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ABSTRACT: We demonstrate a facile technique to electro-
phoretically deposit homogenous assemblies of single-walled
carbon nanohorns (CNHs) from common solvents such as
acetone and water onto nearly any substrate including
insulators, dielectrics, and three-dimensional metal foams, in
many cases without the aid of surfactants. This enables the
generation of pristine film-coatings formed on time scales as
short as a few seconds and on three-dimensional templates
that enable the formation of freestanding polymer-CNH
supported materials. As electrophoretic deposition is usually
only practical on conductive electrodes, we emphasize our
observation of efficient deposition on nearly any material,
including nonconductive substrates. The one-step versatility of deposition on these materials provides the capability to directly
assemble CNH materials onto functional surfaces for a broad range of applications. In this manner, we utilized as-deposited CNH
films as conductometric gas sensors exhibiting better sensitivity in comparison to equivalent single-walled carbon nanotube
sensors. This gives a route toward scalable and inexpensive solution-based processing routes to manufacture functional
nanocarbon materials for catalysis, energy, and sensing applications, among others.
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■ INTRODUCTION

The integration of carbon nanomaterials into functional
applications depends on the ability to either grow the materials
in functional templates, or assemble them from bulk nanoma-
terials posthumously. This has led to a significant amount of
efforts focused on the growth of carbon nanotubes (CNTs) and
graphene in functional three-dimensional architectures that are
viable for a broad range of applications.1−5 Alternatively,
materials such as fibers and films have been developed using
liquid processing techniques that require homogenous
dispersions of nanocarbons in liquids.6−12 Assembly into
homogenous two- and three-dimensional materials can then
take place either by utilizing extrusion of the dispersion into
fibers, filtration, or electrokinetic manipulation in some
cases.6,8,13 Whereas the majority of such studies have focused
on CNT and graphene materials, carbon nanohorns (CNHs)
and particularly single-walled CNHs are also a promising
nanostructure that offers complementary properties to other
forms of nanocarbons.14−16 CNHs exhibit a high-surface-area
architecture that, unlike CNTs and graphene, hosts a large
number of reactive sp3 carbon edge sites that makes them ideal
for sensing,14 energy storage,17,18 or catalytic applications.19

However, because it is not currently possible to directly grow
CNHs in self-assembled architectures, liquid-based processing
and manufacturing routes must be developed to enable CNH
materials that can be viable for applications. From a production
standpoint, these materials can be produced in large quantities
(kg/day) with substantial control over their morphological
features.20−22 Despite these advancements, nearly all applica-
tions for these materials require controlled assembly of CNH
nanostructures into macroscopic materials, which we demon-
strate here to be efficiently accomplished through electro-
phoretic deposition (EPD).
In recent years, numerous reports have discussed EPD of

CNTs and graphene materials to enable the development of a
broad range of applications.1,23−26 EPD is a process that
operates based on an electric field generated between two
electrodes in solution that causes nanostructures having
charged surface sites to exhibit mobility toward the electrode
with an opposing charge.27,28 The surface charge in the case of
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carbon nanomaterials can be either due to the presence of
surface functional groups, such as OH− groups, or through the
charged groups in surfactants that are applied to carbon
nanomaterials to enable dispersion. Following the diffusion of
the nanomaterial to the electrode surface, deposition takes
place through a mechanism that remains poorly understood.27

For pristine graphene and CNTs in particular, their poor
miscibility in solvents requires the use of surfactants to form
stable suspensions except in the unique cases of a few highly
polar solvents or superacids.7,10,11,29−31 However, because of
the edge sp3 carbon sites in CNHs, they exhibit much more
versatile miscibility in solvents even though no reports have
documented the use of EPD as a viable technique to deposit
CNH materials. Furthermore, EPD is typically considered a
viable tool for deposition onto conductive structures, and
whereas there have been a few reports of EPD onto
nonconductive surfaces, this generally remains poorly under-
stood and unstudied in the case of carbon nanomaterials.32−35

In this study, we document EPD of single-walled CNHs from
a variety of common solvents (acetone, tetrahydrofuran (THF),
and water) chosen due to their potential for scalability and
inexpensive process design. We further emphasize the versatility
of this technique by showing the deposition of CNHs directly
onto non-conductive surfaces, in addition to three-dimensional
(3D) conductive substrates capable of serving as templates to
yield free-standing structures of CNHs and CNH-polymer
materials. On the basis of the versatile deposition process

observed, we describe the mechanism of deposition based on
flocculation that occurs near the electrode-solvent interface
driven by strong CNH−CNH van der Waals interactions.
Furthermore, we utilize this technique for a one-step fabrication
of film-based conductometric sensors with higher sensitivity in
comparison to equivalent single-walled CNT films. This
emphasizes a route toward the nanomanufacturing of functional
carbon-based materials where CNHs could play an active role
in catalysis, energy storage, sensing, and other application
templates.

■ EXPERIMENTAL SECTION
2.1. Single-Walled CNH Synthesis. Single-walled CNHs were

synthesized using high power laser vaporization.16,36−38 A quartz tube
(7.6 cm diameter, 122 cm length) is mounted inside a hinged tube
furnace operating up to 1150 °C. The ends of the quartz tube were O-
ring sealed with vacuum flanges and the entire system evacuated by a
mechanical pump to control the growth environment. Argon is
introduced around the laser entrance window to maintain specified
pressures and flow rates to carry CNHs out of the furnace into a
collection chamber fitted with a HEPA filter. The Nd:YAG laser light
(wavelength 1.064 μm) is delivered through a 0.6 mm diameter fiber
optic cable and focused through an anti-reflection coated window onto
a target positioned in the center of furnace. CNHs are produced at the
optimized laser parameters using 20 ms laser pulses, 90 J/pulse at low
laser pulse repetition rate of 5 Hz. The collimating ( f = 20 cm) and
focusing ( f = 1 m) lenses mounted on a robotic arm can be moved to
scan the laser beam (4 mm spot diameter) across the target in pre-
designed raster patterns to achieve uniform target erosion during long

Figure 1. (a) Schematic of electrophoretic deposition of carbon nanohorns showing the formation of a homogenous film under an applied electric
field. (b) SEM image of a CNH assembly, (c, d) TEM images of representative CNHs studied in this work, and (e−h) photos of a time series of
CNH deposition starting from a 0.5 mg/mL CNH/acetone solution after application of a 4 kV/m electric field, showing the complete deposition of
CNHs onto the electrode. (j) Photograph of the electrode coated through steps e−h, emphasizing the thick, uniform coating that is studied in this
work.
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time synthesis scans. Using this approach we are able to produce
relatively large amounts of single-walled CNHs with high production
rates of 10g/h. CNHs were characterized using scanning and
transmission electron microscopy (SEM and TEM), thermo-
gravimetric analysis (TGA), and Raman scattering.16,36−38

In our work, single-walled CNHs were synthesized at high
temperatures (1150 °C) using high power laser ablation of pure
carbon targets and transported to a collector located outside the
furnace by atmospheric pressure Ar flow.16,36−38 Unlike previous
studies, which have reported micrometer-size graphitic particles as
impurities,39 our TGA derivative curves showed only one peak at 620
°C corresponding to combustion of CNHs,16 which is similar to that
obtained in previous studies after purification.39 Additionally, this
approach allowed us to eliminate fullerene species by condensing them
in a quartz tube zone at the exit of the furnace at temperatures ∼400
°C. Recent efforts employing aberration-corrected, atomic resolution,
Z-STEM imaging of single wall CNHs emphasized a small fraction of
unconverted graphene flakes on the surface of the CNHs, even though
such imaging confirms these surface defects account for much smaller
relative surface area compared to that of the CNHs.37

2.2. Electrophoretic Deposition. Suspensions of CNHs were
fabricated by dissolving 10 mg of CNHs into 20 mL of Acetone
(Sigma Aldirch, 99.8% Purum), Tetrahydrofuran (Aldrich, 99.8%
Purum), and nanopure water (18.6 MΩ resistance). Solutions were
shaken vigorously until a homogenous solution was formed. Zeta
potential and particle size distribution measurements were performed
using a Malvern Zetasizer Nano ZS instrument. Stainless steel
electrodes were immersed in the solutions at a separation of 0.3 cm
and a voltage of 100 V was applied across the electrodes using an
Agilent DC power supply. To achieve deposition on Al2O3, we
evaporated 100 nm Al2O3 onto conductive silicon wafers using an
Angstrom e-beam evaporator. A stainless steel counter electrode was
placed 0.3 cm from the silicon electrode and 100 V applied. For
deposition on PTFE, 0.1 mm thick PTFE tape was wrapped around
the positive stainless steel electrode, separated 0.3 cm from the counter
electrode and immersed into the CNH suspension under an applied
voltage of 100 V. Deposition on Ni foam was achieved by utilizing 1.6
mm thick, 80 PPI nickel foams (MTI Corp., porosity >95%) directly as
the cathode in the electrophoretic cell described previously.

2.3. Gas Sensing. Stainless Steel alligator clips were placed onto
the active sensing material at a separation of ∼0.2 cm and placed under
an applied voltage of 1 V using a Metrohm Autolab sourcemeter in an
ambient atmosphere environment. To acquire steady-state conditions,
we applied an argon flow at ambient pressure until a steady baseline
was achieved. A glass vial of the analyte solutions (Acetone, Aldrich,
99.8% Purum and Toluene, Aldrich, 99.9% Anhydrous) was placed in
a separate stainless steel chamber, isolated from the initial argon flow,
and given 30 min to achieve repeatable headspace concentrations. To
expose the sensor to the analyte vapor, we redirected argon carrier gas
through the stainless steel chamber for 5 s before resealing the
chamber and exposing the sensor to a pure argon flow (setup shown in
Figure S8 in the Supporting Information).

■ RESULTS AND DISCUSSION

Upon the synthesis of CNHs, they form spherical aggregates
that take on a variety of different morphologies depending on
the growth conditions.40 These aggregates are most often
classified as seed, dahlia, bud, and petal-dahlia structures that
are formed from curved graphene sheets with edges terminated
by short tubules often 2−5 nm in diameter and with cone
angles of ∼20°.40,41 Scanning electron microscope (SEM) and
transmission electron microscope (TEM) images of the CNHs
utilized in this study emphasize the presence of bud and dahlia-
like aggregate structures in accordance with previous studies
(Figure 1a−d). This structure leads to the edges of the
aggregates and curved carbons to be terminated with reactive
sp3 carbons (evident in Raman spectroscopy, see Figure S1a in
the Supporting Information), which provides significantly
enhanced miscibility in solvents in comparison to other sp2-
rich nanocarbons (see Figure S1b in the Supporting
Information). This gives EPD a unique advantage as a coating
technique to develop CNH-based functional nanomaterials in
comparison with other common processing methods.
EPD of CNHs was performed in an electrophoretic cell

utilizing two parallel steel electrodes placed approximately 0.3
cm apart in a solution containing CNHs. To achieve

Figure 2. (a−c) SEM images showing the CNH film morphology after deposition from (a) acetone, (b) THF, and (c) water. (d−f) Total mass
deposited as a function of time for the three solvents shown in a−c, including (d) acetone, (e) THF, and (f) water.
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deposition, we applied a voltage across the steel electrodes to
generate an electric field that drives the movement of the
CNHs toward the charged electrode opposite in sign of the net
CNH charge. The mechanism for CNH deposition that
explains our observations in this study (Figure 1a) is based
on the migration of CNHs toward the cathode due to the net
negative charge of the CNH aggregates. Near or at the cathode,
the CNH aggregates collide with enough momentum to
overpower the aggregate−aggregate Coloumbic repulsion,
thereby nucleating clusters of CNHs which then flocculate
out from the solution onto the surface. With increasing
deposition time, the film continues to grow nonlinearly due to
the continuous migration of CNHs toward the solvent-
electrode interface that is continuously building up a net
repulsive charge. In the framework of this mechanism, the only
parameters critical for deposition are the charge/mass ratio of
the particles, the electric field at the electrode surface, and the
miscibility of the particles in the solvent. The charge/mass ratio
of these particles can be estimated by a measurement of the
zeta potential in solution (see Figure S2 in the Supporting
Information), which is a measurement directly related to the
particle mobility in solution. The miscibility of the particles in
each solvent is characterized by the hydrodynamic diameter of
CNH aggregates obtained using laser Doppler velocimetry (see
Figure S3 in the Supporting Information).
To demonstrate the rapid rate at which CNH deposition

occurs, Figure 1e−h shows the time evolution of a 0.5 mg/mL
initial concentration of CNHs dissolved in acetone subjected to
a 4 kV/m electric field applied between two stainless steel
plates. In as little as 2 min, visible changes to the optical density
of the CNH/acetone solution are observed, and by 6 min, the
original highly concentrated, opaque solution of CNHs
becomes optically transparent emphasizing the rapid deposition
onto the substrate. Analysis of the cathode following deposition
(Figure 1j) emphasizes a clean, homogenous, and thick
deposition of CNHs that is typical of the coatings studied in
this work.
To characterize film formation from different solvents, we

investigated deposition of CNHs from suspension of three
common solvents including acetone, THF, and nanopure water
(Figure 2). Processing from these solvents gives promise to
industrial process compatibility, as well as specific materials
compatibility (e.g., biocompatible processes). For the deposi-
tion from each solvent, we analyzed the rate of mass deposition
(in mg/cm2) and morphology of the coating via SEM imaging.
We also compare depositions including tetraoctyleammonium-
bromate (TOAB) surfactant to depositions that are surfactant
free, with the exception of water, where surfactant was required
for miscibility. Although we found that we could deposit
surfactant-free CNHs from water utilizing oxidized CNHs, our
focus in this work is based on the assembly of clean, pristine
CNH materials with surface properties only defined by weak
mixing treatments in solvents. TOAB is a surfactant with a net
negative charge, meaning that it does not compete with the
inherent charge of the CNHs. In the case of deposition of
CNHs from acetone, we consistently observe a greater
deposited mass when a surfactant is utilized, and a greater
deposited mass at higher voltages, which is consistent with
previous studies.29,42 However, the greater deposited mass
when utilizing the surfactant can be accounted for by
consideration of the additional mass deposited because of the
presence of the surfactant in the film and conditioning of the
electrode surface by surfactant molecules. Evidence for this is

supported by measurements of the hydrodynamic particle
diameter of the dispersed CNHs with and without surfactant
(see Figure S3 in the Supporting Information). In the case
when TOAB is utilized as a surfactant, the average particle size
increases from 195 to 212 nm, whereas with acetone the
average particle size increases from 191 to 199 nm. Although
the overall particle mobility with surfactants was measured to
be lower (see Figure S2 in the Supporting Information), the
improved mass deposition could be due to conditioning of the
surface by surfactant molecules that increases the hydro-
phobicity of the surface and improves the ability for CNHs to
adhere to the electrode.43 In both cases, with and without a
surfactant, SEM images emphasized a smooth coating with the
presence of some large, apparent nucleation sites (Figure 2a).
In general, the overall film morphology was only observed to
change slightly between deposition from different solvents, and
the presence of TOAB was not found to lead to an alteration of
the deposited CNH film features. Comparing the results
between acetone and THF solvents, the THF deposited films
were smoother and more homogenous with less abundance of
large clusters as was observed in the case of deposition from
acetone. However, the deposition rate seemed to also be less
dependent on the presence of surfactant, and the best
deposition rate was measured at 100 V without the presence
of surfactant. These results can be further understood by
considering the change in zeta potential for dispersions using
TOAB as a surfactant versus pristine dispersions. As a greater
decrease in the magnitude of the zeta potential indicates lower
particle mobility, the measured change in zeta potential (see
Figure S2 in the Supporting Information) corresponds well to
our experimental observations for mass deposition rates, which
are greater in THF (ζ = −46.4 mV) than acetone (ζ = −41.1
mV), and greater for surfactant solubilized CNHs in acetone (ζ
= −34.0 mV) than in THF (ζ = −28.6 mV). Finally, we also
studied the deposition of CNHs out of water, which exhibited a
lower deposition rate, but a similar trend in the mass deposition
as a function of time. The lower deposition rate can be
attributed to the smaller applied voltage which was maintained
at 1.1 V to avoid electrochemical water reduction/oxidation.
SEM images of water-deposited films also show similar film
morphology in comparison to the other solvents utilized. In the
model for deposition described in Figure 1, we expect this
morphology to be caused by the formation of large aggregates
representing the competition between van der Waals
interactions of adjacent aggregates and CNH aggregate
interactions with the solvent that causes flocculation and
adhesion to the surface.
To emphasize the versatility of the EPD technique for

CNHs, we also deposited onto a variety of different substrates
(Figure 3) using CNHs suspended in THF. For stainless steel
or conductive substrates, we were able to achieve deposition
onto the cathode by using the substrate itself as the electrode.
However, for insulating substrates, the insulating layer was
suspended near the cathode in a location between the two
electrodes to yield deposition (see Figure S4 in the Supporting
Information). Although we observe the greatest mass
deposition on conductive substrates, we also observe consistent
mass deposition profiles for substrates that are not conductive,
except with smaller rates of mass deposition. The exponential
decay behavior for the film growth as a function of time can be
explained by the accumulation of charges on the surface of the
substrate where deposition is taking place, causing electrostatic
repulsion in the latter stages of film growth. This decay can also
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be correlated with the measurement of electric current during
deposition which, for an EPD process, is representative of the
motion and deposition of charged particles in the system. For
conductive substrates, we consistently observe an initial rise in

the electric current attributed to an increase in CNH
concentration near the electrode surface and the corresponding
charge transfer upon deposition (see Figure S5 in the
Supporting Information). In the case when TOAB surfactant
is utilized, the current−time profiles exhibit an exponential
decay with time that we ascribe to an initial rapid deposition
rate that is inhibited at long times because of the build-up of
insulating surfactant layers at the electrode−solvent interface.
In contrast to this, the current−time profiles for surfactant-free
solutions exhibit a peak in the current followed by a slow decay
that we ascribe to the build-up of charge in the CNH coating.
Thick homogenous coatings of CNHs were achieved on all

substrates studied, illustrated by photos inset into Figure 3
showing electrodes made of steel, Al2O3/Si, and PTFE (teflon),
which are all coated in optically thick layers of CNHs from
acetone-based surfactant-free suspensions. The ability to coat
CNHs onto virtually any substrate material represents a
capability that is not conventional and particularly novel for
EPD of carbon nanomaterials, as only a few studies have shown
similar behavior with nanoparticles.32,33,35 Although we
demonstrate this capability here for EPD of CNHs (see Figure
S4 in the Supporting Information), we generally observe this
technique to be effective for EPD of single-walled CNTs and
graphene from similar solvents using TOAB solubilization.
Slower deposition rates are consistently observed for insulating
substrates compared with conductive substrates, even though

Figure 3. Mass deposition as a function of time under identical
deposition conditions (100 V, THF, no surfactant), except with
different deposition substrates including steel, Al2O3-coated con-
ductive silicon, and PTFE. Inset are photographs of the black, CNH
coatings on the three different substrate materials showing the
homogenous nature of the coatings.

Figure 4. (a) CNH mass deposited on a 3D nickel foam as a function of time for depositions performed using acetone as a solvent. Inset is a
photograph of a freestanding, 3D CNH-PMMA material that can be achieved after dissolving the Ni foam using HCl. (b) Scheme of the deposition
process for 3D substrates, where the cathode is suspended between two conductive electrodes that serve as an anode. (c, d) SEM images of
freestanding CNH materials produced by forming PMMA stabilized 3D CNH foams (inset in a), and then dissolving the PMMA support layer.
These images emphasize homogenous, 3D coating of CNHs into the foam structure using this technique.
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the current-time deposition profiles (see Figure S5 in the
Supporting Information) are notably different from conductive
substrates and can be correlated to the difference in the
dielectric constants of the insulating materials (εteflon = 2.1 and
εalumina = 9.8). This observation provides general insight into
the mechanistic process for deposition of these nanomaterials,
which is a topic that has remained poorly understood now for
decades. Whereas previous studies have suggested mechanisms
such as electro-osmotic flows to enable deposition,28,44 the
deposition on an impermeable insulating tape material from
solvents where surfactants are not present supports the notion
of deposition driven by aggregation and flocculation at the
electrode-solvent interface. For single-walled CNTs, which are
closely related in structure to the CNHs, the van der Waals
interaction energy between two adjacent molecules can be as
high as ∼0.5 V/m. Therefore, following CNH−CNH collisions
near the substrate−solvent interface, the CNHs will tend to
aggregate until flocculation occurs due to the instability of the
CNH aggregate in solution. This model is supported by the
results obtained from depositions from surfactant suspensions
versus pristine suspensions of CNHs (see Figure S4 in the
Supporting Information), and extends to support our study of
insulating substrates as well. We emphasize this as a universal
mechanism that can also describe EPD processes for graphene
and CNTs as well. As many applications require conductive
templates of nanocarbon materials assembled directly on
insulating or dielectric surfaces, this approach has significant
promise to broaden the potential applications of EPD for
nanocarbon materials.
Whereas the most straight-forward EPD substrates are

conventionally flat, we demonstrate in this study the promise
of using EPD as a technique to form controlled nanocarbon
assemblies on three-dimensional (3D) architectures, such as
metal foams. This yields the capability to independently control
micrometer-scale characteristics of a macroscopically thick
material by choice of the 3D material pore size, while
controlling the nanoscale features of the material by optimizing
parameters of the EPD to yield homogeneity and thickness.
Whereas deposition into fabrics or other 3D materials using
powders or nanoparticles has been previously achieved,45−49 we
emphasize this route to template uniform films of CNHs into
functional 3D macroscopic assemblies. Figure 4 demonstrates
the ability to use EPD to coat 3D nickel foam materials with
conformal layers of CNHs from acetone or THF solvents. Even
though we observe that the CNH coatings penetrate uniformly
into the foam materials (see Figure S7 in the Supporting
Information), we observe a lower rate of mass increase on the
3D sample. We attribute this to an overall greater surface area
at the electrode-solvent interface where the voltage drop is
concentrated. This will therefore decrease the strength of the
electric field and hence the overall deposition rate, even though
the current−time profiles (see Figure S6 in the Supporting
Information) indicate the same trend as that observed for EPD
onto conductive substrates from pristine surfactant-free
solutions of CNHs. Nonetheless, we are able to achieve
uniform coatings which may be subsequently suspended in a
PMMA matrix. Etching of the Ni foam using a HCl etch
solution yields either a PMMA-CNH composite material, or
upon dissolving the PMMA, yields a 3D CNH foam material in
a manner analogous to 3D graphene materials formed by CVD
(Figure 4c, d). However, we note that attempts to stabilize
freestanding CNH foam materials without residual polymer led
to poor mechanical properties and breaking of the structure.

Therefore, although CNH materials independently may not be
suited for freestanding, 3D structures, the combination of these
materials with other mechanically robust templates can take
advantage of the high surface area and edge-site reactivity of the
CNHs that can be ideal for catalysis, sensing, field emission,50

or energy storage and conversion applications.17,51,52

Lastly, to emphasize the viability of this one-step approach to
making functional assemblies of CNHs on virtually any
substrate, comparably deposited CNH and single-walled CNT
samples on Al2O3 were compared for gas sensing applications.
Whereas specificity in developing sensing systems is dependent
upon ligands or receptors that chemically bind to reactive sites
in a material, our focus was to demonstrate the excellent
sensitivity that is offered using CNH based materials. We
compared optically thick EPD CNH materials to identically
prepared single-walled CNTs exhibiting the same total mass in
the device because of the well-studied performance of single-
walled CNTs as excellent sensing materials,53,54 and a device
configuration that enables comparative behavior between these
two materials. For sensing of small exposures of acetone and
toluene, which are both trace volatile components in home-
made explosive devices,55,56 we observe the CNHs to exhibit a
2× greater sensitivity with a comparable or slightly reduced
response time during conductometric sensing experiments
shown in Figure 5 (experimental setup shown in Figure S8 in
the Supporting Information). We explain this increased
sensitivity due to the requirement for charges to tunnel

Figure 5. Gas detection data from equivalent single-walled CNH and
SWCNT films deposited directly on Al2O3/Si substrates and exposed
to (a) acetone and (b) toluene organic species that are common
products of homemade IEDs. The analyte was introduced at ∼10 s,
and CNH films exhibit ∼2× better sensitivity, as emphasized by the
greater change in conductance baseline in both cases.
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between networks of nanometer-scale nanohorns causing the
transport behavior and absolute resistance to be highly
dependent upon the species that physisorb and interact with
the CNH material. This is in comparison to CNTs, which often
exist in strands of hundreds of nanometers to a few
micrometers, generating fewer CNT−CNT contacts necessary
for charges to tunnel across an equally spaced electrode. This is
evident from the measured areal conductance measured in the
devices of 21.5 and 0.3 mS/cm2 for CNT and CNH devices,
respectively, developed to have similar ∼0.38 mg/cm2 mass
densities. It should be noted that the basis of our experiments
were to demonstrate a technique where one can generate a high
sensitivity gas sensor using a one-step approach to fabrication
on nonconductive substrates. However, the CNHs also have
many sp3 carbon edge sites (unlike single-walled CNTs) that
allow them to be functionalized with receptors that can enable
specificity, allowing EPD to be a valuable tool for scalable
production of CNH sensors deposited on insulating and
flexible substrates.

■ CONCLUSION
In summary, our results emphasize an inexpensive route toward
the development of homogenous coatings of CNHs on virtually
any substrate including metals, insulators, and 3D templates
using EPD from common solvents including acetone, THF, and
water. We propose a flocculation mechanism for the assembly
of nanocarbon films that is consistent with our results, and
emphasize the promise of EPD as a broadly applicable tool to
assembling materials for a wide range of applications, including
forming CNH sensing materials with 2× higher sensitivity than
comparable single-walled CNTs. As challenges in the develop-
ment of highly controllable assemblies of nanostructured
materials is ultimately a key factor for the future viability of
functional templates from many types of nanostructures, such
as carbon nanomaterials, this work gives a route to make
pristine, rationally designed materials using scalable solution-
processed techniques and low-cost solvents. In particular, for
single-walled CNHs, the ability to controllably assemble
macroscopic materials from these nanostructured building
blocks that are developed from bulk growth processes opens
new avenues for the development of functional material
platforms useful for energy devices, catalysis, sensing, and
other applications.
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