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Carbon nanomaterials play an essential role in resolving the increasingly urgent energy and environmental
crises. A unique type of carbon nanotubes (CNTs), vertically aligned CNTs (VACNTSs) possess the intrinsic,
extraordinary nanoscale properties (mechanical, electrical, and thermal) of individual CNTs, but present
them in a hierarchical and anisotropic morphology, which holds promise to transform a diverse set of
practical environmental application processes from water filtration to energy storage. Nevertheless, the
potential environmental impacts beholden to their synthetic methodology might reduce the net sustain-
ability benefits of this advanced material, where environmental impacts of the synthesis may be reduced
or offset by the lifetime benefits of the proposed technologies. Aiming to provide a holistic view of the
robust development of VACNT-enabled environmental technologies, this critical review assesses recent
advances in their production routes and applications, both with a focus on environmental objective
optimization. In particular, sustainable production of VACNTs, VACNT-based functional composite
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materials, and their environmental engineering applications based on different functional mechanisms
(i.e., sorption, catalysis, and separation) are thoroughly featured. Finally, we illustrate VACNTs as an
example to explore strategies to co-optimize their environmental benefits and costs, which could poten-
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1. Introduction

Their intrinsic chemical and mechanical properties, such as
exceptional thermal and electrical conductivities, have
inspired widespread research efforts on carbon nanotubes
(CNTs)." Along with a boom in CNT-related publications and
patents, CNT production has become a large-scale industrial
chemical process, with annual production reaching a level of
thousands of tons in the year 2011.> The favored method for
CNT mass production is catalytic chemical vapor deposition
(CvD),® which is a heterogeneous catalytic conversion process
where carbon-containing gas species are converted to nano-
tubular graphitic structures with the assistance of nano-
particles under thermal treatment (note that CNTs can also be
synthesized by arc discharge and laser ablation). Generally, as-
grown CNTs display three different morphologies achieved via
variable growth techniques: (1) agglomerated “powdered”
CNTs, (2) horizontally aligned CNTs, and (3) vertically aligned
CNTs (Fig. 1).

Agglomerated CNT powders are grown from fluidized bed
reactors to take advantage of the uniform gas diffusion and
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tially impact the way all other emerging materials are designed for environmental sustainability purposes.

heat transfer to metal catalyst nanoparticles in the CVD
process. This production method is the easiest to scale, but
inevitably causes mixing with impurities (amorphous carbon
and catalyst), resulting in the need for post-synthesis treatment
to yield pure CNTs. Impurities are removed by acid treatment/
thermal annealing, which can introduce other structural impu-
rities, degrade nanotube length and perfection, and inevitably
add production cost and indirect costs associated with
environmental damages. This form of CNTs is the most widely
produced CNT today, dominating the annual production,
whereas the contribution of aligned forms is trivial, and the
powered CNTs have already been incorporated into commer-
cial applications (e.g., in bulk composite materials and thin
films). In addition, high single-chirality abundance SWCNT
powders are available after tedious post-synthesis selection
processes or, for 6,5 (n,m) tubes, by careful catalyst selection
used in a few commercial products.”® However, these unorga-
nized CNT architectures usually fail to meet expected material
properties, likely due to poor alignment, loss of anisotropy, or
loss of nano-dependent features through the formation of an
agglomerated structure. For example, others have shown that
whereas isolated CNTs were highly thermally conductive, their
unorganized assemblies behaved more like thermal insulators
due to the contact resistance of CNT overlaps or junctions.’
The production and applications of agglomerated CNTs have
been reviewed previously.'**°
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Fig. 1

Ilustration of three as-grown CNT morphologies: (a) agglomerated CNTs, (b) vertically aligned CNTs, and (c) horizontally aligned CNTs

through CVD and their corresponding SEM images (d—f). (d—f are reproduced from ref. 4 with permission from Elsevier, ref. 5 with permission from
the Royal Society of Chemistry, and ref. 6 with permission from Copyright 2014 American Chemistry Society, respectively.)

In contrast to powdered, agglomerated products, horizon-
tally aligned CNTs and VACNTs provide flat and/or substrate-
bounded growth, which directs them into organized mor-
phologies. Horizontally aligned CNTs have the highest crystal-
linities, but suffer extremely low yields (areal density usually
less than 200 CNTs um™' (ref. 17)). In addition, they have
narrow and confining, although potentially transformative,
application fields, specifically for nanoscale electronic devices.
However, a lack of chirality control, low number density, and
precise placement are current challenges faced by the scaled
development of this CNT form. The advances in the controlled
synthesis of horizontally aligned carbon nanotubes and their
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applications were reviewed recently.'®*>* Here, we note that a

“trick” to achieve horizontally aligned tubes requires a rela-
tively low areal density of deposited catalyst (i.e., catalyst de-
posited in a 1D line that gives rise to orthogonal tube growth)
and strong tube-substrate adhesion. In contrast, a high areal
density of the catalyst provided with an appropriate C feeding
rate (high enough to sustain the nucleation and elongation of
high density tubes simultaneously) can promote the formation
of vertically aligned, substrate-bound CNTs. This anisotropic
and 3D macroporous morphology renders the unique pro-
perties of a fully accessible surface area, little-to-no amorphous
carbon, minimal residual catalyst, 1D ballistic mass transport
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through tube pores,” high electrical conductivity, and
mechanical, chemical, and electrochemical stability, which
lead to their broad proposed application in super-
capacitors,”®?” electronic interconnects,”® emitters,>® dry
adhesives,® mechanical materials,**> separation mem-
branes,*** advanced yarns and fabrics,*® black-body absorp-
tion,*® high-resolution printing stamps,®” optical rectennas,®
chemically driven thermopower wave guides,® and ultra-
sensitive virus detection.”” Among these applications, the
environment- and energy-related ones are in urgent need of
development (ie., for implementation to tackle the environ-
mental and energy crises). Due to the critical role of advanced
materials in solving environmental and energy problems,
these applications were reviewed recently for other emerging
hierarchical nanomaterials (e.g, graphene-based
nanomaterials,”*™** transition-metal dichalcogenide nano-
materials,*®*” and metal-organic frameworks*®), but VACNTS,
although exceptional among CNT forms, have not been sum-
marized or forecast. This review aims to provide a holistic ana-
lysis of the robust development of environmental optimization
objectives for related VACNT production, architecture fabrica-
tion, and potential applications. Specifically, this review lays
out routes to sustainable synthesis of VACNTs with minimized
energy and emission burdens, and goes on to describe how
these VACNT hierarchies might transform environmental
materials applications. The ultimate goal is to employ
advanced materials to achieve environmental and economic
sustainability by working at the interface of material and
environmental engineering.

2. Environmentally optimized
synthesis

Incorporating environmentally-motivated perspectives into
chemistry, engineering, and process design is essential to
maximize benefits and minimize the risks of novel material
and technology design.*® Engineered nanomaterial (ENM) syn-
thesis enables potentially transformative nanotechnologies,
which allow humans to access previously unattained material
properties. Nevertheless, the chemical process associated with
ENM production might exert adverse impacts on the environ-
ment and human health. Regarding CNTs, and particularly
those with controlled 3D morphologies, the intensive energy
and resource consumption of current synthetic routes raises
environmental concerns for future industrialization.’*>* That
is, early synthetic interests focus on controllability to achieve
the desired device performances with little focus on environ-
mental impacts, and because early design choices often propa-
gate to the scaled processes, early omissions of impact preven-
tion can lead to catastrophic damages for industry (e.g., asbes-
tos,>® bisphenol A,>* or methyl-tert-butyl ether’?).

Similar to other industrial processes, environmental impact
investigations of CNT production are delayed by roughly
20 years from the onset of the invention.” In 2008, Healy
et al.>® conducted the first life cycle assessment (LCA) on CNT

This journal is © The Royal Society of Chemistry 2018
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manufacturing via arc ablation, CVD, and high-pressure
carbon monoxide, and they highlighted that the life cycle
impacts were dominated by energy consumption. Indeed,
CNTs were found to be among the short list of the most
energy-intensive materials syntheses, of the order of up to
100 times more than aluminum.>' In addition to the specific
energy requirements, toxic byproduct emissions from CNT pro-
duction might exert potential human health impacts,>® where
environmental impacts from emissions can exceed direct
exposure impacts.”” Aware of the potential environmental con-
cerns of CNT production, more studies on environmental optim-
ization of CNT manufacturing were inspired by these pioneering
works, and several milestones have been achieved (Fig. 2).
Atomic carbon conversion efficiency and thermodynamic
limitations are the fundamental chemical drivers that directly
control byproduct generation and minimum energy cost,
respectively. The atomic carbon conversion efficiency for
agglomerated, bulk powdered CNTs is almost universally
higher than that for vertically aligned CNTs due to the contact

First life cycle assessment!>”!
Energy consumption evaluation®!! . i
First pollutants emission
measurement of
VACNT production®!

Alkyne-enchanced
VACNT growthl>®!

0T10C 600C 800C

Highest (i.e., 70% ) C yield
for agglomerated CNTs[*")

110C

Production imapcts found
to exceed direct exposurel®”

T10T

Detailed LCA for
agglomerated CNTs*?

CNT production
from waste plastics!®”!

10T €10C

Detailed LCA for

CNT production from CO,**! VACNTS!

910C

CNT production from

industrial waste gases®™) Net energy benefits analysis®?

Data mining informed
sustainable production
parameter setting®!

Fig. 2 Timeline of milestones of CNT production studies pertaining to
environmental optimization objectives. These efforts include the follow-
ing discoveries: the first life cycle assessment (LCA) of CNT pro-
duction,*° energy consumption evaluation,>! the first pollutant emission
measurement for VACNTs,*® alkyne-enhanced VACNT growth,*® the
highest reported carbon conversion efficiency for agglomerated
CNTs,>® production impacts found to exceed direct exposure impacts
for CNTs,” detailed LCA for agglomerated CNTs,®2 CNT production
from waste plastics,®° detailed LCA for VACNTS,®! net energy benefit
analysis for CNT applications,®> CNT production from CO,,%®* CNT pro-
duction from industrial waste gases,®* and the first data mining for CNT
growth recipes and improved efficiency strategies.®
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between the reactant gas and more available catalytic sites
(i.e., large amounts of catalyst are loaded and mixed in contact
with the reactant C source). For example, Kim et al.>® devel-
oped a semi-continuous fluidized-bed with augmented catalyst
dispersing on ceramic beads, reaching a remarkable atom
efficiency of over 70%; in contrast, the VACNT grown from sub-
strate-affixed catalysts and C,H,-fed chemistry exhibited only
0.05%° C conversion. Note that the residual input gaseous
materials are all exhausted as environmental pollutants (i.e.,
volatile organic compounds (VOCs) and polycyclic aromatic
hydrocarbons (PAHs)), and thus low yields necessarily corres-
pond to high emissions rates (unless recycling is used, which
is rare®°®). Low carbon conversion efficiency is influenced by
reactant imbalances and poor contact, but could be exacer-
bated by some thermodynamic limitations. Thermodynamic
insights are popular to explain the resulting CNT controllabil-
ity; for example, SWCNT selectivity commonly relies on mini-
mized formation energy to determine the geometrical associ-
ation between CNT structure and one specific crystal lattice of
the catalyst during active carbon species arrangement.>'
However, from the overall energy consumption perspective, the
conversion from the starting carbon materials to the active
carbon species tends to correlate with the minimum oper-
ational temperature requirements, which are related to energy
costs.” In fact, most previous successful approaches for lower
temperature CNT synthesis reflected the elimination of this
carbon precursor conversion process, including plasma
enhancement,®®’® preheater implementation,”’ and more
active gas precursor choice.”

To achieve better yield, the CNT growth via CVD has been
modified through advancing reactor design and altering
chemical processes. Simultaneously, these approaches happen
to benefit the environmental sustainability of CNT manufac-
turing. Two successful representative reactor design modifi-
cations include controlling the gas flow direction (i.e., employ-
ing a gas shower system to deliver gas from the top of the
forest instead of from the side)”® and manufacturing CNTs
in a continuous manner,”* both of which serve to maximize
the contact between the gaseous reactants and catalyst and
enhance the yield performance. While reactor setup modifi-
cation is a promising strategy, it is often less accessible once

starting materials

more efficient precusor, t
industrial waste source,

: COZ, alternative
bio-derived source  energy input

reduce byproducts

—) active carbon species — >

preserve in gas phase

v
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significant capital costs have been invested, and manipulating
the chemical reaction process is a more common strategy to
enhance the carbon yield, including investing in heteroatom
growth enhancers (e.g, H,0,>% 0,788 §,>98
alcohol,®®®” CO,,”>#% and acetone) or/and altering the
hydrocarbon source.>® In addition, new branches of research
aimed at using waste streams for CNT production have gained
attention recently, including CNTs from waste plastics,*® con-
verting CO, to CNTs,**°" and utilizing industrial gas effluents
as CNT feedstock material,®°> which hold promise to
enhance the environmental sustainability due to reaction
source accessibility and low cost.

Based on the CVD process of CNT synthesis, a strategic
modification route (Fig. 3) to promote sustainable production
of CNTs is proposed. From changing the starting materials to
increasing the catalyst efficiency, to reusing effluent gases, each
modification (either through chemistry or reactor design) would
advance the economic and environmental sustainability of this
energy and material-intensive process. The synthetic strategy
not only determines the overall sustainability of the production-
application circuit, but also is critical to tune as-grown CNT pro-
perties for desired applications (e.g., alignment for shorted
charge or thermal transport path and diameter for filtration).

3. Integration in VACNT-composite
functional materials

In addition to the manipulation of VACNT growth, chemical
and structural modifications are commonly employed to pre-
serve the structural stiffness or to introduce new functional-
ities into the hierarchical porous platform of VACNTs. VACNT-
polymer composites,” VACNT-inorganic hybrids,” and
heteroatom doped VACNTs” are important derivatives to serve
as functional materials for environmental and energy ben-
eficial purposes (Fig. 4). Since VACNTs will experience surface-
tension driven aggregation and densification following liquid
infiltration and evaporation,”® the traditional treatment
methods (e.g., mechanical-reinforced solution dispersion or
strong acid oxidation) used with powdered CNTs can not be
used with VACNTSs in order to form these VACNT-composites if

catalyst design to reduce -{
nucleation energy barrier, E AT
increase nucleation efficiency

recycle unused source
after purification
or seperation

by modified chemistry,
reactor design

Fig. 3
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Flow chart of CNT synthesis steps and modification suggestions (grey boxes) for future environmentally sustainable CNT production.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Schematic illustration of VACNT-enabled functional materials and their corresponding fabrication methodologies. (a) VACNT—polymer com-

posites, (b) VACNT—inorganic hybrids, and (c) heteroatom-doping VACNTSs.

Note that the heteroatom (purple) in c is merely a schematic illustration

of the concept and the newly-formed structure doesn’t necessarily still retain a hexagonal structure after heteroatom doping.

one seeks to preserve their 3D structure. With this constraint,
a wide array of unique fabrication methods have been devel-
oped to achieve VACNT-composite functional materials, which
confer VACNTSs new properties (i.e., catalysis) or augment the
properties of individual components for superior overall
performance.

For demanding applications requiring optimized per-
meability and selectivity, such as wastewater treatment mem-
branes, open and aligned nanochannels of VACNTs are the
unique characteristic needed to achieve fast mass transport
through these superhydrophobic nanochannels.>>** Polymer
infiltration would maintain the integrity of the VACNTs under
their functioning environment (e.g., pressurized or aqueous
conditions) and guarantee that the targeted molecule(s) travel
through the defined nanopores only. Such VACNT-polymer
composites have been efficiently fabricated through vapor
phase conformal coating polymers,**®” spin coating poly-
mers,*>® capillary-induced wetting polymer infiltration,*! and
direct polymer diffusion through immersing VACNTs in a
polymer solution®®'% (Fig. 4a). Spin coating, capillary-induced
wetting polymer infiltration, and direct polymer diffusion are
easy to operate and are sufficient to accomplish the target of
blocking the interstitial space between tubes in the VACNT
forest. In contrast to these solution-based polymerization tech-
niques, vapor phase polymer coating methods utilize the
polymerization of delivered vapor-phase monomers on the
surface of the substrate, which could result in more controll-

This journal is © The Royal Society of Chemistry 2018

ability.'°" The tunable, conformal coating not only is capable

of forming a VACNT membrane, but also might enable additive
functionalities (e.g., superhydrophobicity'°*) onto VACNTs.

In the VACNT-inorganic hybrids, VACNTs work as a support
in most cases to maximize the performance of active inorganic
components, usually by functionally increasing their exposed
surface area, such as for -catalysis and/or adsorption.
Compared with other large surface area supporting materials,
the unique advantages of VACNT are their synergistic charac-
teristics of high conductivity and well-ordered hierarchical
structures. The metal oxides or metals can be deposited
through electrodeposition,'® nebulized spray,'®* wet chem-
istry coating,"®'°® and atomic layer deposition'”'*® (Fig. 4b).
Electrodeposition and wet chemistry methods are solution-
based coating approaches. Due to the capillary-driven aggrega-
tion of the CNT forest upon liquid infiltration and evapor-
ation,”® these two techniques usually result in large coating
particle size or non-uniform coating. Atomic layer deposition
utilized a sequential self-terminating reaction between the gas
phase molecules and the solid surface to ensure the extreme
coating controllability (less than one nanometer),'® but this
process needs to operate in a special apparatus. To avoid
liquid contact and overcome the difficulty of limited device
accessibility, an interesting nebulized spray method was devel-
oped in 2014 and was found to work universally for different
metal oxides.'”* Besides the VACNT-metal oxides, VACNT-gra-
phene hybrid materials"'®''" have emerged as a promising

Green Chem., 2018, 20, 5245-5260 | 5249
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composite for energy storage devices due to the efficient
covalent bonding between these two types of materials when
forming 3D architectures, and they are usually made by CVD
to deposit graphene and VACNTs on the substrate
consecutively.

In contrast to coating metal oxides on the outer surface of
VACNTSs to serve as the catalytic active sites, replacing carbon
atoms in the VACNT structures with heteroatoms (e.g., N, S, B,
and P) could directly introduce active sites inside VACNTS, ren-
dering them highly efficient, metal-free catalysts.''*> These
dopants can change the physical and chemical properties of
VACNTs through inducing CNT graphitic structure charge
redistribution and lattice structure distortion, leading the
VACNTS to convey catalytic activity."'* The heteroatom doping
can be realized through in situ doping during VACNT
synthesis'**'° or doping during post-treatment"'” (Fig. 4c). In
situ doping processes are conducted via co-delivering the
C-containing precursor and the heteroatom-containing precur-
sor for the catalytic thermal CVD process, whereas post-treat-
ment doping relies on incorporating heteroatoms into the
existing vacancies in the graphitic lattice. This results in the
traditional post-synthesis thermal annealing that is not com-
patible with well-crystalline SWCNTs (i.e., nearly no N- or
S-doping is available)''® and the highest N doping level (5.0
at%, defined as mol heteroatom/mol C x at%) was achieved
through in situ synthesis."*® Considering plasma etching has
been used to open VACNT caps as well as functionalize them,
that technique, simultaneously generating graphitic vacancies
and incorporating heteroatoms into these sites, might emerge
as an alternative post-synthesis treatment approach to doping
VACNTs under a N, or NH; gas environment. "%

4. Environmental applications of
VACNTs

While there are a large number of environmental applications
proposed for CNTs, three categories have garnered the most
attention, leading to the most notable demonstrations. These
are in the areas of sorption, catalysis, and separations (via size
sieving) (Fig. 5).

sorption

reactant 1

product 1
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4.1 Adsorption

Adsorption processes are a traditional technique in point-of-
use devices to selectively remove viruses, inorganic and organic
pollutants to produce clean and safe water or gas.">* Due to
their high surface area, well-defined pore structures, inherent
hydrophobicity, and tunable nanoscale properties, CNTs have
been considered as remarkable adsorption materials in the past
few decades. Although most studies utilized randomly oriented
CNTs, previous efforts have identified four possible adsorption
sites in CNT bundles:"""*** (1) the hollow interior of individual
nanotubes, (2) the interstitial channels between individual
nanotubes inside nanotube bundles, (3) the external groove site
where two outermost adjacent parallel tubes meet, and (4) the
curved surface of the outermost, “exposed” nanotubes at the
edges of the nanotube bundles (Fig. 6a). Note that functional
groups and defects in the CNT structure may change the acces-
sibility and affinity of CNT surfaces for sorbates, dramatically
altering the adsorption behavior.'** Interestingly, alignment has
emerged as a critical factor to control adsorption capacity, ulti-
mately allowing free-standing VACNT films to fulfill their
promise to outperform randomly oriented CNTs. For example,
using N, adsorption as the study model, the self-oriented CNT
vertical arrays were found to deliver increased adsorption
uptake compared to the disarranged counterparts following
ultrasonication treatment, due to the enhanced interstitial
spaces between the individual nanotubes inside the VACNTs,
along with better alighment."”® The potential adsorption appli-
cations of VACNTs for environmental remediation and energy
engineering are categorized in the following discussion into
(1) gas phase adsorption, (2) liquid phase adsorption, and
(3) ion adsorption from liquid systems (Fig. 6).

4.1.1 Gas phase adsorption. Adsorption technologies have
played a vital role in gaseous pollutant management due to
their fast reaction kinetics, simple design and operation, and
sometimes low cost. CNTs have been investigated as adsor-
bents for removing key pollutants (e.g., NO,,"*” S0,,"*
VOCs,"”* ! and C0O,"**"*") that either are toxic to human
health, hazardous to environmental ecosystems, or contribute
to climate change from waste gas streams. However, available
examples using VACNTs as gaseous pollutant adsorbents are
extremely limited. Babu et al."** studied double-walled VACNT

i

reactant 2

product 2

Fig. 5 Schematic illustration of the environmental applications of CNTs, including sorption, catalysis, and separation.
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Fig. 6
purposes at different media—CNT interfaces.

forests with varied average diameters and discovered that
decreasing the CNT diameter could increase the adsorption
capacity of CO, at high pressure regimes (ranging from 5 to
60 bar). To potentially enhance the adsorption performance at low
pressure (less than 15 bar), the authors found that oxygen plasma
could functionalize the VACNTs with C-O functional groups
in situ without impacting the well-ordered 3D structure, and the
product exhibited better adsorption characteristics. Here, we note
that most VACNT adsorption studies still remain in the theoretical
prediction stage,"**™*' but all indicate the superiority of this
unique morphology as effective adsorbents, merely due to their
well-defined open-end pore arrangement and tunable inter-tube
space when compared to their powdered CNT counterparts.

In addition to the gas pollutant remediation-oriented gas
phase adsorption, the signature adsorption characteristic
enables CNTs to store H, "**'*® for energy generation, provid-
ing a critical solution to “renewable” energy storage and trans-
formation. When using VACNTs, Cao et al."** demonstrated
that controlling the inter-nanotube space between adjacent
parallel tubes could contribute more H, storage capacity
enhancement space as the supplement to the generally
suggested hollow interior storing space of individual nano-
tubes. However, over the evolution of this technique, there has
been substantial controversy regarding the reported H, uptake
capability of CNTs,'*> and this hinders advancement of this
technology. Poignantly, this highlights the importance of
reproducibility while developing applications for advanced
materials and the threshold for rigor that should be applied
for robust proof-of-concept demonstrations.

4.1.2 Liquid phase adsorption. Many hydrophobic sor-
bents are used to enhance partitioning of dissolved organic
chemicals (i.e., the sorbates) from the aqueous phase to the
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solid sorbent, and while VACNTSs are effective in this mecha-
nism of uptake, their unique geometry can offer wicking and
sponge behaviors that enhance chemical partitioning via
physical uptake. Accordingly, a representative proposed appli-
cation of 3D CNT structures in liquid phase adsorption is oil
spill cleaning. Using a similar growth methodology to produce
VACNTs (i.e., CVD) but with a different carbon source (ie.,
ferrocene dissolved in 1,2-dichlorobenzene as a catalyst precur-
sor and a carbon source, respectively, fed by a syringe pump), a
CNT sponge with a porous, interconnected, and 3D framework
was fabricated and it exhibited an exceptional (i.e., up to 180
times its own weight, about 100 times higher than activated
carbon) oil adsorption capacity."*® In addition to those physi-
cal drivers for sorption, chemical modification was shown to
improve sorption capacity; for example, boron substitution
doping created covalent bonding between the 3D, intercon-
nected CNT skeleton, which enhanced the oil adsorption per-
formance and enabled sorbent reuse."*” In addition to oil
uptake, aromatic compounds (e.g., dioxin,'*® benzene,"*>'*
phenol,"*® and PAHs"*?), humic acid,'®' and dye molecules'*?
can also be adsorbed by CNTs. However, similar to gas phase
adsorption studies, these explorations are limited to randomly-
oriented and aqueous-solution-dispersed CNTs derived from
powdered CNTs.'” Nevertheless, the sorptive properties of
these powdered CNTs are as good or better on both a mass
and surface-area normalized basis than granular activated
carbon sorbents.'>>"** Compared to powdered CNTs and acti-
vated carbons, where most of the carbon mass is internal and
inaccessible to large sorbates, VACNTSs have theoretically maxi-
mized surface areas, tunable functional groups, great accessi-
bility to the adsorbates, intrinsic chemical stability, and, most
importantly, their bulk structure integrity could result in
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orders of magnitude adsorption enhancement and reuse pro-
perties that are beneficial for real world applications.

4.1.3 Ion sorption. Ion sorption is the fundamental prop-
erty that enables heavy metal removal, electrochemical desali-
nation, supercapacitors, and batteries; that is, most of the
energy storage applications rely on this property of CNTs. The
nanoporous structure, enormous number of available adsorp-
tion sites, and high conductivity enable CNTs to act as the
active component in devices for both water treatment and
energy storage, potentially tackling the water scarcity and
energy crises (and some have proposed that this could be done
simultaneously"®>**®). The available heavy metal ion adsorp-
tion investigations are mostly confined to randomly oriented
and solution-dispersed CNTs, and several studies have claimed
that surface functional group density is the key control factor
to enhance heavy metal adsorption capacity.">” > In contrast,
for energy storage applications, better control of ion and elec-
tron flow is required, and thus, VACNTs have been intensively
explored for supercapacitors®®>”'** and Li-ion batteries.'®*'%
The 3D, well-ordered framework of these materials creates a
more accessible surface area (i.e., confers mesoporosity'®®) and
well-directed electron transport paths for electrochemical ion
adsorption. While maintaining a vertically aligned shape, den-
sification®®'®® and nanotube cap opening”” were found to
enhance their capacitance as an electrical double layer
capacitor, due to increased volumetric specific electrode
surface area and accessibility of the inner cavity, respectively.
Moreover, the VACNT surface could serve as a platform for
metal oxide deposition, providing novel routes to CNT/metal
oxides'*10%167717% materials that may perform as a hybrid
capacitor/battery, which store charge relying on the electro-
chemical double layer (i.e., electrostatically) and also via the

View Article Online
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fast surface redox reactions of metal oxides (i.e., electrochemi-
cally). This additive electrochemical pseudocapacitance could
augment overall total capacitance and contribute to the overall
performance of the energy storage materials.

4.2 Catalysis

A perfect CNT structure does not exhibit outstanding catalytic
capability. The catalytic activity relies on functional groups,
defects, dopants, and decorated catalytic active species, where
the catalytic activity can be enhanced by the presence of the
CNTs. CNT-based catalysts provide high activity and durability
because of their high surface area, high crystallinity, controlla-
ble homogeneity, chemically uniform active sites and stable
geometric structure.''*'”'”> However, the majority of CNT-
based catalysts have been explored for electrochemical fields,
whereas non-electrochemical catalysis targeting industrially
important transformation technologies (e.g., environmental
remediation) are still under development. Similar to the
benefits of morphology (enhanced surface area) in adsorption,
VACNTs have also shown improved catalytic performance with
their corresponding functional composites (Table 1).

4.2.1 Catalysis in the liquid phase. Catalytic technology for
liquid waste treatment includes catalytic ozonation, photocata-
lysis, electrocatalysis, and electron-Fenton systems, which
could efficiently remove organic compounds (e.g., pesticides,
pharmaceuticals, and personal care products), nitrates, and
other aqueous pollutants."®® Even though CNTs were reported
to benefit these processes,'®"'®> they have been rarely used in
a 3D form, except during photocatalysis. A good example of
VACNTs’ photocatalytic applications is to support and tune the
properties of titanium dioxide, which is a widely used photo-
catalyst, but one that suffers from a low surface area and a

Table 1 Summary of VACNT-based catalysts and their catalytic processes for environmental and energy applications

Catalysis type Functional materials Catalytic reaction Environmental and energy implications  Ref.
Photocatalysis ~ VACNT/TiO, E. coli bacteria inactivation Water disinfection with solar energy Akhay%n
et al.
VACNT/TiO, 2H,0 — O, + 4H" + 4e” Solar energy conversion Yang et al.'”*
CdS-CNT sponge Rhodamine B dye degradation Water purification Liet al.'”
N-Doped CNT/TiO, core/ Methylene blue and p-nitrophenol Water purification Lee et al.'”®
shell nanowires dye degradation
TiO,/CNT/Pt nanoarrays Dye degradation: 2H,0 — O, + 4H"  Water purification and solar energy Park et al.'”’
+4e” conversion
Biocatalysis VACNTs Organic matter consumption by Wastewater remediation and power Mink et al.'”®
microorganism generation
Electrocatalysis Pt-VACNT-carbon fibers 0O, + 4H" + 4e” - 2H,0 Environmental sensor Xian%79
etal.
VA-N-doped CNTs 0, +4H" + 4e” — 2H,0 Fuel cells; renewable and clean energy Gong et al."**
technology
Electrocatalysis VA-N-doped CNTs CO, +2H" +2¢~ — CO + H,0 CO, reduction, climate change Sharma
mitigation etal''®
VA-boron-carbon-nitrogen O, + 4H' + 4¢~ — 2H,0 Fuel cells; renewable and clean energy Wang
NTs technology et al.'®®
VACNT/metal oxides 0O, + 4H" + 4e” - 2H,0 Fuel cells; renewable and clean energy Yang et al.'*
technology
MoS,-VANCNTSs 2H' +2e” — H, H, production, renewable energy Li et al.'®!
Pt-VACNT CH,;O0H + H,0 — 6H" + 6e~ + CO, Methanol oxidation, fuel cells, renewable  Su et al.'®*
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large band gap energy.'”*"”®'”” In addition to pollutant reme-
diation and water splitting, a composite CNT-TiO, 3D photo-
catalyst was found to photoinactivate bacteria under visible
light irradiation (differing from the UV light irradiation of
TiO, itself)."”* To achieve the same purpose of water disinfec-
tion, replacing TiO, with Ag in the VACNT arrays has been
demonstrated to show strong antibacterial activity in the dark
(no light required).*®®

4.2.2 Catalysis in the gas phase. Environmental catalysis
also plays an essential role in gaseous pollutant control from
both stationary and mobile sources with applications ranging
from selective catalytic reduction of NO, with NH3, CO oxi-
dation, Hg® oxidation, to VOC catalytic combustion."'®” The mode
of participation in these reactions for CNTs is usually as the
support or confinement for the active compounds.'®*'* Taking
manganese oxide as an example (a highly efficient heterogeneous
catalyst for gaseous pollutant removal'®*), employing CNTs as
the support efficiently enlarges its surface area and thus
enhances the catalytic performance.” Following the rising
attention on the importance of the hierarchical geometric struc-
ture of the metal oxide catalysts,'”® VACNTs with well-defined
nanoscale and macroscale structures could provide an outstand-
ing platform to support and sufficiently disperse the active cata-
lyst, paving the way for improved catalytic performance.

4.2.3 Electrochemical catalysis. A large portion of catalysis
work using VACNTSs is in the field of electrochemical catalysis,
which is critical for renewable and clean energy technologies.
These catalytic reactions include oxygen reduction,'®**"**8
hydrogen evolution reaction,'®"'®” and CO, reduction.'*®
VACNTs have demonstrated success when doped by hetero-
atoms (e.g., nitrogen or boron) or decorated with metal/metal
oxides, where CNT electronic properties were tuned (e.g., by
locally charging due to the difference in electronegativity of C
and the substitutional elements or extra catalytic active sites due
to the introduced metal cation incorporating in the graphitized
carbon structure or embedding on the carbon plane) but their
geometric features were maintained (i.e., shorter electron trans-
port path and better electrolyte or reactant diffusion). In
addition to these traditional electrochemical systems, VACNTS
have also been used as anodes in a bio-electrochemical system
(i.e., microbial fuel cells'”®'°®), which is a technique that has
been suggested to integrate organic waste remediation and elec-
tricity generation in one system via the bio-catalytic activity of
microorganisms for waste water treatment.

4.3 Separation

CNTs have been proposed as nanochannels for fundamental
nanofluidic studies and membrane-based separation appli-
cations,'”®?% due to their tunable nanoscale properties,
uniform hollow geometry, molecularly smooth inner surface,
and exciting fluid transport rate (Table 2). The fast size exclu-
sion selectivity feature of CNT-based membranes enables
promising applications ranging from water purification,?**>%
water desalination,?®® gas purification and separation,>** and
drug delivery,” to breathable and protective textiles.>*® Since
the permeate selectivity heavily relies on the homogeneity of

This journal is © The Royal Society of Chemistry 2018

View Article Online

Critical Review

nanopore size, the application of CNT-enabled separation
devices requires strict requirements on the synthetic controll-
ability of CNT manufacturing.

4.3.1 Ion exclusion. Ion exclusion is the primary principle
for VACNTs to serve as filters for water purification.?’® The
atomically smooth and hydrophobic inner core of CNTs pro-
vides a high speed tunnel for water molecule transport (4-5
orders of magnitude flux enhancement),”®” while the dia-
meter of the hollow cylinder serves as the gate keeper to
exclude the undesirable permeates. Moreover, the functional
chemistry on the tip of CNTs may enhance or tune the ionic
selectivity, ultimately mimicking the rapid and selective ion
transport in biological membranes.?’® Majumder et al.**’
first demonstrated the effects of CNT tip functionalization on
the flux and selectivity of permeates, where grafting long
chain functional molecules would decrease the pore size and
adding anionically charge dye molecule onto the CNT core
entrance would enhance the flux of cationic permeates (i.e.,
methyl viologen MV>" and ruthenium bipyridine Ru-
(bipy);**). Furthermore, Fornasiero et al.>'® proposed that the
electrostatic interactions between the CNT membranes and
mobile ions drove the ion rejection phenomenon, rather than
steric or hydrodynamic effects when the narrow tubular con-
finement channel (CNT inner diameter) was larger than the
diameter of hydrated ions. In addition, the capability of
being able to independently functionalize each side of the
VACNT membrane entrance®'" and the potential utilization of
electrophoresis®**'* could further stimulate membrane
science with a viable route towards overcoming the tradeoff
between permeability and selectivity.

4.3.2 Gas separation. Besides ion exclusion in liquid inter-
faces, VACNT membranes also function in gas interfaces.
VACNT membranes for gas molecular separation could be used
for natural gas dehydration,** H, production,*>*'® CO,
removal,>"” air separation,>'® and membrane-distilled water
desalination.>'® The transport of gases in CNTs was predicted
to be over one order of magnitude faster than similar sized
zeolites, which are commonly employed for selective gas separ-
ation at the expense of low flux.>*° The theoretical predictions
have been verified by Hinds et al.*®> with multi-walled CNT
(MWCNT) membranes (4.3 nm inner diameters) and Holt
et al.”® with double-walled CNT (DWCNT) membranes (sub-
2 nm diameters) independently. CNT gas permeability selecti-
vity has been demonstrated for hydrocarbon/He,*> CO,/CH,4,>*"
H,/CH,,*'%?*> H,/CO, *'® mixtures, all of which have practical
gas separation implications. It is noteworthy that the fast
water vapor transport in carbon nanotubes has far-reaching
implications, which could enable membranes for gas separ-
ations applications including, but not limited to breathable
and protective fabrics, moisture control, and desalination via
distillation.”°® Combining this ultrafast water transport prop-
erty and VACNTS’ strong optical absorption behavior enabled
VACNTs to perform well in the solar-thermal-steam generation
system (evaporation rate 10 times higher than bare water with
a 90% solar thermal conversion efficiency),*** providing a low
cost, renewable energy-based desalination technique.
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Table 2 VACNT-based nanofluid devices and their performed permeation tests

CNT forest
height Area size

Interstitial filler CNT diameter (m) (em?) Fluid test Ref.

Silicon nitride 20-50 nm 5-10 0.196 Water permeability Holt et al.”**

Silicon nitride Average diameter 1.6 nm 2-3 4 2 nm gold particle and Ru** (bipy); per- Holt et al.”

meability; gas selectivity

Silicon nitride Average diameter 1.6 nm 0.00175 Ton rejection of salt solution (K3FeCNg, KCl, pyr-  Fornasiero

enetetrasulfonic acid tetrasodium (Na,PTS), et al”*®
K,S0,4, CaS0O,, CaCl,, Ru(bipy);Cl,)

Polystyrene 30 + 10 nm outer 5-10 3.1 N, and Ru(NH;)s*>" ionic species permeability Hinds
diameter, 4.3 + 2.3 nm et al®
inner-core diameter

Polystyrene 6.3 nm MWCNT diameter 10 3.1 Gas (He, H,, and N,) permeability Mi et al.’®

Polystyrene 7 nm pore diameter 126 0.3 Gas, liquid permeability, ions transport Majuzrzr};der

etal.

Urethane monomer 4.1 nm average pore size 1000 0.067 Polyethylene oxide rejection, water permeability  Lee et al.>*

Parylene-N 3.3 nm average diameter 20-30 1.8 Charged dyes, 5 nm Au nanoparticle, 40-60 nm  Bui et al.**

Dengue virus rejection; water vapor transport

Polysulfone 1.2 nm average pore 0.6 13.8 Single gas permeability and mixed gas selectivity ~Kim et al.>*"
diameter

Polystyrene- Average 3.3 nm diameter 20-50 cm?® scale 5 nm gold nanoparticle, K;Fe(CN)e and Direct Kim et al.”’

polybutadiene (PS-PB) Blue 71 permeability; gas permeability

copolymer

Epoxy resin 8 nm average diameter 1000 1 None Warcglle

etal.

Epoxy resin 7-14 nm diameter 7000 4 Various liquid (water, ethanol, hexane, decane, Du et al.*®

N,N-dimethylformamide (DMF), dodecane, and
2-propanol) permeability

Epoxy resin 4.8 nm diameter 200 0.1 Liquid permeability Bacek et al.**’

None 2.8 nm inner tube 750 0.25 Gas permeability and selectivity; 3.2 nm gold Yu et al.>*®

nanoparticle permeability

None 6.7 inner diameter, 10 nm 4000 0.25 Gas permeability and their selectivity vs. H,O Yoon et al.”**
outer diameter

None After densification, 7 nm 1300 1 Water permeability, dextran rejection Lee et al.'”

outer wall pore

5. Conclusion and outlook

VACNT arrays with a hierarchical and anisotropic morphology
effectively extend the intrinsic yet extraordinary nanoscale pro-
perties (mechanical, electrical, and thermal) of individual
nanotubes to the macroscale, which hold promise to transform
a diverse set of practical environmental application processes
(sorption, catalysis, and separation) that will ultimately enable
enhanced sustainability. The route towards realizing these
goals requires sufficient integration of controllable, scalable,
reproducible, and sustainable VACNT production, and effective
functional composite fabrication (i.e., tailored for targeting
applications and functioning environments), and there have
been some primary challenges limiting the broad adoption of
these nano-enabled materials.

The challenges in controllability must be addressed
through further efforts: the narrowest diameters produced
so far (sub-1.5 nm (ref. 229)) in VACNT still do not meet the
requirement for desalination (0.8 nm (ref. 230)), a further
increase of the areal number density is necessary to
enhance ion storage performance,”*’ and bulk property
homogeneity requires alignment control.>**> In addition to
controllability challenges, production sustainability has
emerged as an overlooked factor for future large-scale manu-
facturing, where proactive efforts are urgently needed. The

5254 | Green Chem., 2018, 20, 5245-5260

relatively poor environmental performance associated with
VACNT manufacturing is largely attributed to the limited
fundamental understanding of the CNT growth process.
Unveiling this is critical to eliminating unnecessary heating
steps for reactive intermediate generation, which could
reduce energy and resource costs.’®?** In addition, the
scaled-up manufacture of VACNTSs is still rare, which gives
rise to the gap between their bench scale application tests
and practical industrial scale processes. Taking the VACNT-
membrane as an example, most reported devices are in the
cm?” size range, whereas wafer-scale or m” scale membranes
are necessary for real-world applications. Nevertheless, pro-
gress has been made in this area and routes toward such
scaled synthesis are readily traceable.”*?>**

While essential concepts and methods for VACNT-enabled
advanced materials have been proposed and demonstrated
(e.g., VACNT-inorganic hybrids, VACNT-polymer composites,
and heteroatom-doped VACNTS), challenges such as lacking
facile substrate transfer methods**® and the undesirable struc-
tural deformation in functioning environments (e.g., elastoca-
pillary densification in aquatic environments**°) are persistent
challenges that remain in order to accomplish the goals of ulti-
mately incorporating VACNTs into device configurations. The
stable, robust, and safe device (i.e., integrated system) design
is closely related with not only the functional performance

This journal is © The Royal Society of Chemistry 2018
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durability, but also the prevention of potential nanomaterial
release during device operation.

Another aspect of robustly developing VACNT-enabled
environmental technologies is to integrate proactive environ-
mental and economic analyses into the device design, use,
and disposal for guiding their environmental and economic
optimizations. LCA studies have been deployed for engineered
nanomaterials and even CNT-based applications.5*2%77239
However, few of them have differentiated CNTs from their
morphologically distinct counterparts; thus, studies focused
on VACNTs and their enabled innovative technologies are
limited.

Finally, this review aims to inspire the methodologies to
holistically incorporate environment-driven perspectives into
VACNTs: not only discussing their innovative application
opportunities in environmental and energy engineering, but
also featuring efforts to promote their production in a sustain-
able manner. This critical thinking and panoramic view based
insight of co-optimizing environmental benefits and environ-
mental costs should be expanded to the development of other
emerging nanomaterials and could ultimately promote green
nanotechnology to maximize the benefits for future environ-
mental and economic sustainability.
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