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Plasma Production of Nanomaterials for Energy Storage:
Continuous Gas-Phase Synthesis of Metal Oxide CNT Materials via
a Microwave Plasma

Brian Graves?, Simon Engelke®<, Changshin Jo®, Herme G. Baldovi?, Jean de la Verpilliere?, Michael
De Volder®, and Adam Boies?*

In this work we show for the first time that a continuous plasma process can synthesize materials from bulk industrial
powders to produce hierarchical structures for energy storage applications. The plasma production process’s unique
advantages are that it is fast, inexpensive, and scalable due to its high energy density that enables low-cost precursors. The
synthesized hierarchical material is comprised of iron oxide and aluminum oxide aggregate particles and carbon nanotubes
grown in-situ from the iron particles. New aerosol-based methods were used for the first time on a battery material to
characterize aggregate and primary particle morphologies, while showing good agreement with observations from TEM
measurements. As an anode for lithium ion batteries, a reversible capacity of 870 mAh/g based on metal oxide mass was
observed and the material showed good recovery from high rate cycling. The high rate of material synthesis (~10 s residence
time) enables this plasma hierarchical material synthesis platform to be optimized as a means for energetic material

production for the global energy storage material supply chain.

Introduction
Traditional manufacturing techniques for energy storage
Wet chemistry

approaches can contain an extensive series of steps and

materials are often slow and complex.
regularly require hours or even days to execute. Moreover,
many existing energy storage material synthesis processes
begin with precursors that are challenging and costly to
produce, such as nanoparticles or carbon nanotubes (CNTs). In
particular, CNT synthesis is difficult because it requires high
temperature as well as precise carbon input and catalyst
preparation. It is also most often completed as a substrate-
based, batch process whereby additional steps are required to
remove and purify the CNTs. Nevertheless, the use of structured
combinations of nanomaterials within energy storage devices
enables fast diffusion rates through high surface areas, control
of crystal size, unique chemistries and structures that make
simultaneous use of conductive and insulating materials.
Unfortunately, given the added complexity of their fabrication,
most processes that include nanomaterials such as CNTs in

energy storage materials begin with those that are
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prefabricated. This multi-step supply chain places limits on the
lower bound of the final product’s price and may inhibit its
widespread adoption in the consumer market.

Optimization of anode design for enhanced lithium ion batteries
is paramount for automotive, electronic, and power storage
applications since the anode is one of the primary drivers of the
cell’s total capacity, multi-cycle stability, as well as the
maximum charge and discharge rates. Recent advancements in
metal oxide conversion anodes have shown that higher
capacities can be achieved for metal oxides, e.g. 926 mAh/g for
Fes04 and 1008 mAh/g for Fe,03, when compared to graphite
and lithium titanium oxide which are 372 mAh/g and 175 mAh/g
respectively. Moreover, metal oxides are not prone to the
lithium dendrite formation which degrades graphite anode
performance. Existing studies on metal oxide anodes has
confirmed their effectiveness as a near drop-in replacement for
convention lithium ion battery formulations with reported
energy densities that can often be in excess of 800 mAh/g(1-7),
though studies demonstrate that cyclability and voltage
hysteresis remain challenging. Full cell LIBs with metal oxide
anodes have been matched to numerous typical cathodic
chemistries, including LiCoO2(8) and LiFeP04(9,10) and have
achieved full cell capacities of 360 mAh/g(10) to 400 mAh/g(8).
Metals such as iron have already attracted interest from
industry.(11) Despite exhibiting multiple improvements over
graphitic anodes, metal oxide anodes originally had limited use
due to the volume expansion and contraction experienced
during a charge/discharge cycle. More recent work has shown
that reduction in particle size and the incorporation of



conductive and stabilizing elements (such as carbon coatings or
CNTs) can dramatically reduce this effect.(5,7)

The morphology of multiple carbon nanotubes grown radially
from a nanoparticle surface (known informally as carbon
nanotube sea urchins) was described in a form most similar to
the work presented here by Kim et al.(12) and by De La
Verpilliere et al.(13). Sea urchins are formed from bi-metallic
cores containing catalyst and non-catalyst metals, in this case
iron and aluminum respectively. Within the nanoparticle core,
islands of reduced metal
iron/aluminum alloy matrix. These catalyst sites grow CNTs (as
seen in Figure 1a) and can be present in tens and even hundreds
across the surface of a given core particle. Morphologies similar
to the sea urchins have been used in CNT/metal oxide energy
storage, including anodes. Collections of metal oxide subunits
such as nanoparticles and nanorods mixed with CNTs have
proven to be effective anodes (Figure 1b-d).(1,2,7) Additionally,
material morphologies have been reported which contain metal
oxides mixed with CNTs to form larger structural units such as
spheres or polyhedra (Figure le-g).(3—5,14) The presence of
CNTs in these hybrid materials has been shown to reduce
electrode pulverization and increase electron conductivity,
resulting in improved capacity and fast charge-discharge rate
performance.(3,5,7,14) Inversed geometries have also been
studied, where anode materials have been produced from of
CNTs coated in metal oxide nanoparticles (Figure 1h), with
single component transition metals(6,15-21) as well as
bimetallic systems(22-25).

exist within an aluminum or

While these hierarchical structures have shown great benefit as
anode materials, many of the approaches are not scalable, using
expensive or prefabricated materials with complex, time
consuming, multi-step processes. This study’s process (Figure
1i, explained in detail in the methods section) utilizes a high
temperature (>2500 K) microwave plasma CVD process, which
enables the use of inexpensive and readily available raw
materials (iron and aluminum powder) and results in a
residence time of approximately ten seconds. The resulting
material has hierarchical structure consisting of a core iron and
aluminum oxide nanoparticles encapsulated with a carbon
coating and multiple CNTs (Figure 1j). The highly conductive
carbon coatings and CNTs negate the need for post process
conductive additives during anode assembly. Thermal plasma
processes are often used industrially for large-scale production
of nanopowders including metals and ceramics.(26) Synthesis of
high-value carbonaceous products such as CNTs(27-30) has also
been reported at rates up to 100 g/h(29). The energy density of
a plasma can be two orders of magnitude larger than that of a
furnace, allowing large mass throughputs from comparatively
small systems. However, this high energy density and the fast
kinetics within thermal plasmas have historically limited their
use in creating designed multi-component nanostructures.

In this work we show for the first time that hierarchical energy

storage materials can be produced in a single-step process.
These materials are produced efficiently from bulk industrial
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powders in a fast, simple, and scalable plasma-based process.
The resulting plasma synthesized metal oxide-CNT materials are
characterized using on-line techniques that give real-time
morphology metrics of the synthesized materials, allowing for
real-time process optimization. The hybrid anodic materials
produced in a single-step are collected, processed and analyzed
within half-cell devices to determine the cycling capability of the
synthesized materials.

This journal is © The Royal Society of Chemistry 20xx
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Results and Discussion

The hierarchical structure of the metal oxide-CNT material is
shown in Figure 2a. Metal oxide primary particles (iron and
aluminum) on the order of nanometres to tens of nanometres
comprise larger fractal-like aggregate particles (I) which are
several tens to several hundreds of nanometres across. Primary
particles are coated with graphitic carbon (II) and catalyse CNT
growth (Ill). Primary particles can often be seen trapped within
the CNT (IV), separate from their host aggregate as depicted in
Figure 2b (microscopy details in methods section). The
aggregate particles and CNTs agglomerate further as they
deposit on the collection filter, resulting in a final material
formed of a continuous matrix of metal oxide particles and CNTs
as shown in Figure 2c. The carbonaceous coating on the
particles shown in Figure 2d increases the short-range electrical
conductivity of the material (i.e. between primary particles of a
given aggregate). The multilayer graphitic structure is shown to
encapsulate most primary particles providing intra-aggregate
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conductivity. The CNTs that grow from the fractal aggregate
surface are tens of micrometres long and allow contact
between aggregate particles for inter-aggregate conduction.
Carbonaceous components in anodes including coatings and
CNTs have repeatedly been shown to increase conductivity and
improve battery performance.(31) As a result, anode
construction is simplified since no conductive additive is
necessary. In addition, carbon conformally bonded to the metal
oxide provides more efficient electron conduction compared
with an externally-mixed conductive additive such as super P
since the super P conducts electricity via point contact between
the super P particles and metal oxide particles. Iron and
aluminum serve as useful metals for this process since iron is a
catalyst for CNT growth and multiple forms of iron oxide are
excellent candidates for lithium ion anodes.

Aggregate Size Distribution
On-line scanning mobility particle spectrometer (SMPS)
measurements of the aggregate core particles measured at the
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Figure 1: Previously synthesized hybrid CNT architectures for energy storage (a-h), where (a) is the existing “sea urchin” mophology(12,13), (b) Fe;0, crystals coated
in carbon and mixed with CNTs(2), (c) Fe304 nanorods embedded in a CNT web(1), (d) ZnFe,0, particles aggregated with CNTs(7), (e) CNTs encapsulated in porous or
nonporous SnO, or MnO spheres(3,5), (f) Cos0, polyhedra grown on a CNT network(4), (g) ZnCo,0, nanocrystals assembled into polyhedra and mixed with
CNTs(14), and (h) CNTs decorated with metal oxide nanoparticles(6,15-25). (i) depicts our high throughput plasma anode material production, with (j) material
schematic of the Fe,Al, O, core with graphitic coating and surface CNTs.
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exit of the plasma system as well as the cores after CNT growth
in the furnace are presented in Figure 3a, and provide real-time
size distribution data for the system (see methods). The
mobility diameter d,;, represents the diameter of a sphere with
the same drag as the measured irregular aggregate particles.
The number concentration N is normalized by logarithmically

spaced size bin width as dN/dlogd . The increase in particle
m

size due to the growth of CNTs is represented by the shift in the
geometric mean diameter (GMD) from 41 nm for aggregated
core particles to 157 nm after CNT growth. The measurement
and counting of each particle within the distribution (>106
particles measured per scan) gives detailed statistical
information not readily available from microscopy. The
geometric standard deviation (o) of the particles is 1.87 and
1.94 before and after growth, and given more time would
decrease according to theoretical and other experimental
predictions (g ~ 1.45) for gas-phase nanoparticles undergoing
agglomeration.(32) Particles continue to agglomerate and are
lost to the wall by thermophoretic and diffusive forces to the
reactor walls during the growth stage. The reactor number
concentration of particles reduced from 2.18x108 cm-3 before
the furnace to 6.66x107 cm-3 after the furnace.

Mass Mobility Relation and Primary Particle Size

While size-based particle information contributes to a partial
understanding of morphology, further details can be gleaned by
combining size data with mass measurements. The relation
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between the mobility-equivalent diameter and mass for
aggregates has the form

m = Cdy"™ . 1.

Here, m is aggregate particle mass, C is a constant prefactor,
and Dy, is the mass-mobility exponent. For a spherical particle
(i.e. aliquid droplet) Dy, is 3, thus the particle’s mass scales with
diameter cubed and C is a function of the material density,
mg = (p w/6) ds>. For a two-dimensional object such as a
sheet (i.e. graphene) the mass mobility exponent will be 2 and
for a one-dimensional object (CNT) D,, will be 1. Fractal-like
aggregates such as those produced here (as in most non-
coalescing aerosol processes) possess mass-mobility exponents
between 2 and 3 since they grow in three dimensions but do no
not completely fill a given spherical volume. Mass-mobility
exponents where D, — 3 represent compact aggregates
whereas when D, — 2 the aggregates containing more
branching and open space, increasing the exposed surface area,
as depicted in Figure 3b.

The individual particle masses and mobility diameters were
measured in series at the plasma exit, and the mass-mobility
relation is plotted in Figure 3c to provide structural information
of the core particles. The power-law fit to the particles
measured at many different mobility diameters results in D, =
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Figure 2: Hierarchical metal oxide-CNT (a) material schematic and images including (b) TEM of individual aggregate, (c) SEM of bulk material, (d) TEM of primary
particle and carbon coating, and (e) single CNT cross-section. Additional images available in the supporting information
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2.31. These results are similar to flame-synthesized oxide
particles such as zirconium oxide(33) and silica(34), as well as
metals from spark discharge synthesis including gold(35) and
copper(36). Further, mass-mobility measurements of aggregate
particles can also be used to estimate the diameter of primary
particles within an aggregate as well as the number of primaries
per aggregate. Primary particles may be of particular
importance since this functional unit dictates the surface area
to volume ratio of the active material. Smaller particles will have
most of their mass within several nanometers of the surface
which can facilitate lithiation and delithiation processes (and
should be less susceptible to pulverization), however smaller
primary particles may also be more prone to SEl formation, as
their higher specific surface area provides more opportunity for
electrolyte breakdown(37). Primary particle diameter can be
estimated using the formulas developed by Eggersdorfer et
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al.(33), and this technique is explained in detail in the methods
section.

Figure 3d shows that the metal oxide aggregates synthesized
from the plasma system contain primary particles of diameter
ranging from approximately d;, =9 nm to 19 nm, with a small
positive correlation between mobility diameter and primary
particle diameter. Differences in primary particle diameters
result from unique time-temperature profiles of the primary
particles in the reactor. Higher concentration of metal vapour
results in saturation at higher temperatures, thus allowing
coalescing growth from coagulation. The increase in primary
particle number with aggregate size is shown in Figure 3e,
whereby approximately nine particles are contained in a 30 nm
aggregate and increases to several hundred particles are
contained within a 200 nm aggregate. The aggregate size,
surface area and primary particle numbers can be measured in
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Figure 3: (a) SMPS scans of core particles after plasma and cores plus CNTs after growth. Five scans were performed for each condition. Error bars represent one

standard deviation, (b) schematic of particles associated with various mass-mobility exponents (c) mass-mobility relation for metal oxide core particles, (d) average

primary particle diameter, (e) average primary particle number per aggregate,
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and (f) histogram of primary particle size from TEM

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




Please do not adjust margins

ARTICLE

real time from the process and monitored relative to the
influence on the rates of lithium diffusion and SEI formation.
The mean population primary particle was 13.4 nm for those
conditions that resulted in the best battery performance
measured in this study (see methods).

The distribution of primary particle size as measured from TEM
is shown in Figure 3f. Statistical analysis of the primary particle
size distribution from TEM resulted in an average primary
particle diameter of 11.28 + 6.85 nm, which agrees well with the
results of the aerosol-based method. As such, estimation of
primary particle size and number through the aerosol-based
method is a desirable alternative to TEM since it is a statistically
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robust method in which ~10¢ particles are measured and
represented by each data point. The total mass production of
material was determined from the combined SMPS and CPMA
measurement (see methods). Using the mass-mobility
exponent and prefactor from Figure 3c of 2.31 and 1.12x10° fg
nm-231 respectively, the total mass concentration of core
material is 30.73 mg/m3. Given the total flow rate of gas
through the plasma system of 9 slpm, the production rate of
cores in this study’s configuration is 16.6 mg/h (and
approximately 33 mg/h for cores and CNTs given that the core
mass fraction is ~50%). While material yield was not optimized
for this study, optimizations that increase the powder feed
through the plasma and reduce deposition losses on the tube
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Figure 4: (a) Raman spectrum of CNT/metal oxide composite material, (b) Kataura plot using RBM from Raman, (c) TGA of metal oxides and CNTs with various
process modifications, where @ is the uptake mass of oxygen during TGA relative to the initial metal oxide mass and ¥ is the mass fraction of CNTs to total product

mass, (d) XPS data and curve fit for iron, (e) aluminum, and (f) oxygen
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walls would allow orders of magnitude higher production. The
theoretical upper limit to mass throughput if 50% of the plasma
power used in this work is dedicated to heating and vaporizing
the powder mixture from room temperature to the vaporization
point of iron (>2861°C), 1.15 kg/h can be processed, indicating
that even a lab-scale plasma system is capable of impressive
production rates.

CNT Characterization

From TEM, it is evident that there is a range in CNT diameter, as
shown in Figure 2b. On average, the CNTs have a diameter of
7.75 = 2.74 nm with six to seven walls (see supporting
information for additional statistics on CNTs and primary
particles). A single CNT cross-section is displayed in

Figure 2e where the expected wall spacing of 0.34 nm(38) is
clearly visible. CNTs were predominantly observed growing
from particles 6 nm and smaller. These particles often detached
themselves from their host aggregate and were ultimately
contained within the CNT growing from them. This
phenomenon is demonstrated in Figure 2b. Particles larger than
6 nm were often coated in layers of carbon (see Figure 2d), most
of which is crystalline although some amorphous carbon is
present as well.

Raman spectra excited at 638 nm for the final material is shown
in Figure 4a. The G/D ratio of the carbon coating and CNTs is
approximately 1.8. The majority of the signal from the D peak is
likely due to any amorphous carbon coating the larger primary
particles. A radial breathing mode (RBM) at 191.7 cm™ is also
visible, indicating the presence of at least a few single-walled
CNTs (SWNTs). From the Kataura plot in Figure 4b, properties of
single-walled CNTs can be determined from the RBMs. The
excitement energy of 1.943 eV from the 638 nm laser can be
intersected with the RBM wavenumber which shows that the
peak corresponds to metallic CNTs. While other single-walled
CNTs may exist which are not resonant with the 638 nm laser
(see methods section), the fact that these single-walled CNTs
are metallic means they will be good conductors between metal
oxide cores. Given the non-discreet resonance curve of SWNTs
as the continued
uncertainty in the coefficients used to convert between
wavenumber and diameter(39,40), it is not feasible to match
RBM peaks to specific data points/chiralities on the Kataura
plot. Nevertheless, a diameter range can be extracted for these
CNTs: the metallic CNTs have diameters between 1.21 and 1.39
nm.

to a given laser wavelength, as well

Core Particle Composition and CNT mass fraction

As an anode in a lithium ion battery, the metal oxide particles
undergo a conversion reaction as they are charged and
discharged with lithium ions. This global reaction for the lithium
conversion reaction process is M,0, +2ye” + 2yLit 2
xMPO + yLi, 0, where M represents a transition metal, in this
case iron. To maximize energy density of metal oxide materials,
high oxygen states are required. For aluminum, the most
thermodynamically stable oxide is alumina, Al,Os, whereas

This journal is © The Royal Society of Chemistry 20xx

multiple stable oxidation states exist for iron, including FeO (1
O:1Fe), Fes04(1.330:1 Fe), and Fe;03 (1.5 0 : 1 Fe).

Sample oxidation was studied using several methods.
Concurrent oxygen gas (0-15 sccm) injection with the nitrogen
in the plasma (in-situ oxidation) showed insufficient oxidation
of metals and increases in oxygen concentration competed with
CNT growth. Decoupled CNT growth and core oxidation proved
more effective, achieving near full oxidation of the metallic
components. Plasma-produced unoxidized core particles with
CNTs were collected. The resulting powder was then placed in
an oxidation furnace at 300°C for one hour for ex-situ annealing.
Figure 4c displays thermogravimetric analysis (TGA)
characterizations of the material before and after oxidation,
including in-situ oxidation and a base-case analysis using only
unoxidized core particles without CNT growth. @ represents the
uptake mass of oxygen during TGA relative to the initial metal
oxide mass and ¥ represents the mass fraction of CNTs to total
product mass. The unoxidized cores demonstrates that
oxidation is completed at a lower temperature than the start of
carbon combustion so these two processes can be
independently quantified from TGA. Figure 4c demonstrates
that the unoxidized core-only (no CNTs) material appears to
gain a higher percentage of mass during TGA than other
samples, but in absolute terms the increased oxidation of solely
the metal is determined accounting for the non-metal fraction
of material.

It is evident that without any added oxygen, the “no oxidation”
and unoxidized core samples show the largest increase in mass
during TGA with @ equal to 0.127 and 0.134, respectively. When
an oxidation step is included, the material is seen to uptake less
oxygen during TGA. In-situ oxidation (15 sccm O, added to
plasma) did improve core oxidation (& = 0.070); however there
is a dramatic decrease in CNT mass fraction as well (¥ = 0.097).
Since oxygen is required for core oxidation but a lack of oxygen
is necessary for CNT growth, oxygen must be added subsequent
to the CNT growth and can also be done in-situ with larger
residence times. The separation of CNT growth and core
oxidation steps resulted in material that is optimized for this
application: highly oxidized metal for maximum energy storage
capacity and a substantial carbonaceous coating and CNT
network for high conductivity and thus improved cell stability.
This highlights the potential for continuous production of
oxidized core particles (@ = 0.004) without adversely affecting
the CNTs.

X-ray Photoelectron Spectroscopy (XPS) shown in Figure 4d-f of
iron, aluminum, and oxygen respectively confirm the presence
of oxides. Particularly, the iron is well-oxidized as shown by the
spectra from 707-709 eV, indicating that elemental iron is not
present.(41) Moreover, the peak at 711.0 eV is characteristic of
Fe3*, an ionic state which is present in both Fe,03 and Fe304.(42)
The satellite peak at 719.6 eV is also characteristic of Fe3*,
particularly Fe;Os, and the peaks from the Fe2pi/; orbital
located at 724.4 and 733.2 eV support the claim that the iron is
nearly fully oxidized.(43) The additional width of both the
primary Fe2ps/; and Fe2py,2 profiles (best fit with second peaks

J. Name., 2013, 00, 1-3 | 7



at 713.7 and 727.3 eV respectively) may indicate the presence
of FeZ*, likely in the form of Fe30,, since the other FeZ* oxide,
FeO, is unstable below 575°C.(44) The oxygen 1s scan is best fit
with peaks at 529.5, 530.6 and 531.9 eV: typical values for metal
oxides.(42,45,46) It therefore seems likely that the iron in these
particles is primarily in the form of Fe,03 since the profile best
matches the fully oxidized Fe3* state while some portion of
Fe304 exists as well (attributed to the weaker evidence of Fe?*).
Aluminum scans show a profile best fit with two peaks, located
at 72.7 and 73.4 eV. These are most likely associated with
Al;03.(47) Aluminum is a very reactive metal however, and will
certainly form an oxide on its surface during annealing so the
presence of Al,O; is highly probable even at room
temperatures. This oxide layer is self-limiting so it is conceivable
that some elemental aluminum exists below the surface.
However since the primary particles have d,, < 20 nm, the
majority of their volume exists within several nanometres of the
surface, so most of the aluminum should exist as an oxide.

Electrochemical performance

Figure 5a shows the discharge-charge voltage profiles for the
first two cycles at 0.1 C where the characteristic voltage plateau
for iron oxide around 0.75 V is observed.(48-51) The capacity
was calculated based on the mass fraction of metal oxide (48.4%
of the total mass i.e. ¥ = 0.516 according to the TGA). The first
discharge capacity is approximately 1610 mAh/g and the
reversible charge capacity is approximately 870 mAh/g. Given
that the metal oxide is comprised of both iron and aluminum
oxide (approximately 75% of the metal oxide mass is attributed
to iron oxide given a 2 Fe : 1 Al molar ratio) the capacity could
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be scaled further to present results on the basis of iron oxide
mass. In this case, the resulting capacity is somewhat higher
than iron oxide’s theoretical capacity of around 1000 mAh/g. It
is not likely that aluminum is contributing to the storage
capacity of the material since it is well-oxidized and most of the
aluminum will exist as aluminum oxide (which will only be
reduced at a voltage higher than the cycling voltage of this cell)
particularly on the particle surface, as discussed in the
preceding XPS results. Instead, any additional capacity beyond
that of iron oxide is likely due to the carbonaceous coating
present on many of the larger metal oxide particles.
Additionally, the CNTs themselves may also be contributing
some storage potential, and this effect has been demonstrated
previously.(52) A reduction plateau in Figure 5a around 0.75 V
(corresponding to Li insertion into Fe,Os and Li,O formation)
can be observed as well as sloped delithiation curve
(reoxidation of iron metal, Fe® to Fe3*). This can also be
observed using the CV plot in the supporting information.
Therefore, although the overall capacity of this material may be
a combination of storage mechanisms from multiple
components, the majority of the capacity is indeed related to
the iron oxide. The primary function of the CNTs is to act as
conductive pathways between the metal oxide particles and as
a result no conductive additive is necessary. This simplifies the
anode construction process since only two components are
now required.
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Figure 5: (a) First and second discharge and charge casted electrodes at 0.1 C, (b) electrochemical impedance spectra for metal oxide particles with CNTs grown in-

situ after various cycles, and (c) electrochemical impedance spectra for metal oxide particles externally mixed with pre-fabricated CNTs after various cycles, and (d)

specific capacities for rates from 1 - 14 C.
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In fact, the carbon coating and CNT improvement to electrical
conductivity is corroborated upon observation of Figure 5b and
c. Figure 5b shows a Nyquist plot from electrochemical
impedance spectroscopy (EIS) data for the metal oxide material
with carbon coating and CNTs grown in-situ from the particle
surfaces at various cycles ranging from 1 to 200. Conversely,
Figure 5c shows EIS data for the same metal oxide cores but
rather than in-situ carbon growth the cores were mixed ex-situ
with pre-fabricated CNTs. Experimental details for cycling and
EIS are presented in the methods section. The semicircle in the
Nyquist plot is related to charge transfer resistance in the
electrode layer. Because mass loadings were identical in both
electrodes, the smaller semicircular profile seen for the in-situ
carbon growth indicate better electron conduction compared
with the ex-situ metal oxide and CNT mixture electrode. With
increasing cycles, both electrodes show decreasing charge
transfer resistance. The in-situ mixture shows little variation in
charge transfer resistance up to 200t cycle, but the ex-situ
mixture shows an abrupt increase in charge transfer resistance
at the 200t cycle. The conclusion can therefore be made that
the in-situ CNT growth directly from the aggregate surface and
carbon coating growth presented in this process produces a
material with improved electrical conductivity when compared
to externally mixing a conductive additive.

For a rate of 1 C on the rate-varying coin cell, a reversible
specific capacity of around 500 mAh/g could be achieved (Figure
5d). For higher rates up to 14 C a drop in capacity was observed,
which could be due to poorion conduction at these high current
densities or non-ideal contact between the individual CNTs
resulting in less active material participating in the reaction. This
could be The
fluctuation in capacity between the lower rates could be
explained by the
electrochemical measurement. Despite what may have been

improved by calendering the electrodes.

temperature  fluctuations  during
imperfect contact, capacity recovery at lower rates after cycling
at higher rates is excellent, with the material performing equal
to or better than the initial cycles at 1 C. Long-term behavior is
shown in the supporting information. The capacity increases
slightly over time from what could be due to inactive material
becoming exposed from the repeated volume change during
the cycling. The same phenomenon is likely responsible for the
capacity increase at 1 C in the rate test. Electrolyte additives
such as fluoroethylene carbonate (FEC) may be able to improve
the cell’s reversibility.

While this work demonstrates metal oxide-CNT hybrid material
as an application of this process, the significant advantage is the
efficient synthesis method for hierarchical metal and carbon-
based materials. Thermal plasmas process raw precursors at a
high rate, synthesizing final products in approximately ten
seconds, compared to hours or even days for wet chemistry
approaches. Further, the use of low-grade precursors leads to
efficient processing costs and a potential dramatic reduction in
final material cost when compared to the same material
produced from pre-existing components. Specifically,
compared to nanopowders, the coarse metal powder used here

This journal is © The Royal Society of Chemistry 20xx

is ~1/100%" the cost, and the carbon-containing gas (e.g.
acetylene), reduces the cost by hundreds to several thousand
times compared to pre-fabricated CNTs. The resulting high rate
synthesis allows for fast screening of material systems with the
potential for industrialization of these materials.

The overall performance of the metal oxide-CNT material
demonstrates long term stability and robust capacity recovery
at high rates. The synthesis process itself is highly attractive for
high production rates since it is simple, inexpensive, continuous,
and fast. Multiple opportunities for optimization including
further calendering, electrolyte optimization and pre-lithiation
that could further improve the performance of this anode
material performance. The unique hierarchical architecture,
strong battery performance metrics and high-throughput
production result in a holistically attractive material for lithium
ion battery anodes.

Conclusion

A plasma-based process for fast, facile, and inexpensive
synthesis of a metal oxide — carbon nanotube composite active
material for conversion anodes in lithium ion cells has been
presented. Largely due to the exceptionally high temperature of
the plasma, the active material can be synthesized in a matter
of seconds using inexpensive and readily available raw
precursor materials which are orders of magnitude less
expensive than their pre-fabricated counterparts. This is the
first demonstration that high energy density thermal plasma
systems can be controlled for hierarchical, multicomponent
material production for energy storage applications. The
resulting composite material is formed of multi-scale structures
oxide which
agglomerate while suspended in the gas phase to form larger

beginning with metal primary particles
metal oxide aggregates. CNTs are then grown from the primary
particles within the aggregates (while a carbonaceous coating is
also formed on many of the primary particles) and the
CNT/metal oxide particles are collected as a powder. The
coating the
aggregate) electrical conductivity while the CNTs enhance the

carbonaceous increases short-range (intra-
long-range (inter-aggregate) conductivity. An ex-situ annealing
step was performed to ensure the metal was fully oxidized. The
mass-mobility exponent of the aggregate particles was
determined to be 2.31, indicating an open aggregate structure
for lithium ion diffusion. The primary particles within the
aggregates were characterized with on-line aerosol methods
allowing for real-time optimization. The primary particle
diameter scaled with aggregate diameter and the population-
averaged primary particle diameter was 13.4 nm, which agrees
well with the 11.28 + 6.85 nm TEM analysis. The final material
displayed a reversible capacity of 870 mAh/g on a metal oxide
mass basis. If scaled for the mass of iron oxide, the capacity
exceeds the theoretical capacity of iron oxide, meaning that
other components of this material, most likely the carbon
coating or CNTs contribute to energy storage as well. Long term
cycling showed capacity increased which could be due to
exposure of new active material from repeated volume
expansion. Stability could be enhanced by further calendering.
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The material shows resistance to degradation from high rate
cycling and robust recovery. This work demonstrates that high
performance anodes can be synthesized from this remarkably
fast, simple, and scalable continuous throughput process.

Experimental

The experimental configuration is displayed in Figure 1i with a
more comprehensive schematic in Figure S2 in the supporting
information. Energy is supplied to the process with a Sairem
GMP 60K microwave plasma system, operating with a
frequency of 2.45 GHz. Input power can range from 600 W to
6.0 kW with typical powers in this work of 1.5 kW. The plasma
system is equipped with a 3-stub tuner and sliding short circuit
which serve to condition the microwave field such that the
maximum amplitude is located in the centre of the work tube
and that the amount of power reflected back to the magnetron
is as low as possible. The waveguide is located between the 3-
stub tuner and the sliding short circuit, and contains the quartz
work tube (500 mm length, 30 mm O.D., 23.5 mm |.D.). Nitrogen
is used as the plasma gas (9 slpm, BOC, 99.998% purity).

A powder feeder (Lambda Doser, Lambda Laboratory
Instruments) is connected to the inlet of the work tube. Several
components of the powder feeder have been replaced with
customized 3D printed versions to improve the stability of the
feed rate. Powder is delivered to the plasma system in the form
of elemental metals (i.e. iron and aluminum: Goodfellow, max
60 um, 99.0% and 99.9% purity respectively) at a rate of
approximately 30 mg/min.

Downstream of the plasma, the material is passed into a tube
furnace (alumina tube, 500 mm total length, 300 mm heated
section, 30 mm O.D., 23 mm 1.D.) at 830°C. A total flow rate of
1.7 slpm is sent through the furnace, of which approximately 1.5
slpm is gas from the plasma (remainder of plasma gas vented to
extraction), 200 sccm is hydrogen (BOC, 99.999%), and a small
amount (10 — 20 sccm) is acetylene (BOC, 98.5%). CNTs and a
carbonaceous coating are grown on the core particles in the
furnace during the residence time of several seconds then the
material is collected on PTFE filters.

The ability to vaporize metal powders at any appreciable rate in
a wide range of gas mixtures is a feature and advantage that is
unique to plasma processes and is a large contributing factor
large-scale
nanopowder production. The mechanisms of this particular
process are examined in detail in Figure 1i. Relatively large
elemental metal powder particles (*60 um) are fed into the
plasma where they are vaporized from the high temperature
(>2500°C). Downstream of the plasma where the temperature
begins to decrease, supersaturation of the metal vapours is
reached, and homogeneous nucleation of metal nanoparticles
occurs. The particles increase in size from surface growth and
agglomerate into fractal-like aggregates with mobility-
equivalent diameters between approximately 20 nm and 200
nm.

towards the widespread use of plasmas for
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As the particles enter the growth furnace, CNTs are grown from
catalyst sites of reduced, elemental iron present on the core
particles’ surfaces. Multiple CNTs can be grown radially from
each particle, resulting in the “sea urchin-like” morphology.
Finally, an ex-situ oxidation step is performed to complete the
synthesis process.

Electron Microscopy

Both transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were used to analyse the
morphology of the CNT-metal oxide composite material. For
TEM, the samples were prepared in dry conditions by spreading
the samples as a powder onto 400 mesh copper grids with a
holey carbon film (Agar Scientific). High-resolution TEM
(HRTEM) images were obtained using a Tecnai F20 system at
200 kV with a high brightness field emission gun (FEG). SEM
samples were prepared on single crystal silicon substrates.
Particles were either deposited with a thermophoretic sampler
or by spreading filter-collected dry powder over the substrate,
applying a drop of ethanol and air drying. SEM images were
obtained using a Leo Variable pressure SEM with an accelerating
voltage of 2.49 kV and a working distance of approximately 5
mm.

Aggregate size distribution measurements

The size distribution of the aggregated particles both with and
without the CNTs can be characterized using a Scanning
Mobility Particle Spectrometer (SMPS) which is comprised of a
Differential Mobility Analyzer (DMA) and Condensation Particle
Counter (CPC). Particles are first given an electric charge using a
radioactive or x-ray charger and are then classified in the DMA
by electrical mobility or more intuitively, their drag to charge
ratio. Particles are passed through the annular region between
two concentric cylinders while a negative voltage is applied to
the inner cylinder. Positively charged particles are attracted to
the inner cylinder but the rate at which they migrate towards
this cylinder is limited by their aerodynamic drag. Particles with
the correct charge to drag ratio reach the inner cylinder exactly
at its end and are “classified”.

As the DMA sweeps through various electrical mobilities the
CPC counts the number of particles at each mobility setting.
Mobility is then converted to a particle size (mobility-equivalent
diameter) and a number-based particle size distribution can be
created. For this work, a 3081 series DMA (TSI Inc.) and 3022A
series CPC (TSI Inc.) were used. For the core size distribution,
the CPC was set to “high flow” mode (1.5 lpm) and the DMA
sheath flow was 15 Ipm, resulting in a resolution of 10 (i.e. the
full width half maximum of the transfer function of the DMA
was one tenth of its set point). For the size distribution after
CNT growth the CPC was set to “low flow” mode (0.3 Ipm) and
the DMA sheath was 3 Ipm, preserving the resolution of 10. A
dilution ratio of 11 was used for these measurements, but the
results presented here have been corrected for this ratio and
represent the true volumetric number concentrations. Each
data set was then fit with the summation of two lognormal
distributions, while the overall statistics including geometric
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mean, geometric standard deviation, and total particle

concentration are presented in Figure 3a and in the text.

Aggregate mass measurement

Particle mass can be measured with a Centrifugal Particle Mass
Analyzer (CPMA), which classifies particles by mass to charge
ratio.(53) Similar to an SMPS, the CPMA can be stepped through
various mass setpoints while a CPC measures the concentration
at each mass. A number-based mass distribution can then be
generated. Furthermore, if particles of a specific mobility
equivalent diameter are preselected, a CPMA scan can give the
mass of these particles. Performing this measurement at several
sizes throughout the total particle distribution can allow the
mass mobility relation to be created and the mass-mobility
exponent can be extracted.

Estimation of primary particle size and number per aggregate
The average primary particle diameter within an aggregate and
the average number of primaries per aggregate can be
estimated if the aggregate’s mass and mobility-equivalent
diameter are known. From Eggersdorfer et al.(33), the average
primary diameter and number within a given aggregate are
(respectively):

1

d.. = ﬂkad 2Dg \2Da-3 2.
PP 7 \gp M ’
and
6v
PP T g3

dpp is the average primary particle diameter, d,, is mobility-
equivalent diameter, n,, is the average number of primary
particles per aggregate, k, and D, are empirically-determined
constants, and v is the solid volume of the aggregate, equal to

m
v=—, 4.
P

where m is particle mass and p is the particle’s bulk density. k,
and D, were determined by Eggersdorfer et al.(33) as 1.0 and
1.07 respectively from work with ZrO, aggregates, while
assuming a well-mixed primary particle sample and minimal
primary particle shielding within the aggregate (i.e. all particles
are exposed to the surrounding gas). The average primary
particle diameter and number per aggregate can be used in
conjunction with the aggregate size distribution to calculate the
population-averaged primary particle diameter as follows:

dN
-— Z(m)(dlogdm)nppdpp 5.

19% dn
Z(dlogdm)(legdm)npp

Mass concentration

The mass distribution is first determined by multiplying the
number-based size distribution by the particle mass-mobility
function:

This journal is © The Royal Society of Chemistry 20xx

dm ( dN ) 6
=m = .
dlogdn, dlogdp,
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dM . . . .
Here, /dlogdm is the mass concentration of a given particle

size bin, normalized by bin width. Total mass concentration M
can be calculated by summing the distribution:

dMm
M= dogd (dlogd,,) = 7.
Dm dN
Y Cd,, ( dlogdm) (dlogd,,) .

Raman Spectrometry

Raman spectra were collected on a Horiba Explora Plus using a
638 nm laser. While a radial breathing mode was observed
which indicates the presence of metallic single-walled CNTs,
other single-walled CNT chiralities may also have been
synthesized which are not resonant with the 638 nm laser i.e.
points that exist at a different y-axis position in Figure 4b.
Raman signals were also recorded using a 532 nm laser;
however the reflection of this wavelength off the metal oxide
cores produced a broad background spectrum and it was not
possible to resolve the CNT signal.

Electrochemical tests of half coin cells

properties of the compounds were
evaluated in 2032 coin cells containing metallic lithium foils as
cathodes (half-cells). For the anodes, a slurry was prepared
containing 90 wt % active material composite and 10 wt%
polyvinylidene difluoride (PVDF) binder in N-methyl-2-
pyrrolidone (NMP). Since the active material already contained
highly conductive CNTs, it was not necessary to introduce any
other conductive additives to the slurry. The slurry was cast
onto etched copper. The electrodes were dried first in air and
then under vacuum at 60°C for 12 hours before being cut to size
and weighed in an argon-filled glovebox. The typical loading was
0.5 mg/cm?2. 1.0 M LiPFg EC/EMC = 50/50 (v/v) electrolyte and
Celgard separators were used in the coin cells. Galvanostatic
cycling experiments at room temperature were carried out with
Biologic VMP3 and Lanhe potentiostats/galvanostats. The cells
were cycled in between 0.05-3V and C-Rates from 0.1 to 14 C.
Electrochemical impedance spectroscopy (1000 to 0.05 Hz, 5
mV amplitude) was conducted using Biologic VMP3.

The electrochemical
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