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ABSTRACT: A key limitation to the practical incorporation
of nanostructured materials into emerging applications is the
challenge of achieving low-cost, high throughput, and highly
replicable scalable nanomanufacturing techniques to produce
functional materials. Here, we report a benchtop roll-to-roll
technique that builds upon the use of binary solutions of
nanomaterials and liquid electrophoretic assembly to rapidly
construct hybrid materials for battery design applications. We
demonstrate surfactant-free hybrid mixtures of carbon nano-
tubes, silicon nanoparticles, MoS2 nanosheets, carbon nano-
horns, and graphene nanoplatelets. Roll-to-roll electrophoretic assembly from these solutions enables the controlled fabrication
of homogeneous coatings of these nanostructures that maintain chemical and physical properties defined by the synergistic
combination of nanomaterials utilized without adverse effects of surfactants or impurities that typically limit liquid
nanomanufacturing routes. To demonstrate the utility of this nanomanufacturing approach, we employed roll-to-roll
electrophoretic processing to fabricate both positive and negative electrodes for lithium ion batteries in less than 30 s. The
optimized full-cell battery, containing active materials of prelithiated silicon nanoparticles and MoS2 nanosheets, was assessed to
exhibit energy densities of 167 Wh/kgcell−1 and power densities of 9.6 kW/kgcell−1.
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■ INTRODUCTION

Scalable manufacturing of nanomaterials is challenged by
factors typically benign to conventional manufacturing routes
for bulk materials.1−3 Whereas nanostructures are consistently
lauded for improved performance in applications at the
laboratory scale, fabrication processes and costs for industrial
processing often limit near-term commercial impact of many
nanomaterial-based applications. Additionally, unlike bulk
materials, the physical and chemical properties of materials
composed of nanostructures are strongly correlated to
impurities that interact with the nanostructures and the
transport paths between adjacent nanoscale building blocks in
the material. This provides two extremes for nanomaterial
fabrication: (i) highly precise, expensive fabrication routes
carried out in clean environments (e.g., ultraviolet or electron-
based lithographic techniques), or (ii) large-scale, low-cost
“coarse” material processing that relies on the use of liquid
processing with surfactants (e.g., colloidal processing such as
blade coating and/or electrophoretic deposition (EPD)).4−6

Our efforts aim to explore the medium existing between these
two processing routes where scalability and control or precision
can be simultaneously achieved.7,8

In recent years, EPD has specifically been demonstrated as a
versatile tool in the laboratory-scale fabrication of nanomateri-
als for broad applications, spanning energy storage and

conversion,9,10 sensing,11 and optical devices,12 among others.
EPD enables the formation of pinhole-free films conformally
layered on arbitrary materials with characteristics such as
controllable thickness, macroscopic uniformity, rapid formation
rates, and uniquely high packing efficiencies.13−16 Recent
advances in the understanding of EPD processes have driven
interest toward industry scale manufacturing of nanomateri-
als.17−20 This is compounded by research efforts in recent years
to couple 1D and 2D materials with EPD, such as graphene,
carbon nanotubes, and nanoparticles21−23 in addition to
hybrids of these materials.24−27 However, most techniques
demonstrating EPD of these materials require the use of
additives or surfactants, which leads to the retention of these
impurities in the deposited material that inhibits physical and
chemical performance. Recently, substantial progress has been
made in solubilizing low-dimensional nanostructures in
surfactant-free solutions through the use of highly polar
solvents or superacids.28−30 In this regard, 1-methyl-2-
pyrrolidone (NMP) has demonstrated growing popularity for
solution processing of individual carbon nanostructures as well
as other 2-D materials31−33 due to its exceptionally high surface
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tension (γ > 40 mJ/m2) and highly polar nature. The properties
of this solution make it amenable to both solubilization of
SWCNTs and exfoliation of transition metal dichalcogenides
(TMD) enabling one-batch processing of SWCNTs and
exfoliated hybrid materials. Our recent work has demonstrated
EPD of nanostructures from these polar solvent dispersions,
enabling clean and pristine nanostructure deposition on a
variety of substrates.15,34,35

EPD has specifically been demonstrated as a versatile tool for
the preparation of energy storage device electrodes, including
supercapacitors, pseudocapacitors, and battery anodes.17,35−39

Significant research has been carried out to study the
performance of various materials as anodes for lithium ion
batteries, with silicon being distinguished for its ability to
maintain high capacities (10X greater than conventional carbon
anodes40−42). Alternatively, transition metals are conventionally
used as cathodes, due to the ability to achieve high voltage
when paired with graphite anodes and inhibit degradation
under Li+ oxidation and reduction reactions. However, a
challenge for innovation in battery research is to not isolate the
performance of a single component (anode, cathode, or
electrolyte) of a battery, but instead to harness the versatility
to engineer all working components simultaneously and thus
engineer the performance of full-cells.43 This requires versatility
in the materials processing approach that goes beyond
applications-based assessment of individual materials using a
discovery-driven approach, and can leverage rational design of
materials with high throughput for next-generation energy
storage systems.
Therefore, in this work, we overcome these challenges by

demonstrating the operation of a benchtop roll-to-roll platform
to produce high-throughput, clean coatings of hybrid materials
that can facilitate battery design applications. To demonstrate
this approach, we focus specifically on hybrid materials
composed of single-walled carbon nanotubes (SWCNTs)
combined with graphene nanoplatelets, MoS2 nanosheets,
silicon nanoparticles, and single-walled carbon nanohorns
(SWCNH). We demonstrate EPD from polar solvent solutions
containing mixtures of these nanostructures in order to form
homogeneous coatings that are comprised of hybrid nano-
structured materials. These coatings are then assessed for their
composition-dependent lithium reduction/oxidation energetics,
which leads us to a full-cell battery design with electrodes
produced in under 30 s with an optimized design that
incorporates silicon nanoparticles as an anode (prelithiated),
and MoS2 nanosheets as a cathode. This device is assessed in a
full-cell configuration and is found to exhibit energy densities of
167 Wh/kgcell−1 and power densities of 9.6 kW/kgcell−1.

■ EXPERIMENTAL SECTION
Preparation of Nanostructure Dispersions. For SWCNT

materials, a solution of 0.5 mg/mL HiPco SWCNTs (Unidym,
purified) dispersed in 1-methyl-2-pyrolidinone (Aldrich, 99.5%) was
prepared and left to sit overnight. For hybrid materials, a starting
solution of 0.5 mg/mL SWCNT in NMP was mixed with the other
carbon nanomaterials, namely, single-walled carbon nanohorns,15,44−46

carbon nanosheets (grade 4, cheaptubes), and carbonized silicon
nanoparticles (U.S. Research Nanomaterials, Inc.) at a concentration
of 0.5 mg/mL and left to sit overnight. To fabricate the MoS2 hybrid
solution used in this work, 20 mg of bulk MoS2 powder (Aldrich, 99%)
was mixed into 40 mL NMP and ultrasonicated for 12 h to achieve
exfoliation, then, 20 mg of SWCNTs was added to the suspension, and
the resulting solution was left to sit overnight. Prior to deposition all

solutions were ultrasonicated for 1 h before placement into the roll-to-
roll system’s reservoir.

Electrophoretic Deposition of Hybrid Materials. Roll-to-roll
(R2R) electrophoretic deposition of carbon-based nanomaterials was
performed in a vertical EPD cell with a separation of 4 mm between a
stainless steel counter electrode and the working electrode. For the
fabrication of battery films a 316 stainless steel disc (Pred Materials)
was mounted to a biased aluminum roller and rolled through the
reservoir containing the depositing solution and stainless steel counter
electrode under an applied bias of 500 V/cm using a 4 rpm gear motor
(Servo City). For mass deposition studies, a 3 × 1.5 cm2 aluminum
strip of known mass was mounted to the roller using Teflon clips,
mechanically moved into position above the counter electrode, and left
to rest in this position under an applied bias of 100 V/cm for the
specified time. To demonstrate continuous operation of the coating
process, an aluminum roll of dimensions 1 m × 1.5 cm was mounted
to either end of the system and continuously moved through solution
at a rate of ∼1.5 cm/s under an applied electric field of 500 V/cm.
Monitoring of current and the application of voltage was performed
using a LabView-operated Keithley 2602A Sourcemeter. In all cases,
depositions were parametrized with rolling speed as a fixed parameter,
and voltage and deposition time as variable parameters, with the
requirement that the total mass of a deposited film could be assessed
accurately on an electrode small enough to fit into a coin cell battery
testing assembly.

For layering deposition studies, a 3 × 1.5 cm2 aluminum strip was
coated with a hybrid solution under an applied electric field of 100 V/
cm for 240 s. The coated strip was then left to dry overnight before
returning to the bath for an additional coating under identical
parameters. To ensure no redissolution of the SWCNTs was occurring
during the EPD process, an aluminum strip was coated with SWCNTs
using an applied bias of 100 V/cm for 240 s and left to dry overnight.
Then, the reservoir was filled with a pristine solution of NMP and
identical deposition parameters were carried out. The electrode was
left to dry overnight and then the mass of SWCNTs before and after
was compared.

Roll-to-Roll System Design. The roll-to-roll system was
assembled by mounting gear motors (4 rpm, Servo City), powered
by a 12 V, 2.5 A power supply (Servo City), onto a custom designed
Teflon reservoir. The Teflon reservoir contained a 9 × 2 cm2 well
across which two Teflon rollers were mounted and at the bottom of
which a 6 × 2 cm2 steel plate was mounted. The roll was composed of
a 1 cm × 1 m aluminum strip (Grainger) mounted on both ends to
either gear motor. Electrical contact was made to the aluminum roll
through a stationary wire brush and contact with the steel counter
electrode was achieved using a custom fabricated electrical
feedthrough. Potential was applied to the system using a Keithley
2400 Sourcemeter which also served to record the current passed.

Silicon Nanoparticle Carbon Passivation. Silicon nanoparticles
with carbon surface passivation layers were prepared by placing
crystalline silicon nanoparticles in a home-built chemical vapor
deposition system using a Lindberg Blue 1″ quartz tube furnace. To
achieve carbonization, atmospheric pressure chemical vapor deposition
was carried out under a flow rate of 100 sccm Argon and 20 sccm
Hydrogen gas (AL Compressed gas). The furnace was then heated to
650 °C at a ramp rate of 70 °C/min and the particles were annealed at
that temperature for 10 min. After annealing, a flow rate of 1 sccm
C2H2 was introduced and the furnace temperature ramped to 750 °C.
Under these conditions, the particles were held at 750 °C for 30 min
before ramping the temperature to 850 °C and held for 30 min
followed by a final ramp to 900 °C. After 10 min at 900 °C, the C2H2
flow was shut off and the furnace cooled to room temperature under a
flow of 100 sccm Argon and 20 sccm Hydrogen. This treatment was
observed to leave the surface of the silicon nanoparticles coated by a
conformal layer of carbon material, as discussed in previous work.47

Battery Fabrication and Testing. After film deposition the
battery electrodes were dismounted from the system and left to dry
horizontally overnight on glass slides covered by a Kimwipe. After
drying, materials were weighed and then assembled into a coin cell
utilizing a half-cell configuration with a lithium metal foil counter
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electrode, a 1 M LiPF6 ethylene carbonate/dimethyl carbonate
(Sigma−Aldrich) electrolyte solution and a Celgard battery separator.
Assembly was performed in an argon-filled glovebox with O2 levels
<0.5 ppm (MBraun). Electrochemical testing was performed using a
Metrohm Autolab multichannel testing system which performed both
cyclic voltammetry and galvanostatic charge−discharge measurements.
Pre-Lithiation of Silicon Nanoparticle Composite. To achieve

prelithiated SWCNT−Si NP composite materials, a 1 M LiPF6
ethylene carbonate/diethyl carbonate (Sigma−Aldrich) electrolyte
solution was drop cast in a thin layer atop a strip of lithium foil. The
SWCNT−Si NP composite was placed directly on top of the lithium
foil and pressure was applied through the use of a split test cell (MTI).
The material was lithiated for 2 h and then placed directly in a coin cell
with a SWCNT−MoS2 cathode.
Material Characterization. Raman analysis was performed using

a Renishaw inVia Raman microscope with a 532 nm excitation.
Zetasizer measurements were carried out using a Malvern Zetasizer
Nano ZS instrument.

■ RESULTS AND DISCUSSION

Underlying the ability to produce scalable coatings of pristine,
hybrid nanostructures is the necessity to develop a platform
that overcomes the “beaker-scale” processing limitations of
most materials processing approaches. In order to achieve this,
we developed a fully automated, benchtop R2R system that
builds upon the widely known process of electrophoretic
deposition in the framework of industrial-scale roll-to-roll
process design. The operating principle of this system (Figure
1A) utilizes a roll of material (with a composition that can vary
across a wide range of conductive foils and substrates15,48), that
is rolled through a pool of solution, coated in a controllable
manner, and then collected in a roll on the opposing side.
When the foil is submerged in the liquid, an electric field is

applied between the top and bottom electrodes to generate a
constant electric field, despite the continuous movement of the
top foil electrode. This transforms a conventional “beaker-scale”
EPD process into a scalable platform that we demonstrate is an
effective tool for nanomanufacturing. A photograph of the
benchtop R2R system developed for this study is presented in
Figure 1B, with an empty liquid reservoir for the purposes of
visualization. This system was constructed and operated with
cost of parts and equipment totaling under $300. Overall, this
system is a critical feature that enables the rapid, large-area
coating of clean, functional, and hybrid nanomaterials yielding
the capability to produce full-cell battery electrodes in less than
60 s and perform rapid assessment of complex nanomaterial
electrodes for practical battery design.
Coatings of various dispersed nanomaterials were fabricated

with this system by applying an electric field of 100 V/cm
between a stainless steel counter electrode (immersed in
solution) and an aluminum foil roll that is extended between
the two rollers (a complete discussion of the R2R EPD
parameters is presented in the Experimental Section). A coated
foil showing the clear demarcation point when the voltage is
turned “on” and a scheme of the deposition process are shown
in Figure 1, parts C and D. In this system design, faster
deposition rates per unit electrode area can be achieved both by
increasing the electric field intensity or decreasing the rolling
rate of the electrode. This is generally illustrated in Figure 1,
parts E and 1F, where deposited mass of coatings containing
SWCNTs or hybrid coatings of SWCNTs combined with
carbon nanosheets (CNS), silicon nanoparticles (Si NP),
single-walled carbon nanohorns (SWCNHS), and exfoliated
MoS2 nanosheets is demonstrated as a function of absolute
voltage and total deposition time. This is the basis for

Figure 1. (A) Schematic of the roll-to-roll system used in this study and (B) the functional system used in this study. (C) Schematic demonstrating
the EPD process within the system’s reservoir and (D) an example of a coated roll generated with this process. (E) Mass deposited using this system
as a function of applied voltage during a 240 s exposure time and (F) mass deposited as a function of deposition time for all hybrid materials studied.
The dotted lines represent fits to the deposition generated from eq 4.
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parametrization of the system to achieve coatings that can be
assessed for battery performance. From Figure 1E, the mass
deposited is observed to exhibit a nearly linear relationship with
the applied voltage in all cases. Figure 1F indicates further that
the total mass deposited is a nonlinear function of the total
deposition time. The dotted lines in the figure represent fits to
the data using a model that is discussed at length at a later
point. Notably, the capability to engineer deposition process
parameters by decoupling deposition time and voltage is unique
to a continuous process and cannot be achieved in conventional
“beaker-scale” EPD processes straightforwardly, where a static
process couples all experimental parameters into a single
experimental output. Due to its polar nature, NMP has been
demonstrated as an excellent solvent for native dispersion and/
or exfoliation of nanostructured materials, many of which can
only otherwise be suspended using surfactant solutions. Our
recent efforts have demonstrated that EPD of SWCNTs from
NMP polar solvents yields materials where electrochemical and
thermogravimetric analysis confirms the pristine quality of the
coatings, in comparison to processes carried out with
surfactants that yield a significant (up to 50% by weight)
mass due to impurities.34 As the basis of EPD processing of
nanomaterials has previously been built on surfactant or ion
additive-enabled processes, our approach not only enables R2R
capability, but simultaneously leads to an impurity-free coating
process, which is critical toward the performance of nano-
structured materials. As the basis of hybrid nanomaterial
development rests on the cooperative function of different
nanostructures, the use of surfactants or additives can
compromise the benefits of a hybrid material.34,35 Overall, the
R2R EPD process builds a foundation for high throughput
material fabrication that can enable avenues for rapid design
and assessment of complex, functional nanostructured materials
that can be tedious and challenging to develop with other top-
down fabrication approaches.
One of the most critical parameters for EPD processing is the

zeta potential, which is a general representation of the net
charge on a particle dispersed in a solution. For EPD
processing, the rate at which a particle moves to an electrode
under an applied electric field is noted as the electrophoretic
mobility represented below by the Smoluchowski approxima-
tion:

μ
εε ζ
η

=
E 0

(1)

For ε the dielectric constant of the liquid, ε0 the permittivity
of free space, ζ the zeta potential of the particles, η the viscosity
of the liquid, and E the applied electric field. For solutions with
NMP, dispersed nanomaterials acquire a net negative charge
through electron transfer reactions with the solvent molecules49

(Figure 2A) and are subsequently attracted to the anode in an
EPD process resulting in film formation (Supporting
Information, SI, Figure S1A,B). Notably, for hybridized
solutions of nanostructures, the zeta potential values represent
a weighted average of the individual species. In all cases, the
rate of deposition is strongly dependent on the degree of
electrostatic stabilization within solution, and a strong
correlation is observed between the limiting mass deposition
rate and the zeta potential of the cosuspended particles (Figure
2B). While deposition rates vary with solution composition,
uniform film formation and an exponentially decaying mass
deposition rate is observed across all systems. Insights into this
effect are obtained through in situ monitoring of the applied
current during the EPD process (Figure 2C). This indicates
that due to the high aspect ratio of SWCNTs, the growing
concentration of SWCNTs at the electrode surface locally
increases the viscosity of the solution in the vicinity of the
electrode thereby inhibiting migration as the electrophoretic
mobility has an inverse relationship with solution viscosity.50,51

To investigate this effect, simulations were performed using a
model similar to that developed by Sarkar et al. to simulate
constant voltage depositions.48 In constant-voltage EPD a
variable mobility parameter, μ(t), is implemented to account
for changes in particle mobility that arise from screening of the
applied electric field by the growing, insulating deposit:

∫ ∬= μW f S t C t td d ( ) ( ) d
(2)

where a weight dW is deposited on an area dS of the electrode.
In this case, f represents the “sticking factor” which varies
between the different nanostructures, μ(t) the particle velocity,
and C(t) the solution concentration. In the case of EPD of
SWCNTs, however, it was found that the changes in particle
mobility may be attributed to the drastic increase in solution
viscosity near the vicinity of the electrode. SWCNTs represent
a material which exhibits a significant concentration-dependent
relationship with solution viscosity.52−54 Due to the proposed
“entanglement effect”, viscosity changes within solution scale
nonlinearly with CNT concentration yielding dramatic changes
over multiple orders of magnitude when CNTs comprise a
significant fraction of the solution volume. In EPD, the imposed

Figure 2. (A) Measurement of the zeta potential for individual nanomaterial species (open circles) and hybridized nanomaterials (closed circles)
averaged over 3 measurements (B) Mass deposited as a function cosuspended nanomaterials averaged over 5 depositions and (C) current density
during 240 s depositions.
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migration of SWCNTs creates a significant concentration of
SWCNTs in the vicinity of the electrode thereby substantially
influencing the viscosity. Therefore, simulations were per-
formed using a time-dependent viscosity parameter. A plot of
the calculated viscosity during the deposition is provided in SI
Figure S2. Changes in particle mobility were accounted for by
substituting a time-dependent viscosity parameter into eq 1.
Notably, the effects of film formation on changes in the applied
field were neglected, as the CNTs themselves form a
conducting layer with similar conductivity as the electrode
itself.55 Thus, the following equation for EPD of SWCNTs was
obtained by substitution of the time-dependent viscosity
parameter into eq 1:

∫ ∬ ε εζ
η

=W fE S
t

C t td d
( )

( ) d0

(3)

For hybrid materials, the total mass deposited is the sum of the
deposition of SWCNTs and the cosuspended material:

∫ ∬

∬

ε εζ
η
ε εζ

η

=

+ ‐
‐

W fE S
t

C t t

fE S
t

C t t

d d
( )

( ) d

d
( )

( ) d

0 CNT
CNT

0 co particle
co particle

(4)

where ζCNT and CCNT(t) represent the zeta potential and
concentration of SWCNTs, respectively, and ζco‑particle and
Cco‑particle(t) represent the zeta potential and concentrations for
the cosuspended nanomaterials. An extended discussion of
these calculations is presented in the SI.
In all cases, we utilize hybridized solutions of nanostructures

to yield coatings containing hybrid nanomaterials. This builds
upon the notion that a polar solvent will screen excessive
particle−particle interaction between dissimilar species, and
hence EPD processing will lead to homogeneous coatings of

hybrid materials. Overall, we observe this to be the case, with
representative images of the hybrid materials formed in this
process shown in Figure 3. Whereas numerous combinations of
these different nanostructures could be studied, we chose
SWCNTs to be a common component between all hybrid
materials due to the web-like nature of the SWCNTs that can
empower a hybrid material with improved electrical and
mechanical connectivity between the nanostructures. Figure 3,
parts A−D, shows SEM images showing representative
homogeneous coatings of SWCNT−CNS, SWCNT−
SWCNH, SWCNT−Si NP, and SWCNT−MoS2 hybrid
materials, respectively. Furthermore, the chemical identity of
the SWCNT−Si NP and SWCNT−MoS2 species are identified
through energy dispersive X-ray maps taken in the transmission
electron microscope (TEM) in Figure 3, parts E and F.
Notably, prior to dispersion of the Si NPs, we utilize a chemical
vapor deposition process to catalytically stabilize the surface of
the Si with a thin carbon layer, evident in Figure 3E as a thin
red shell around the Si core. This is important not only for
silicon chemical stability in EPD processing, but also for
stability in electrochemical devices,56 Overall, we observe that
the nature of the intense electric field confined within the
diffuse electrostatic boundary layer near the electrode surface
provides a natural leveling mechanism capable of giving rise to
exceptionally uniform film density and coverage on regions of
the electrode not disturbed by other steps in the processing (SI
Figure S3). Drying effects, electrode surface roughness, and
movement in and out of solution may often induce clumping
effects (e.g., SI Figure S1B), however, initial film formation is
shown to be a highly uniform process.57

To investigate the ability of this process to produce layered
materials, electrodes were coated with subsequent layers of
SWCNTs and hybrid nanomaterials to investigate the effect of
the SWCNT film on the EPD process. Deposited SWCNTs
were left to dry overnight on the deposition electrode before

Figure 3. SEM images of deposited films on the stainless steel current collector for the various nanomaterials: (A) SWCNT−CNS, (B) SWCNT−
SWCNH, (C) SWCNT−Si NP, and (D) SWCNT−MoS2 NPs. Elemental mapping was performed using EDS TEM analysis to emphasize (E) the
carbon coating for the silicon nanoparticles and (F) the presence of MoS2 nanosheets. Notably, in EDS images, carbon is colored red, sulfur is
colored blue, and green corresponds to silicon in 1E and molybdenum in 1F, respectively.
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returning to the EPD bath for an additional coating. To ensure
any changes in mass were not due to the delamination of the
SWCNT coating in the solvent, a “dry run” was performed to
investigate the amount of material lost due to redissolution of
the SWCNT film. For this study, an SWCNT-coated electrode
was placed into a bath of pure NMP under identical EPD
conditions and a comparison of the mass before and after
demonstrated that the SWCNT coating does not redissolve in
the NMP (SI Figure S4a). Additionally, by coating a second
layer of active material onto the precoated electrodes, it was
found that nearly identical deposition rates were obtained for
precoated electrodes (SI Figure S4b) compared with uncoated
electrodes, further emphasizing the fact that the decay in
deposition rate over time is a direct consequence of solution
properties near the electrode surface and not due to resistance
in the growing film. Additionally, this provides a mechanism to
allow for coating of multiple subsequent layers of nanomateri-
als, which could potentially even be accomplished in adjacent
solution baths in the same R2R system, with advanced
capability to nanomanufacture controlled architectures such
as gradients and patterned films.
While results from the lab-scale benchtop R2R system

developed here seem promising, a number of considerations
must be made when scaling such a system to manufacturing
scales. First, continual depletion of the depositing material can
result in a changing concentration of active species within the
deposition reservoir leading to potentially variable mass
deposition rates. Second, studies have shown through finite
element analysis that for short deposition times and thin EPD
films, a buildup of material can occur on the edges of the
electrode causing nonuniformities within the deposited films.58

Our effort used the entire deposited electrode to fabricate the
battery electrode and thus did not observe such nonuniform-
ities; however, if electrodes were made from different sections
of the same deposition electrode, this is an effect that should be
considered.

One of the key application areas where such nano-
manufacturing routes could prove valuable is in the fabrication
and optimization of battery materials. Conventional approaches
to analyzing the oxidation and reduction energetics of Faradaic
energy storage reactions often distinguish materials only by the
chemical composition (e.g., carbon, silicon, etc.) and not by the
nanostructured characteristics of the material. Furthermore, the
challenge in any battery-focused effort, especially in lithium-ion
or other metal-ion batteries, is the development of a full-cell
architecture that involves optimized anode, cathode, and
electrolyte combinations. This is challenging due to the
codependence of both electrode chemical stability and metal
ion storage potential of each individual component on the
combination that is chosen. Our focus for the remainder of this
report is to demonstrate an effort whereby the high throughput
R2R system discussed above enables a rational approach to
battery design by overcoming both of these challenges and
producing an operational full-cell battery from nanomanufac-
tured hybrid nanomaterials produced in this study.
The first step in this process is to assess the energetics of

Faradaic chemical reactions occurring between the hybrid
materials produced in this R2R technique and half-cell
configurations. To accomplish this, cyclic voltammetry (CV)
scans at a rate of 0.1 mV/s were performed in half cell
configurations (vs Li electrodes), and the results are
summarized in Figure 4. The electrodes were consistent with
previously described materials, and were produced in as little as
30 s using this R2R nanomanufacturing technique. For each CV
curve, representative Raman spectra of the hybrid material is
presented as an inset. CV analysis of the SWCNT film
emphasizes that a majority of the Faradaic charge-transfer
reactions arising from storage on the SWCNT surface lies in a
broad Faradaic storage peak between ∼1−3 V vs Li/Li+. For
our system, this storage regime gives rise to a capacity of 658
mAh/g. Density functional theory calculations have emphasized
that these reactions may be mediated through surface defective

Figure 4. CV scans performed at 0.1 mV/s for (A) SWCNT, (B) SWCNT−Si NPs, (C) SWCNT−CNS, (D) SWCNT−MoS2 NPs, and (E)
SWCNT−SWCNHs, and (F) galvanostatic charge-discharge rate study for the hybrid nanomaterials, with sectioned curves for 1F available in the SI.
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carbon sites,59 as these do not occur in the same potential
window as intercalation in graphite. Hybrid SWCNT−
SWCNH materials, which exhibit an exceptionally high defect
density, yield substantial enhancement to charge stored in this
regime as observed through higher peak current values during
CV scans as well as greater capacities during device cycling
yielding a maximum capacity of 884 mAh/g. For CNS, a
material with low defect density, little-to-no enhancement in
this regime is observed; however, an additional capacity is
provided at lower potentials through the intercalation of
lithium between graphitic sheets yielding an improved capacity
of 978 mAh/g. For SWCNT−Si NP hybrids, whereas there is
some indication of carbon storage that we chiefly attribute to
the SWCNT hybrid material, exceptional capacity is observed
in the low-voltage lithiation reactions in silicon. This is evident
from the large peak currents observed in Figure 4D at low
voltages vs Li/Li+ and a maximum capacity of 1294 mAh/g for
this electrode material. By producing SWCNT−MoS2 NS
hybrid materials (Figure 4E), energy storage at high potentials
was achieved due to the Li2S storage mechanism previously
defined for MoS2 NSs yielding capacities as high as 867 mAh/g.
The capacities of the hybrid materials, as measured from
Galvanostatic charge−discharge measurements, are presented
in Figure 4F as a function of the total rate relative to the total
hybrid electrode material mass. Representative charge−
discharge curves for all materials are presented in SI Figure
S5. Additionally, we have performed error analysis on the
measured SWCNT electrode devices to assess the sample-to-
sample variation in electrochemical performance. This is
presented in the SI (Figure S6).
As is evident in Figure 4, the energetics for lithium insertion

and removal can be tuned across the spectrum of the stability
window of the electrolyte by using these different electrode

materials. In all cases, these reduction and oxidation potentials,
which are evident in CV scans, are measured against a lithium
electrode. Since the use of pure lithium electrodes in full cell
architectures leads to dendrite formation,60,61 a key challenge
for constructing a full-cell battery is to maintain a > 1.5 V
potential difference between redox potentials of either electrode
(fixed by technological requirements, which are based on
conventional alkaline batteries), while utilizing the same
electrolyte. To accomplish this, we utilize information obtained
from CV analysis to generate a diagram of observed redox
potentials (Figure 5A), which is inferred from CV scans. In this
case, the redox potential for the MoS2 hybrid material is the
highest due to Faradaic storage processes between Li and S
species. The higher potential of this system makes MoS2 a
candidate for use as the cathode material in a full-cell
architecture. Conversely, aside from lithium metal, the Si NPs
exhibit a redox potential that is the lowest of those studied in
this work. Therefore, Si NPs are a practical choice for an anode
material in a full-cell architecture (Figure 5A). As Si NPs do not
natively contain Li species, lithiation was achieved for anodes in
a full cell configuration by placing the SWCNT−Si NP
electrode materials in direct contact with lithium foil for 3 h
(Figure 5B). As previously reported, silicon in direct contact
with lithium foil will form an Li−Si alloy providing a facile
mechanism to fabricate a source for lithium ions during device
cycling.62 Compared to previous work by Liu et al.,62 we
demonstrate that this prelithiation can be achieved with carbon
coated silicon nanoparticles, which in itself is a new
observation. In order to characterize the performance of this
device, we carried out Galvanostatic charge−discharge measure-
ments at varying currents, with three representative curves for
three currents of 100, 1, and 10 A/g (Figure 5C). Notably, at
rates appropriate for conventional battery applications (100

Figure 5. (A) Schematic illustration of the wide range of potentials capable of Faradaic lithiation reactions for the different nanostructures
investigated. (B) Schematic illustration of the prelithiation process in Si NP−SWCNT films. (C) Charge−discharge characteristics of the full cell
device fabricated with a prelithiated SWCNT−Si NP anode and SWCNT−MoS2 NS cathode. (D) Ragone analysis of the full cell device.
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mA/g), we observed cell capacities of 225 mAh/g, which is
comparable to conventional battery systems. However, the
nanostructured characteristics of the electrodes, which enable
rapid ion insertion from the electrolyte, still enable over 20% of
this capacity to be accessed at 100X faster cycling rates, which is
not achievable in full-cell battery systems with bulk electrodes.
In order to further quantify the cell performance, we performed
Ragone analysis to assess the energy-power characteristics of
the device based on the total cell mass (Figure 5D). The energy
density was calculated based on integration of the Galvanostatic
voltage profiles, and power density was calculated as an average
value based on the total energy released over the time duration
of the discharge. A maximum energy density of 167 Whkgcell

−1

was obtained corresponding to a capacity of 225 mAhgcell
−1

when operated at 100 mAgcell
−1. When operated at high

charging currents of 10 Agcell
−1, power densities near 10 000

Wkgcell
−1 were measured, which is on par with the power

capability of many modern day supercapacitors (Figure 5D),
while still boasting energy densities near ∼40 Whkgcell

−1.
Whereas this performance is promising, the nanomanufacturing
approach that underlies the ability to produce these electrodes
is transferrable to many other applications, such as chemical
sensing, optoelectronics, and energy conversion, where clean
manufactured hybrid nanostructured materials could lead to
improved or ideal performance in these platforms.

■ CONCLUSIONS
We demonstrate here the ability to utilize a low-cost (sub-
$300), benchtop roll-to-roll system for the rapid development
of nanomanufactured hybrid nanostructured materials. Our
approach depends upon the utilization of surfactant-free NMP
polar solvent solutions that both provide stable dispersions of
hybrid nanostructure mixtures, and enable controllable EPD
processing. Unlike conventional “beaker-scale” EPD routes, the
roll-to-roll approach enables greater control over deposition
parameters, empowers scalable processing conditions in a
laboratory environment that intersects commercial applications,
and provides the capability to assemble clean, functional hybrid
materials that “bottom-up” fabrication routes are incapable of
producing. We specifically demonstrate the fabrication of
homogeneous hybrid nanostructured materials containing
SWCNTs, SWCNHs, CNSs, Si NPs, and MoS2 nanosheets,
and demonstrate the application of these materials into
electrodes for a full-cell lithium-ion battery design. Using
electrodes that can be fabricated in as little as 30 s, we
demonstrate an Si NP−MoS2 all nanostructured material full
cell battery that exhibits full cell capacities on par with
conventional Li-ion batteries, but with improved power
capability. As we envision the bottleneck for many commercial
applications of nanomaterials to be low-cost, reliable, and
scalable processing routes that build the foundation for product
development and design, this nanomanufacturing approach,
which seems unlimited in versatility in the choice of materials,
brings potential for many applications extending beyond energy
storage into areas of energy conversion, sensing, catalysis,
optoelectronics, protective coatings, and other areas.
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