    2  . 
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 Figure 1.    Creation of ultralow density aligned CNT foams used as the sacrifi cial templates in this work. a) CNT sheets were drawn from an array and 
b) then wound on themselves hundreds of times on parallel glass rods to make CNT foams with a starting density of 6 mg cm −3 .

 Figure 2.    Illustration of the processing steps used to synthesize ultralow density aligned Al 2 O 3  structures. PyC coating of CNTs creates physical 
cross-links at CNT junctions which provide elastic response. Oxygen plasma treatment functionalizes the CNTF surface, which allows for very thin 
yet conformal Al 2 O 3  fi lms to be deposited, creating a core-shell structure. The CNTF is easily removed from the Al 2 O 3  shell via calcination in air, to 
leave behind an interconnected network of aligned Al 2 O 3  nanotubes.
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   Synthesis of aligned, multiwalled CNTFs, covered in 

recent work, [ 24 ]  was achieved via chemical vapor infi ltration 

(CVI) of pyrolytic carbon (PyC) onto thick stacks of aligned 

CNT sheets drawn from spinnable CNT arrays. After 60 min 

of PyC deposition, the average CNT diameter increased from 

31 to 78 nm, and the once smooth CNTs were highly rough-

ened due to the thick PyC coating shown in  Figure    3  a–c. 

Accordingly, the BET specifi c surface area (SSA) increased 

from 40 to 59 m 2  g −1 . The CNTFs exhibit fully recoverable 

elastic properties, as shown in  Figure    4  a, due to the creation 

of “physical cross-links” within the structure (PyC coating of 

CNT–CNT contact points) which serve to provide a recovery 

force to compression. These same coated CNT junctions pro-

vide the scaffold for the unique interconnected nature of the 

metal oxide coating. Despite their low density (6 mg cm −3 ), 

they could be easily handled and cut into the desired form-

factor by simply using a razor blade or laser cutter. 

   Following O 2  plasma functionalization, alumina was 

deposited on the CNTFs via ALD. After 20 cycles, CNTs 

were conformally coated with 2.5 nm Al 2 O 3  which can be 

observed in the high resolution transmission electron micros-

copy (TEM) images in Figure  3 f. This thickness correlates 

well with fi lm thickness measured on a control Si wafer, 

showing an expected ALD deposition rate of 1.2 Å cycle −1 . 

ALD coating resulted in a decrease of SSA to 34 m 2  g −1 , and 

slight increase in density to 7 mg cm −3 . Interestingly, the ALD 

coated CNTFs still exhibited a resilient foam-like recovery 

after compression, with no apparent permanent deformation. 

 CNTFs were removed via calcination in air, leaving 

behind a freestanding network of interconnected aligned 

alumina nanotubes, as shown in Figure  3 g–i. The resulting 

material had an average density of 1.2 mg cm −3 , which is 

≈16 times lower than the previously reported lowest density 

for an alumina aerogel, [ 17 ]  and among the lowest reported 

for any inorganic aerogel. Due to the good conformity of 

the alumina coating and full removal of the CNTF template, 

the resulting nanotubes had a greatly increased surface area, 

265 m 2  g −1 . Despite the wall thickness only measuring 2.5 nm, 

the tubular structure and interconnected network was pre-

served during calcination. Consistent with traditional aero-

gels, the alumina nanotube structures were highly translucent 

(Figure S2, Supporting Information) due to their low density 

and nanoscale feature size. 

 X-Ray diffraction (XRD) patterns, shown in Figure  4 e, 

showed that as-deposited alumina was amorphous which is 

typical for deposition at low temperatures. [ 25 ]  After calcina-

tion in air at 800 °C peaks corresponding to the metastable 

polymorph, η-Al 2 O 3 , were found to evolve. This is in agree-

ment with TEM images which also showed evidence of lattice 

fringes from crystallites forming postcalcination (Figure S3, 

Supporting Information). Thermogravimetric analysis (pro-

vided in Figure S4 in the Supporting Information) on coated 

and uncoated CNTFs showed minimal mass loss before 

650 °C, where the oxidation of CNTs began. The onset of 

decomposition increased after only 20 cycles of ALD, indi-

cating good conformality of the coating. The fi nal mass 
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 Figure 3.    Analysis of sample morphology. Photographs, SEM, and TEM images of a–c) CNTF template with signifi cant surface roughness from PyC 
coating, d–f) CNTF template with 2.5 nm thick Al 2 O 3  coating, and g–i) Al 2 O 3  nanotube network structure and hollow Al 2 O 3  nanotubes following 
removal of CNTF template via calcination.
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remaining at the end of the test was 16%, which correlated 

well with mass of alumina measured before and after ALD. 

 Aligned CNTFs make an interesting preform for creating 

aerogel-like materials. Rather than being cast on a planar 

substrate or poured into a mold, the CNT sheets can be con-

tinuously collected on a mandrel of any size or shape. This 

processing technique allows for preferential alignment of the 

CNTs in the foam, and also dictates not only the alignment 

but also the form-factor of the eventual metal oxide nano-

tube network following ALD and calcination, as is shown 

in Figure  4 b where the CNT sheets were wrapped around a 

small quartz tube resulting in the metal oxide nanotube struc-

ture to be aligned concentrically with the tube. Because the 

CNTFs are ultralow density and highly porous, it is possible 

to conformally coat very large samples (>10 cm), while still 

maintaining the nanostructured architecture. 

 The ALD technique offers additional fl exibility as it is 

capable of depositing a multitude of different materials, 

including pure metals, other metal oxides, or combinations of 

layered materials for added multifunctionality. As such, this 

processing technique can be used to create aligned nanotube 

network structures out of any material available for ALD. 

To demonstrate this, a ZnO nanofi ber network structure was 

fabricated, and is shown in Figure  4 f,g. As-deposited fi lms 

were found to be polycrystalline wurtzite ZnO as shown in 

the XRD plot in Figure  4 h. CNTFs were removed during 

calcination and grain growth occurred, causing the tubular 

structure to collapse, leaving behind a ZnO foam comprised 

by aligned and interconnected ZnO nanofi bers. 

 The wetting behavior of the alumina nanotube net-

works is shown in  Figure    5  a–c. As-produced CNTFs exhibit 

hydrophobic wetting behavior due to their hierarchical surface 

roughness as well as inert surface chemistry. [ 26 ]  After 20 ALD 

cycles, the CNTFs become wettable, as shown in Figure  5 b, 

which can be attributed to the hydroxyl-terminated alumina 

coating. Rather than the droplet spreading radially across the 
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 Figure 4.    Structural characterization and translation of process to other materials. a) Photographs of nanotube networks before, during, and after 
compression to 50% strain. Al 2 O 3  structures exhibit slight permanent deformation, but all samples recover elastically due to c,d) encapsulation of 
junctions by ALD coating. b) Circumferentially wrapped aluminum oxide (AO) foam formed from CNT sheets wound on a quartz rod followed by PyC 
coating, ALD, and calcination. e) XRD spectra showing amorphous nature of ALD alumina and crystallization following calcination. f,g) Photograph 
and SEM image of ZnO nanofi ber foam, made using same process. h) XRD spectra showing as-deposited wurtzite ZnO on CNTF and improvement in 
crystal structure and grain growth that occurs during calcination. For XRD plots, peaks corresponding to the CNTF and sample holder are depicted 
by * and + symbols, respectively.
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surface of the ALD coated CNTF, the droplet was instead 

transported preferentially in the direction of the CNT axis. 

This wetting behavior and anisotropic transport was also seen 

for the alumina structures, though their macroscopic struc-

ture collapsed from the capillary forces created by wetting. 

Interestingly, the interconnected nanotube network was main-

tained after wetting, and when the liquid was let to evaporate, 

a thin paper made of aligned Al 2 O 3  nanotubes remained. 

  Humidity-sensing devices were fabricated and tested 

to demonstrate the functionality of the densifi ed alumina 

nanotube papers and their interconnected tubular struc-

ture. Metal oxides are widely utilized as active materials in 

resistive/capacitive-based sensing technologies due to their 

ability to operate at high temperatures and harsh environ-

ments. [ 27 ]  In particular, alumina is a desirable sensing mate-

rial due to its high sensitivity at low humidity levels as well 

as a broad temperature independence. [ 28 ]  In general, surface 

adsorbed water lowers the impedance or resistance of the 

sensing material, thus allowing ionic conduction to occur. 

Using a simple solvent transfer technique, one of our thin 

structures was adhered to an inkjet printed interdigitated 

electrode such that the alumina nanotubes were oriented 

perpendicular to the electrode fi ngers. The sensor was placed 

in the test chamber and was exposed to different relative 

humidity levels while resistance across the sensor was meas-

ured. A commercially available humidity sensor (SHT21, 

Sensirion), was also placed in the chamber at the same time 

for control humidity measurements. As shown in Figure  5 d, 

the alumina sensor resistance response mirrors that of the 

commercial sensor nearly identically. The overall resistance 

change from 8–70% humidity spanned over three orders 

of magnitude, while even for low level humidity changes 

(8–18%), the resistance was shown to decrease from 152 to 

45 MΩ. The sensor exhibited good stability with little baseline 

drift and repeatable switching ability, as shown in Figure S5 

in the Supporting Information. 
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 Figure 5.    Demonstrations of multifunctionality. a–c) Photographs showing different wetting behaviors among uncoated, coated, and calcinated 
nanotube networks. d) Humidity–time (top) and resistance–time (bottom) plots for a commercial humidity sensor and Al 2 O 3  nanotube sensor 
(shown in inset), respectively. e) Photograph depicting high temperature insulating ability of Al 2 O 3  nanotube network which effectively protects 
the fl ower from a propane fl ame. f) Plot describing temperature rise of the top surface of the Al 2 O 3  nanotube network over time.
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 The nanostructured Al 2 O 3  nanotube sensor is desirable 

due to the large quantity of accessible surface area. Further-

more, the thin-walled alumina nanotube networks exhibit 

high porosity, which allows for easier diffusion throughout 

the structure. Interconnected nanotubes which can span 

across electrodes also aid in performance due to the ability to 

achieve a continuous water layer for conduction rather than 

a system with dead-ends. Compared to other metal oxide-

based nanostructured sensors, this sensor exhibited impres-

sive sensitivity to changes in low level humidity. [ 15,16 ]  

 Alumina aerogels are sought after for their high stability 

and stellar thermal insulation capabilities. [ 10,29,30 ]  Flame tests 

were carried out to evaluate the high temperature insula-

tion capability of the aligned alumina nanotube structures. 

As a demonstration of the thermal insulation, Figure  5 e 

shows a fresh fl ower placed on top of a 10 mm thick sample, 

suspended over a propane torch. Even after 30 s the fl ower 

exhibited no signs of wilting. Despite the fact that the struc-

ture was fi red repeatedly, the alumina nanotube network was 

visibly unchanged with no signs of shrinkage or cracking, 

indicating superb heat resistance. To quantify this behavior, 

thermocouples were placed above and below the material to 

measure the temperature rise through the sample over time. 

The plot, shown in Figure  5 f, illustrates that after exposure 

to a 1000 °C fl ame for 5 min the temperature on the top of 

the alumina nanotube network increased from 56 to 120 °C. 

Similar tests on mullite fi ber felt, a traditional refractory 

insulator, resulted in a temperature rise of ≈250 °C. [ 29 ]  

 In conclusion, we have successfully fabricated free-

standing Al 2 O 3  nanotube networks with an average density 

of 1.2 mg cm −3 , which is the lowest reported density for an 

alumina aerogel-like structure to date. ALD of Al 2 O 3  on very 

low density sacrifi cial CNTF templates followed by calcina-

tion yielded a microstructure unique from traditional alu-

mina aerogels. The network of aligned and interconnected 

nanotubes with high porosity and surface area exhibited 

elastic deformation behavior, and structural robustness even 

after wetting. Full examination of the mechanical scaling 

behavior is ongoing and will be published in subsequent 

work. The multifunctionality of the novel material was dem-

onstrated by its utilization as the active material in a sensitive 

humidity sensor, and also as an effective high temperature 

thermal insulation material.   

 Experimental Section 

  Preparation of Aligned CNT Foam Templates : These foams were 
prepared following a procedure detailed elsewhere. [ 24 ]  In short, 
aligned CNT sheets were continuously collected around two par-
allel glass rods to form thick stacks. The CNT assemblies were then 
coated with PyC via CVI. Samples were coated for 60 min at 800 °C 
and 30 Torr under acetylene gas fl ow. After CVI treatment, the CNT 
foams were cut to the desired size using a laser cutter. 

  CNT Foam Functionalization : Atmospheric pressure oxygen 
plasma treatment was utilized to functionalize the surface of 
PyC-coated CNTs, which has been previously shown to enhance 
nucleation of ALD precursors thus enabling conformal coating. [ 20 ]  
The plasma treatment was conducted in a capacitively coupled 

dielectric barrier discharge atmospheric pressure plasma system. 
The custom-built system consists of two parallel Cu plate elec-
trodes (60 × 60 cm 2 ), with a spacing of 3 cm. The plasma was 
operated by a 4.8 kW audio frequency power supply at 1.67 kHz. 
All treatments were carried out for 5 min in 1.0% oxygen + 1.0% 
CF 4  + 98% helium gas mixture (by mass). 

  Synthesis of Metal Oxide Nanotube Networks : ALD of Al 2 O 3  
was performed in a custom built, hot-wall, viscous fl ow reactor 
at a temperature of 120 °C, and an operating pressure of 1 Torr. 
The metalorganic precursor used was trimethylaluminum (TMA) 
(98% Strem Chemicals, Inc.), and the oxidizing agent was high 
purity water (Sigma–Aldrich). Ultrahigh purity N 2  was used as the 
carrier gas. The dose and purge times were TMA/N 2 /H 2 O/N 2  = 
0.2/30/0.2/45 s. This sequence was repeated for 20 cycles, after 
which there was a fi nal N 2  purge for 120 s. Coated foams were con-
verted to pure Al 2 O 3  nanotube networks by calcination. Samples 
were heated to 800 °C in air and allowed to dwell isothermally 
for 2 h.  
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