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1 SUMMARY

The objective of the Electrochemical Energy Storage program is to develop enabling materials systems
for future electrochemical energy storage devices. The program focuses on developing nanostructured
electrodes and improved solid state electrolytes for high power & energy density devices and to
explore new 3D nanostructured architectures to enable optimal performance. The goal is to supply
performance improvement (i.e. increased power and energy density, longer shelf and use life, and
higher charge/discharge rates) as well as provide new capabilities such as flexibility or the ability to
incorporate energy storage directly into electronic devices, structures, or fabrics. Application focus for
improved electrochemical energy storage materials is small autonomously powered remote piloted
aircraft (RPAs), airfield support, deployed airbase power, and portable soldier power. The near term
program goal is to increase energy density to allow 4-5X mission duration. The long term program
goal is to provide an autonomous power system by coupling improved energy storage with energy
harvesting to permit 24/7 operation.

This in-house research program consisted of 2 separate AFOSR sponsored tasks: Nanostructured
Materials for Electrochemical Energy Storage Devices (Sponsored by Dr. Charles Lee, AFOSR/NL)
and Architectural Control of Nanomaterials for Structural Batteries (Sponsored by Dr. Les Lee,
AFOSR/NL) and was supplemented with Materials and Manufacturing funding covering Government
salary, supplies, and equipment.

This report is broken into the 2 AFOSR sponsored tasks and includes an appendix of publications and
presentations providing more in depth technical detail of the program.
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2 NANOSTRUCTURED MATERIALS FOR ELECTROCHEMICAL ENERGY
STORAGE DEVICES TASK

2.1 Research Objectives

The research described in this report is comprised of the following two technical objectives:
e Nanostructured Battery Electrodes
o Solid Electrolyte Films by ALD

This task is focused on developing fundamental relationships between nanoscale structure and
macroscopic properties of energy storage devices including battery electrodes and polymer electrolytes.
A variety of approaches are being investigated to fabricate well controlled architectures of nanostructured
electrodes with the goal of providing how this structure impacts both energy density and power density.
In addition, new polymer electrolyte materials are being synthesized and characterized with the goal of
improving proton conductivity, durability, and high temperature performance.

2.2 Summary and Forecast for Future

This task focuses on understanding the relationship between electrochemical behavior and nanoscale
morphological control of lithium-ion battery electrode and electrolyte materials. We have explored a
variety of ways to fabricate active electrode materials either as nanostructured arrays of the active
materials, or as coatings on nanostructured arrays of current collectors. Atomic layer deposition (ALD) is
used to conformally coat 3D current collector nanoarchitectures with nanometer scale control over the
active layer thickness. This allows lithium ion diffusion in active electrode material that is limited to
couple of nanometers, thereby facilitating high power devices. TiO, layers were deposited as an anode
material on a variety of templates including porous anodic aluminum oxide, nickel and copper nanowire
arrays, multi-walled carbon nanotube (CNT) buckypapers, vertically aligned CNTSs, polystyrene sphere
assemblies, and nickel nanospheres. In each case, highly uniform films with nanometer scale resolution
were achieved and are being investigated for their performance in active devices. Specifically for the
case of the TiO, coated nickel nanowire arrays, detailed morphological and electrochemical studies were
carried out to demonstrate the utility of hybrid, 3D electrode architectures. Excitingly, a 2 order-of-
magnitude increase in the areal capacity is observed for the 3D nanostructured electrodes when compared
to their 2D analogues. In addition, we are extending this technique to deposit 3D, conformal solid
electrolyte materials. Specifically, we are targeting the Li-La-Ti-O system since it has been demonstrated
to have and ionic conductivity up to 1.0 x 10-3 S cm™. We began with the Li-Ti-O system to demonstrate
proof-of-concept and we have successfully deposited conformal layers that are comprised of a 2-phase
network of TiO, and Li,sTisO4,. The electrochemical characteristics of this material are such that it does
not show a crystalline phase specific plateau at any voltage, but rather exhibits the constant formation of
solid solution as Li-insertion proceeds. During the first 10 cycles, the charge and discharge capacities
show excellent stability and we are now proceeding to deposit the full Li-La-Ti-O system.

2.3 Task Introduction

One of the most important requirements in next generation batteries is to concurrently deliver high energy
density and high power density (fast charge-discharge rates). The high power density requirement can be
met with enhanced ion and electron transport kinetics in batteries, which in turn requires active materials
with high ion diffusion constants and conductive additives or architectures for faster electron transport to
respective current collectors. It is well known that nanostructuring the electrode materials would

2
Approved for public release; distribution unlimited.



significantly enhance the characteristic time constant for ion diffusion (t = L2/D, L: diffusion length and
D: diffusion constant) thereby reducing the intercalation / deintercalation time [1]. However,
nanostructuring electrode materials leads to some issues as well — such as, reduced electron transport
kinetics through interparticle boundaries, and undesired side reactions due to high electrode/electrolyte
surface area. In our nanostructured electrode materials studies we have chosen three-dimensional (3D)
conducting nanoarchitectured current collectors [2] (e.g., electrodeposited Ni nanowire arrays) and
coating those with ultrathin conformal layers of active materials to circumvent the reduced electron
transport kinetics issue. To get around the side reactions due to high electrode/electrolyte surface area,
active materials and electrolytes may be suitably chosen which are least reactive, such as TiO, which is
not known to form a solid electrolyte interphase (SEI) [3-4].

We have chosen atomic layer deposition (ALD) as a process to conformally coat the 3D current collector
nanoarchitecture with nanometer scale control over active layer thickness. Thus the Li ion diffusion in
active electrode material is limited to couple of nanometers and electron conducting current collector is in
contact with the ultrathin active layer everywhere. Such 3D designs can enable us to achieve our ultimate
goal of 3D all-solid-state microbatteries [5] by sequentially assembling an anode (cathode) layer followed
by a solid electrolyte/separator and then the complementary cathode (anode) filling the space in between
the nanowires. All solid-state 3D microbatteries will be crucial to successful operation of many
miniaturized autonomous devices with significant interest to future USAF needs.

2.4 ALD Growth of TiO,

TiO, films were deposited in a Savannah S100 ALD system (Cambridge NanoTech, Cambridge, USA)
using tetrakis-dimethylamino titanium TDMAT (Strem Chemicals) and H,O as precursors at 200 °C.
High purity (99.9995%) N, was used as the carrier gas and typically 20 sccm of N, was used during
deposition. The TiO, film deposition was carried out in the exposure mode using the stop valve feature of
the equipment allowing higher diffusion time of precursor gas over the high aspect ratio nano-
pores/wires. TDMAT was pulsed for 0.2 s with 10 — 15 s purge (wait) time and H,O was pulsed for 0.01
s with 5 — 8 s purge time in stop valve mode. The N, flow was reduced to 5 — 10 sccm during the stop
valve mode to avoid overpressure limit. After each pulse of the precursor the stop valve is opened and the
flow is changed back to 20 sccm and a purge time of 30 — 45 sec was allowed again for the self-limiting
surface reaction as well as to remove any excessive precursors from the surface.

TiO, layers could be deposited on a variety of templates including porous anodic aluminum oxide,
aluminum oxide template-assisted electrodeposited Ni nanowires and Cu nanotubes, multi-walled carbon
nanotube (CNT) buckypapers, vertically aligned CNTSs, polystyrene sphere assemblies, polystyrene
spheres (PS) — assisted electrodeposited interconnected Ni nanospheres etc.

Polystyrene spheres: PS spheres (Thermo Scientific, 650 nm) were drop-casted from a diluted aqueous
solution (2-10%) on a circular region defined by a punched Kapton tape and dried at 50 C. Then the
sample was further heat treated at 90 C, right below its glass transition temperature. Then ALD deposition
of TiO, was carried out on the PS sample filling the hollow space in between the PS spheres and around
them. The PS spheres were then removed by annealing the sample at 500 °C for 3h (Figure 1) to obtain
interconnected hollow spheres of TiO, with tunable thickness. The diameter of the hollow spheres can be
controlled by using PS of various diameters.

3
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Figure 1. (A) Polystyrene sphere assembly with ALD deposited TiO2 layer around the
spheres. (B) Interconnected TiOz hollow spheres obtained after removing the PS template by
annealing at 500 C for 3 h.

Aluminum oxide templates: Nanoporous aluminum oxide templates were used to deposit TiO,
nanostructures through conformal deposition along the walls of the template by ALD. The nanopores fill
uniformly on the walls of high-aspect ratio features resulting in TiO, nanotubes with tunable thickness as
well as length. The thickness of the TiO, nanotubes can be precisely controlled at nanometer level with
the number of ALD cycles and the length of the nanotubes through the anodization time. Conformal
deposition could also be achieved in alumina templates with either only one end open or through-hole
membranes. Figure 2 and 3 show SEM images of TiO, nanotubes grown on respective templates, after
etching the aluminum oxide templates in NaOH solution. The ALD deposited nanotubes seem to be far
denser than their sol-gel counterparts. This leads to the top-down etching of aluminum oxide template in
ALD TiO, deposits on aluminum oxide templates rather than through pore-widening as in the case of sol-
gel derived TiO, nanotubes. The dense ALD TiO, layer should help reduce grain boundaries resulting in
reduced resistance to electronic conduction. Figure 4 shows their TEM images confirming conformal
deposition in the high-aspect ratio nanopores. EDS spectra and selected area diffraction further confirmed
the TiO, elemental composition and crystal phase, respectively. Grain structure of thinner as-deposited (<
8 nm) and thicker ( > 20 nm) annealed TiO, nanotubes are shown in Figure 5 and 6, respectively. The as-

deposited tubes have relatively large grain structures. The figures also further confirm dense pinhole-free
deposits by ALD.

Carbon nanotubes: MWCNT buckypapers and vertically aligned carbon nanotubes (VACNT) have also
been successfully used as templates to grow TiO, nanotubes by ALD. TiO, deposits seem to grow layer-
by-layer on carbon nanotube surfaces, as observed by SEM and TEM. These templates have been
extensively used for ALD deposition of SnOx and also for Li-Ti-O system (section 3).

4
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Figure 2. ALD TiO, deposited onto anodic aluminum oxide template (one end closed) after
template removal by etching in 1M NaOH. The open end of the pores lead to
interconnected tubes (d) and the closed end of the pore lead to closed nanotubes (b,c).

0 mm

Figure 3. ALD TiO; deposited in commercial porous anodic aluminum oxide membranes
(Anodisc 13) with open ends. After removing the deposit on one side with fine sand paper
and etching the template with 1M NaOH the TiO; nanotubes are revealed as shown above.

5
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Figure 4. TEM bright field images of thin ~ 7nm (a, b) and thick ~25 nm (¢) TiO2
nanotubes deposited in aluminum oxide templates.

Figure 5. TEM dark field and bright field images showing grain structure of thin (~5 nm)
as-deposited ALD TiO; nanotubes grown in aluminum oxide template.

Figure 6. TEM dark field and bright field images showing grain structure of thick (~25 nm)
annealed ALD TiO; nanotubes grown in aluminum oxide template.

6
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Metal nanowires: Nickel nanowires have been deposited using aluminum oxide templates. The process
for Ni nanowire growth and subsequent ALD TiO, deposition is discussed in detail in the following
section. In a similar fashion, copper nanowires and also copper nanotubes (figure 7) have been
electrodeposited as 3D current collectors. The nanotubes could be grown by suppressing the Cu
electrodeposition in the pores using PEG and using relatively slow electrodeposition rates. ALD TiO, has
been successfully deposited as conformal layers on these 3D metal nanostructure arrays.

Crystal structure of the ALD deposited TiO, nanotubes were studied using XRD. The as-deposited TiO,
film on glass, CNTs and aluminum oxide membranes are amorphous, where as that on Ni nanowires are
already crystallized to the anatase phase of TiO,. However, post ALD thermal annealing could yield the
desired anatase or rutile phase of TiO, on any of the templates.

spot, WD i

Figure 7. Electrodeposited Cu nanotubes grown using PEG as a growth suppressor to yield
nanotubular growth in nanoporous aluminum oxide template.

2.5 TiO, Coated Ni Nanowire Arrays as Li-ion Battery Anodes

Electrodeposited Ni nanowire arrays: Ni nanowires were obtained by through-hole electrodeposition of Ni
in porous anodic aluminum oxide membranes PAAMs (Whatman Anodisc 13, 60 um thick, average pore
diameter 200nm). The PAAMSs were coated on one side with a Ni or Cu thin film by evaporation. A
thicker Ni film (>10 um) was then electrodeposited onto the evaporated film to provide a sturdy support.
The pores were then filled with Ni nanowires by potentiostatic electrodeposition in a Watts bath using a
PAR EG&G 263A potentiostat. Ni nanowire-filled PAAMSs were thoroughly rinsed in deionized (DI)
water and dried using a stream of N, gas. The aluminum oxide template was etched away using 1 M
NaOH solution. The samples were then thoroughly rinsed in DI water and dried in a stream of N, gas or
using supercritical drying with a liquid CO, critical point drier (CPD 7501, Fisons Instruments). About
30 um long Ni nanowires were electrodeposited into the pores of aluminum oxide template for this study.
The diameter of the Ni nanowires was in the range 200 — 300 nm. Figure 8 a and b show the SEM images
of as prepared Ni nanowires on the Ni film support. These vertically aligned Ni nanowire arrays served as
the 3D nanoarchitectured current collectors.

TiO, deposition by ALD: The Ni nanowire substrates were dried in a vacuum oven at 160 °C and their
mass was measured with a 6-digit balance before and after TiO, deposition. To make sure ALD TiO, does
not deposit on the bottom side of the Ni support film, the sample was gently pressed on to a Kapton tape,
with the Ni film in contact with the tape. The TiO, film deposition was carried out in the exposure mode
using the stop valve feature of the equipment allowing higher diffusion time of precursor gas over the
high aspect ratio Ni nanowire arrays.
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Figure 8. Cross-section and top-view of electrodeposited Ni nanowire arrays, as 3D current
collectors for Li-ion battery electrodes.

Figure 9 shows SEM images of Ni nanowires after 500 ALD cycles of TiO, deposition. In Figure 9a, the
top view of the nanowire array, the contour around the nanowire shows an impression of the ALD TiO,
layer on nanowires. Both the top-view and the cross-sectional view (Figure 9b) SEM images of the
sample indicate the TiO, deposited nanowires are well separated to allow the electrolyte diffusion in an
electrochemical cell. Figure 9c shows a zoomed cross-sectional view of the TiO, coated Ni nanowires
where an impression of the conformal TiO, layer along the length of the nanowire could be noticed.
Further confirmation of conformal TiO, deposition all around the Ni nanowire can be seen in Figure 9d-f.
Since the cross-sectional sample was prepared by cutting the sample with a pair of scissors, some
nanowires are stretched or bent. The metallic Ni nanowire is malleable and easily stretched or bent.
However, the TiO, layer is fractured in the process. Some of these stretched (Figure 9d) and bent (Figure
9e & f) nanowires clearly show the conformal deposition of ALD TiO..

Figure 9. TiO; deposited by ALD (~20 nm) on Ni Nanowires.
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TEM studies were carried out to further confirm the conformal deposition of TiO, on Ni hanowires and to
investigate their crystal structure and local elemental composition. Figure 10a shows a representative
bright field TEM image of a Ni nanowire coated with 500 ALD cycles of TiO, and annealed in Argon at
450°C for 2 h. TEM confirms conformal growth of TiO, all over the Ni nanowires as shown in the figure
with a representative image. The thickness of the TiO, layer on Ni nanowires is 20 £ 2 nm for 500 ALD
cycles, implying the deposition rate to be about 0.04 nm per cycle. EDS spectra were collected in TEM
for qualitative examination of elemental composition. Figure 10b shows a representative EDS spectra
collected primarily from the ALD layer with the aperture focused on it. EDS confirms TiOx deposition
showing Ti and O peaks, along with Ni peaks from the core nanowire. To determine the crystallinity of
the TiOx layer, selected area diffraction (SAD) in TEM was performed. Figure 10c shows a SAD pattern
collected using the smallest spot size focused mostly on the TiOx layer. The SAD pattern shows the
signature of a polycrystalline deposit and the broken lines are due to the fact that only a few grains were
covered in the SAD aperture. The lattice spacing, d-values, estimated from the diameter of the rings are
noted on the image. Comparing to the standard data the ALD deposits seem to be primarily anatase TiO,
(JCPDS PDF#21-1272) with a possible brookite fraction owing to the estimated d-value for the second
innermost ring 2.95 which could be d121 of brookite TiO, (JCPDS PDF#29-1360).

Counts

100 nm

K-ray Energy (keV)

Figure 10. TEM bright field image confirming conformal growth of TiO; on Ni nanowires
(top left). EDS spectra confirms elemental composition of the ALD TiO; layer. Selected
area diffraction shows the deposit to be anatase TiO, with a possible brookite fraction
owing to the ring corresponding to d = 2.95 angstroms.

The crystal structure of the as-deposited and annealed ALD TiO, films on Ni nanowires were examined
by XRD. Figure 11 shows X-ray diffractograms collected for (a) a bare Ni nanowire array substrate prior
to TiO, deposition, (b) an as-deposited ALD TiO; film on Ni nanowires and (c) an ALD TiO, coated Ni
nanowire sample annealed at 450 C for 2h in Ar. The samples were mounted on a small piece of glass
slide using double sided scotch tape for XRD measurements. Hence an amorphous hump seen at lower
angle is likely due to the glass slide. X-ray diffractogram for the as-deposited ALD TiO, coating on Ni
nanowires shows the signature of an anatase phase, although an amorphous fraction in the deposit seems
likely. In order to increase the crystalline phase fraction in the TiO, coating and also to remove any
remnant precursor compounds in the deposit, the as-deposited sample was annealed at 450°C for 2h in
Argon flow. XRD of annealed sample shows an increase in peak intensities indicating further enhancing
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anatase phase formation. This might also indicate presence of an amorphous fraction in the as-deposited
ALD TiO, coating. The appearance of a peak at 30.9° in the XRD spectrum for the annealed sample with
a d-value 0.29 nm indicates a small Brookite phase in the TiO, coating (JCPDS PDF#29-1360), which
can be ascribed to the (121) plane. The XRD data is in agreement with TEM results confirming mostly
anatase phase of the ALD TiO, coating.
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Figure 11. X-ray diffractograms of Ni nanowire substrate, as-deposited ALD TiO; on Ni
nanowires and annealed ALD TiO, on Ni nanowires.

Electrochemical characterization was carried out in an argon filled glove box with a two-electrode
Swagelok® test cell using a Maccor 4300 battery testing system. Electrochemical half-cells were
assembled using the TiO, coated Ni nanowire arrays (working electrode) and Li foil (counter electrode)
separated by two layers of porous polypropylene membrane (Celgrad® 2400) separators soaked in a
liquid electrolyte solution containing 1.0 M lithium hexafluorophosphate (LiPFg) in 1:1 ethylene
carbonate (EC)/diethyl carbonate (DEC) solution. The charge-discharge profiles for the 1st, 2nd, 5th, 10th
and 20th cycles at a scan rate of 16.5 mA/g (constant current) are shown in Figure 12a. There is a large
irreversible capacity observed between the 1st and 2nd discharge. This is believed to be due to the
presence of remnant moistures in the electrode or reduction of the oxidized Ni current collectors. The
discharge capacity after second cycle seems to stabilize well for a value of about 180 mAh/g. The
discharge capacity is always a little higher than that for the corresponding charge cycle. This could mean
some of the intercalated Li ions are lost to some irreversible process and not released during the de-
insertion (charge) process. There is a marginal increase in charge capacity from 1st to 20th cycle
indicating the process is stabilizing. The discharge curve shows a plateau at a potential between 1.7 — 1.8
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V. This plateau has been ascribed to Li insertion potential for anatase TiO,. However, this does not
constitute for the entire discharge process. There is also a significant fraction of the discharge capacity
owing to the gradual solid-solution like process indicating presence of amorphous fraction in the ALD
TiO, coating in the sample. This amorphous phase might be contributing to the difference in charge and
discharge capacities. Figure 12b shows the comparison of the areal capacities of the ALD TiO, on 3D
nanowire array electrode and a 2D thin film. There is about 2 orders of magnitude increase in the areal

capacities making these 3D electrodes suitable for microbatteries.

Figure 13 shows TEM studies on an electrochemically cycled ALD TiO2 coated Ni nanowire sample. The
bright and dark field images show the film the TiO, layer to be stable after 20 cycles. Selected area
diffraction is not able to discern any significant crystal structure change after 20 cycles of charge-
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Figure 12. (A) Charge-discharge profiles of ALD TiO; layer coated Ni nanowires electrodes
annealed at 450°C in Argon for 2 hours. (B) Comparative areal capacity of 3D TiO, coated

Ni nanowires and 2D TiO2 film electrodes.
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Fig 13. TEM bright field, dark field and selected area diffraction of ALD TiO; coated Ni

nanowire after 20 cycles of galvanostatic electrochemical charge-discharge.
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2.6 Solid Electrolyte Films by ALD

All-solid-state batteries have definitive advantages over their liquid electrolyte counterparts in safety,
miniaturization and several applications including USAF interest-specific high altitude applications. 3D
nanoelectrodes as discussed earlier could heavily benefit by use of conformal solid electrolyte layer on
the 3D electrode architecture in designing 3D microbatteries. With this motivation we plan to grow
ceramic Li-La-Ti-O as a possible solid electrolyte materials as it can have ionic conductivity values up to
1.0 x 10-3 S cm™ [6]. Before growing the ternary system we first attempted to grow the binary Li-Ti-Ox
film by ALD. We used the recipe for TiOx and a similar recipe for LiOx using water as a precursor and
cycled alternately to deposit LiOx/TiOx bilayer system repeating for the desired thickness. To verify their
crystal phase we carried out XRD studies. We observed the as-deposited film on buckypaper to be
amorphous. After annealing at 550°C for about 3 hours the deposits still retain their CNT-like tubular
shape. XRD showed the coexistence of two distinct phases — an anatase TiO, and a LisTisOy, phase.
Subsequent annealing at 800°C resulted in a mostly rutile TiO, phase in combination with a Li;TisO1,
phase. However, such high temperature annealing in air leads to complete removal of carbon nanotubes
and grain growth. X-ray diffractograms of the annealed samples are shown in Figure 14. Figure 15 shows
SEM images of the as-deposited and annealed LiOx/TiOx films on Buckypaper. Such phase formation of
TiO, and LisTisO1, has also been recently reported for sol-gel derived nanopowders from LiO, and TiO,
powders (Mohammadi, Fray, J. Sol-Gel Sci Tech 55, 19 (2010)). An as-deposited LiOx/TiOx sample on
Ni nanowires was cycled in electrochemical workstation. The charge discharge curves are shown in
Figure 16. It does not show a crystalline phase specific plateau at any voltage rather constant formation of
solid solution as Li-insertion proceeds. During the first 10 cycles the charge and discharge capacities
show excellent stability. We are proceeding to deposit Li-La-Ti-O system by ALD soon.
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Figure 14. X-ray diffractograms of LiOx/TiOx deposited on MWCNT buckypapers by
ALD after annealing at 550°C for 3h (red) and 800°C for 4h (black).
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Figure 15. As-deposited (top) and annealed (bottom) LiOx/TiOx multilayers grown by
ALD on MWCNT buckypaper.
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Figure 16. Electrochemical charge-discharge profiles and capacity values as a function of
cycle number for LiOx/TiOx ALD deposits on Ni nanowire array electrode.
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3 ARCHITECTURAL CONTROL OF NANOMATERIALS FOR STRUCTURAL
BATTERIES

3.1 Research Objectives

The research described in this report is focused on developing the fabrication methodologies needed to
create complex structures for use in 3D nanostructured batteries and establishing structure-property
relationships correlating materials and device structure to electrical and mechanical performance. The
aim of the research is to elucidate a fundamental understanding of the role of materials architecture on
device performance and to explore the utility of hierarchical nanostructures for 3D battery applications.

3.2 Summary and Forecast for Future

Despite the fact that nanostructuring of battery electrodes can increase battery power density, the 2D
planar design fundamentally limits the amount of energy that can be stored and power that can be
delivered per unit area, mass, and volume. 3D battery architectures exploit the advantages of nano
structuring, while potentially decreasing the areal foot print of a 2D design. In this task, we are pursuing
a variety of potential three-dimensional designs that are generally composed of a 3D matrix of the
electrodes (periodic or aperiodic) in order to maximize the number of interfaces and thus interfacial
reactions in the battery. Although transport between the electrodes remains 1D, the additional interfaces
that are interpenetrated in the 3D network offer major gains in the areal footprint, while the 3D design
minimizes transport distances between and in the electrodes which can result in higher power densities.
Here, we are developing the fabrication and processing methodologies for battery electrodes that can be
implemented to coat 3D architectures with micron and nanosized features. Atomic layer deposition
(ALD) is a gas phase self limiting growth technique that allows for uniform, conformal growth of thin
films on 3D structures using sequential surface reactions. We have developed a low temperature ALD
(LT-ALD) process in order to deposit conformal and uniform films of amorphous SnOx on CNTs and a
high temperature (HT-ALD) process to deposit nano particles of Sn and SnO. We have carried out
morphological and electrochemical analysis to provide a detailed understanding of the complex
architecture of the hybrid electrodes and how this relates to their device performance. We have
demonstrated the capability to create distinctly different forms of the hybrid SnOx—carbon anode material
— either nanoparticles attached directly to the carbon nanotubes or as a conformal coating. The measured
specific capacities of the SnOx-Buckypaper composites are quite high and are considerably higher than
graphite itself. Importantly, for small particle sizes, the specific capacity was shown to be greater than the
theoretical capacity for Sn (Li,4Sn, 993 mAh/g) which suggests that nanosized particles of Sn have a
larger solid solution range with lithium than bulk Sn particles. This observation could have important
implications for designing even higher energy density systems. Furthermore, the area-specific capacity
was shown to be >8 mAh/cm?, which is over one order-of-magnitude higher than for thin film SnO,
electrodes (0.2-0.8 mAh/cm?). This is a result of the thickness and high degree of surface area within the
nanocomposite electrode film. It should be noted that the ability to achieve high areal capacities is a
major goal for developing 3D electrodes and batteries. Besides showing the enhanced electrochemical
performance that can be achieved by nanosizing electrode materials, these results demonstrate the
importance of having free volume available when using high capacity anodes, which has implications in
the designs of both traditional 2D and novel 3D batteries.

3.3 Task Introduction
First generation Li-ion batteries are based on a 2D planar design containing electrodes (a LiCoO, cathode

and graphite anode) with micron and millimeter sized particles and a non-aqueous liquid electrolyte
trapped within millimeter sized pores of a polypropylene separator.[1] These batteries are low power
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devices because of the low intrinsic diffusivity of Li ions through the solid state electrodes. However, by
decreasing particle size and nano structuring the electrodes, the rate of Li-ion insertion/removal can be
increased because of the shorter Li-ion transport distances within the particles.[7] Correspondingly,
electron transport can also be enhanced because of shorter electron transport distances.[7] The high
surface area of nanoparticles also permits high contact area with the electrolyte and hence a higher
lithium-ion flux across the interface compared to lower aspect ratio electrodes. Therefore, decreasing
particle dimensions can increase the power density of Li ion batteries. [1]

Besides improved ion and electron transport, nano sized particles have several other advantages. They
can undergo reactions that cannot take place in micron sized materials. For example, mesoporous f3-
MnO, can undergo reversible Li intercalation and maintain the rutile structure, while Li cannot
electrochemically intercalate into micron sized B-MnQ, 3 For very small particles, the chemical potentials
for Li ions and electrons may be modified, resulting in a change of the electrode potential. [9] The range
of compositions over which solid solutions exist is often wider in nanoparticles, [10] and the strain
associated with intercalation is also better accommodated in nano materials. [1]

Even though nano structuring electrodes can increase battery power density, the 2D planar design
fundamentally limits the amount of energy that can be stored and power that can be delivered per unit
area, mass, and volume. However, 3D battery architectures exploit the advantages of nano structuring,
while decreasing the areal foot print of a 2D design. Three-dimensional designs are generally composed
of a 3D matrix of the electrodes (periodic or aperiodic) to maximize the number of interfaces and thus
interfacial reactions in the battery. [11] Although transport between the electrodes remains 1-D, the
additional interfaces that are interpenetrated in the 3D network offer major gains in the areal footprint,
while the 3D design minimizes transport distances between and in the electrodes which can result in
higher power densities. [12]

Additionally, a completely solid state 3D design will allow for the replacement of highly volatile and
flammable liquid electrolytes with a solid electrolyte. Liquid electrolytes are generally used in
conventional batteries because of their inherently higher Li ion conductivity than their solid counterparts.
However, the difference in the ionic conductivity can be mitigated in a 3D design by the shorter transport
distances between electrodes and increased number of interfaces within the 3D network. Therefore,
besides providing gains in energy and power density, solid state 3D architectures can improve safety and
prevent the risk of electrolyte leakage.

3.4 Low Temperature ALD of SnOx

Although 3D architectures are promising for improving battery performance, the challenge is building a
3D electrode network that contains a fully interconnected pore structure, and then conformally coating the
walls of this structure with an electrolyte, while still allowing enough open void space to add the second
electrode (cathode or anode). The void volume determines the internal architecture of the cell and is the
most important design component for further structural modifications. Therefore, the fabrication of 3D
electrodes and batteries is dependent on developing processing techniques that can be implemented to
coat 3D architectures with micron and nanosized features.

Atomic layer deposition (ALD) is a gas phase self limiting growth technique that allows for uniform,
conformal growth of thin films on 3D structures using sequential surface reactions. We have developed a
low temperature ALD (LT-ALD) process in order to deposit conformal and uniform films of amorphous
SnOx on CNTSs and a high temperature (HT-ALD) process to deposit nano particles of Sn and SnO.
Tetrakis(dimethyl)amino tin (TDMASN) was used as the tin precursor in order to avoid corrosive
halogenated precursors like SnCl, and Snl,, as well as, to prevent the formation of halogen impurities in
the deposit.
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The low temperature SnOx ALD process deposits conformal uniform films on the surface multiwalled
carbon nanotubes (MW-CNTSs). Figure 17 shows representative TEM images of MW-CNTs after 100
and 300 TDMASN-H,0 ALD cycles. After 100 ALD cycles, a ~4 nm thick layer has been deposited on
the surface of the carbon nano tubes (Figure 17A). The initial growth rate on the tubes during the first
100 cycles is ~0.4 A/cycle. After 100 cycles, the growth rate increases to ~0.7 A/cycle. The SnOx
growth rate is initially slower because of the limited reactivity of the carbon sp2 surface of the MW-
CNTS. Therefore, several exposures of water and TDMASN are required to initiate SnOx growth on the
CNTs. Figure 17B displays a TEM image of a MW-CNT after 300 ALD cycles. The tubes are
conformally coated with an ~18.5 nm thick SnOx coating.

Figure 17. TEM images of (a) CNT coated with 100 LT-ALD cycles of SnO, and (b) CNT
coated with 300 LT-ALD cycles of SnO,.

X-ray diffraction (XRD) patterns of MW-CNTs and as deposited SnOx on MW-CNTs are shown in
Figure 18. The MW-CNTSs show a major peak at 26.4° consistent with the graphite (002) peak. Two
smaller peaks are observed at 44° and 54.5° which correspond to the graphite (100) and (004) peaks. The
decreasing intensity of the graphite peaks with greater number of ALD cycles is caused by the increase in
thickness of SnOx on the MW-CNTs. The as deposited SnOx is amorphous and shows two broad peaks
at 31° and 55°. Annealing the amorphous SnOx / CNT samples in air converts the amorphous SnOXx to
SnO2. Figure 19 shows an XRD pattern of SnOx coated CNTs after being annealed for 2 hours at 400°C.
All of the peaks can be indexed to tetragonal SnO,, PDF# 77-0450.
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Figure 18. XRD patterns of CNTs, CNTs coated with 100 LT-ALD SnOx cycles, and CNTs
coated with 300 LT-ALD SnOx cycles.
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Figure 19. XRD patterns of LT-ALD as deposited SnO, on CNTs and annealed SnOy on
CNTs.
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3.5 High Temperature ALD of SnOx

A high temperature SnOx ALD (HT-ALD) process was developed in order to deposit nanoparticles of
SnOx on 3D architectures. Tin undergoes a large volume expansion (>300%) during lithiation which can
lead to pulverization. By dispersing SnOx nanoparticles on CNTSs rather than depositing a conformal
layer or micron sized particles, the SnOx can be fully lithiated without volume constraints. The
nanoparticles can then expand into the open volume during lithiation without fracturing. Also, nanosizing
SnOx can reduce the volumetric stresses within individual particles caused by lithiation.

Figure 20 shows representative top views of MW-CNT Buckypaper before SnOx deposition and after 50,
100, 300, and 500 TDMASN-H,0 ALD cycles. The SnOx ALD process initially deposited nanoparticles
of Sn and SnO on the surface of the MW-CNT Buckypaper. Increasing the number of ALD cycles led to
agglomeration of the particles and eventually conformal coverage on the top surface of the MW-CNT
Buckypaper.

Figure 20a shows the Buckypaper which is composed of highly entwined MW-CNTSs that range in
diameter from 10 to 30 nm. Although the CNTS are densely packed, nanometer sized pores up to 100 nm
wide can be observed in the 120 micron thick paper. Coating the Buckypaper with 50 ALD cycles
(Figure 20b) resulted in 20 nm SnOx particles well dispersed on the surface of the Buckypaper. After 100
ALD cycles, the 20 nm SnOx particles are still present but are more densely packed and larger
agglomerates have begun to form (Figure 20c).

Figure 20. SEM images of (a) MW-CNT Buckypaper and SnOy coated Buckypaper after
(b) 50, (c) 100, (d) 300, () S00 TDMASN-H,O HT-ALD cycles.
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Increasing the number of TDMASN-H,O ALD cycles increases the agglomeration and particle size.
Buckypaper coated with 300 ALD cycles begins to show evidence of conformal deposition of SnOx on
the tubes and large (>100nm) agglomerate formation. Buckypaper with 500 ALD cycles can be seen in
Figure 20e. A nearly complete conformal coating of SnOx has formed on the surface of the Buckypaper
CNTs. The nanoparticles have grown into large agglomerates that coat the entire length and diameter of
the tubes.

X-ray diffraction patterns of MW-CNT Buckypaper and as deposited SnOx on Buckypaper are shown in
Figure 21a. The decreasing intensity of the graphite peaks with greater number of ALD cycles is caused
by the increased surface coverage of the MW-CNTs with SnOx. Consistent with the SEM images after
50 ALD cycles the majority of the surface of the CNTs is not covered with SnOx, while after 500 ALD
cycles the tubes are essentially conformally coated on the top surface. The as deposited SnOx XRD
patterns contain a mixture of Sn and SnO. All of the peaks were indexed to Sn (JCPDS PDF No. 04-
0673) and SnO (JCPDS PDF No. 04-0673). The Sn:SnO ratio was dependent on the number of ALD
cycles. Increasing the number of ALD cycles increased the relative amount of SnO to Sn.

SnO
10000 - a - . Sn
#  Graphite
8000- LVJU', l'u_J i

o

4000 o’ \

[o1]
[=]
(=}
(=]

Intensity

20
300+
b Sn
250
200+
- 1
E 150—(
= Sn
=
= 100
504 |lo Sn
Sn
U l'. "Wd !
0 1 2 3 4 5 6 7 8

Energy (keV)

Figure 21. (a) XRD patterns of Buckypaper and SnOy deposited on Buckypaper after (b)
50, (¢) 100, (d) 300, (e) 500 TDMASN-H,0 HT-ALD cycles (b) a representative EDX
spectra of Buckypaper coated with 300 SnO HT-ALD cycles.
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Interestingly, there was no evidence of the presence of SnO; in the as deposited sample. Meng et al.
recently reported depositing SnO, on nitrogen doped CNTs by ALD using a different tin precursor, SnCl,.
[13] The authors reported depositions performed at 200 and 300°C led to the growth of SnO,. However,
there is no evidence of SnO, present after our 250°C ALD process. The difference in phase formation
can likely be explained by the different tin precursors and different growth conditions. Also, Meng et al.
reported the presence of chloride in there as deposited SnO,, [13] which is not surprising because of the
chloride precursor. However, a representative EDX spectrum displayed in figure 21b of SnOx coated
Buckypaper after 300 HT-ALD cycles shows no presence of impurities when TDMASH is used as the tin
precursor.

The SnOx deposition is the most concentrated on the top surface of the Buckypaper; however, particles
also grew uniformly throughout the inside of the Buckypaper. Figure 22 displays representative cross
sectional SEM images from the middle of the SnOx ALD coated Buckypaper after 100 and 500 HT-ALD
cycles. Despite the close packing of the tubes and the resulting limited porosity, the TDMASH and water
penetrate all the way through the Buckypaper resulting in regularly dispersed SnOx nanoparticles.
Initially, ~10 - 20nm particles form that are largely isolated from each other. With more cycles, the
particles become more concentrated along the CNTs. Even after 500 TDMASNh — H20 ALD cycles, the
deposits are primarily ~20nm particles. Larger agglomerates (~50 nm) have formed, but are significantly
smaller than the agglomerates on the surface (Figure 4d and 4e). The SnOx nanoparticle deposition
throughout the Buckypaper demonstrates that the ALD process developed is an effective method for
coating 3D structures with SnOx nanoparticles. The nanoparticles are evenly dispersed throughout a
highly tortuous 3D structure with limited porosity that is over 120 microns thick.

100 HT-ALD

500 HIALD

Figure 22. Cross sectional SEM images of SnOy coated Buckypaper after 100 and 500 HT-
ALD cycles.
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Annealing the amorphous SnOx coated MW-CNT Buckypaper converts the SnO and Sn particles to
SnO,. Figure 23 shows an XRD pattern of SnOx coated CNTs before and after being annealed for 2
hours at 400°C. All of the peaks after annealing can be indexed to SnO,, PDF# 29-1484, which has an
orthorhombic unit cell. It should be noted that the low and high temperature ALD processes both result in
the formation of SnO, after annealing; however, they also result in different SnO, crystal structures.
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Figure 23. XRD patterns of Buckypaper, HT-ALD as deposited SnO, on Buckypaper, and
HT-ALD annealed SnOy on Buckypaper.

3.6 SnOx Nanoparticle Coated Buckypaper 3D Electrodes

Next generation Li ion batteries require higher storage capacities and increased energy densities.
Traditional anodes like graphite are limited by their theoretical maximum specific capacity (372 mAh/qg)
as well as slow Li insertion rate which correspondingly limit battery energy and power densities. Metals
and Metal oxides such as Sn and SnO, have higher specific capacities (993 and 782 mAh/g) compared to
carbon and have shown improved rate capabilities as hybrid (SnOx — C composites) anodes. However,
Sn and SnO, have been limited by their large volume changes during Li alloying that leads to
pulverization, and they have not been implemented into 3D electrodes.

Recently, it has been shown that nanosizing SnOx can lead to improved cycling performance in SnOx-C
hybrid anodes. [14-19] Additionally, Buckypaper provides an effective 3D scaffold that we have
demonstrated can be coated with high capacity SnOx nanoparticles. Therefore, the SnOx nanoparticle —
Buckypaper composites were investigated as anodes for Li ion batteries. Buckypaper and SnOx-
Buckypaper composites were tested in a half cell design against lithium as the counter electrode without
the addition of additives such as other forms of carbon or polymer binders. The lithium
insertion/extraction was performed at a current density of 25 mA/g in the voltage range of 0.005 to 2.0V.

The initial discharge capacities were very high for all samples and can be explained by the irreversible
decomposition of the electrolyte and formation of a solid electrolyte interface (SEI) layer on the surface
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of the CNTs. Charge-discharge curves of uncoated Buckypaper and Buckypaper coated with 300 SnOx
HT-ALD cycles are shown in Figure 24. The second, fifth, tenth, and fifteenth charge and discharge
capacity curves for Buckypaper is shown in Figure 24a and the corresponding curves for the 300 SnOx
ALD - Buckypaper sample are shown in Figure 24b. The uncoated Buckypaper sample had a discharge
capacity of 225 during the second discharge cycle which faded and stabilized at 175 mAh/g. The 300
SnOx ALD — Buckypaper had a discharge capacity of ~690 mAh/g during the second discharge cycle
which faded to 575 mAh/g by the fifteenth discharge cycle. The 300 SnOx ALD - Buckypaper discharge
curves showed two major plateaus at ~0.7V and ~0.4V which is expected for the lithiation of tin.[20] The
plateaus are not observed in the uncoated Buckypaper electrode and confirms that the high capacity of the
SnOx ALD coated electrodes is due to the presence of tin.
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Figure 24. (a) Charge-discharge curves of Buckypaper and (b) charge-discharge curves of
Buckypaper coated with 300 SnO, HT-ALD cycles cycled against Li.

The specific discharge capacities of the non-coated Buckypaper and SnOx-Buckypaper composites with
different number of HT-ALD cycles are shown in Figure 25a. It is important to note that the capacities
were calculated based on the total mass of the Buckypaper and SnOx, and there were no additives such as
polymer binders (i.e. PVDF) or conductive carbon added to the electrodes. All of the SnOx coated
Buckypaper composites have significantly higher capacities than the uncoated Buckypaper. Increasing
the Sn loading in the samples increases the capacity because Sn has a higher maximum theoretical
capacity than carbon. However, after ~300 ALD cycles the capacity begins to plateau which is a result of
the saturation of the Buckypaper with SnOx. Within the Buckypaper there is limited remaining uncoated
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surface area on the CNTs after 300 HT-SnOx cycles; therefore, a thicker deposit begins forming on the
surface (Figure 20e) and the capacity plateaus.

The specific capacity of the SnOx-Buckypaper composites are quite high and are considerably higher than
graphite (theoretical capacity 372 mAh/g). The composite anodes faded at a rate of ~2% per cycle, which
is significantly slower than the fading reported for SnO2-C bulk powders. The fade rate could also be
decreased by decreasing the charge and discharge rates.

The specific capacity of the SnOx component of the hybrid anodes was also calculated and is displayed in
figure 25b. The specific capacity of the Buckypaper was subtracted from the SnOx-Buckypaper
composite electrodes and then the specific capacity was recalculated using the mass of the SnOx deposit.
Based on the specific capacity of the SnOx component, the SnOx in the 50 SnOx HT-ALD coated
Buckypaper had the highest specific capacity. The 50 ShOx HT-ALD coated Buckypaper is comprised of
small isolated particles on the surface which allow for all of the Sn to participate in the lithiation process.
The specific capacity is also greater than the theoretical capacity for Sn (Lis4Sn, 993 mAh/g) which
suggests that nanosized particles of Sn have a larger solid solution range with lithium than bulk Sn
particles. Increasing the number of ALD cycles causes the particle size to increase as well as
agglomeration. The SnOx in the 500 SnOx HT-ALD coated Buckypaper has the largest particles and
contains the most agglomerates. It also has the lowest capacity. The capacity is less than the theoretical
capacities of Sn and SnO (884 mAh/g). The lower capacities indicate that SnOx in the 500 ShOx HT-
ALD Buckypaper electrode is behaving like a bulk powder, which is consistent with the larger particle
size. The lower than theoretical capacity values also suggests that fracturing occurs in the first charge-
discharge cycles and all of the Sn is not being fully lithiated during discharging.
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The areal charge-discharge capacities for the 300 SnOx HT-ALD cycle Buckypaper composite is shown
in Figure 26. The areal capacity is >8 mAh/cm2, which is over a magnitude higher capacity than thin
film SnO; electrodes (0.2-0.8 mAh/cm2). [21-22] The high areal capacity is a result of the thickness and
large amount of surface area within the Buckypaper that has been coated with ShOx nanoparticles. The
ability to achieve high areal capacities is a major goal for developing 3D electrodes and batteries. Figure
26 shows that 3D electrodes can attain high areal capacities, while also demonstrating the utility of the
SnOx ALD process we have developed for coating complex 3D structures.
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Figure 26. Areal charge and discharge capacities of Buckypaper coated with 300 SnO, HT-
ALD cycles.

3.7 Electrochemical Performance of Conformal Growth vs. Nanoparticles

High volume expansion anode materials have been reported to have improved electrochemical properties
when they are nanosized. Although improved electrochemical performance has been reported, there are
no reports on the difference in performance comparing conformal coverage of nanometer thick thin films
and disperse nano particle. Therefore, we investigated the performance of SnOx on MW-CNT
Buckypaper samples that were conformally coated with SnOx (LT-ALD) and coated with SnOx
nanoparticles (HT-ALD). The difference in coating resulted in dramatically different results when cycled
against lithium. The SnOx-Buckypaper composites were cycled as deposited. Therefore, the composites
consisted of Buckypaper was a conformal coating of amorphous SnOx and Buckypaper coated with Sn
and SnO nanoparticles. Figure 27 shows top down SEM images of SnOx coated Buckypaper prepared
using the LT-ALD and HT-ALD processes. The deposit is the most concentrated on the top surface.
However, the MW-CNTs are deposited throughout the 120 um thick paper.

Figure 28 displays the discharge capacities and coulombic efficiencies of Buckypaper coated with 100
SnOx ALD cycles. The first cycle for both electrodes was high owing to the formation of the irreversible
SEI layer. Disregarding the capacity of the first cycle, the capacity of the nanoparticle Buckypaper
electrode faded at a rate of ~2% and the coulombic efficiency was maintained around 90%. The initial
discharge capacity was ~600 mAh/g and after the 20th cycle the capacity was still >400 mAh/g.
However, the capacity of the conformally coated sample decreased at a significantly faster rate. The
second discharge capacity was only 500 mAh/g and by the 10th cycle the capacity was below 200 mAh/g.
The lower capacity of the conformally coated MW-CNT paper is due to the large volume changes during
cycling. There is limited free volume in the conformally coated SnOx-Buckypaper electrode. Therefore,
when the SnOx expands during lithiation, the conformal coating fractures. Particles that are fractured
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come unattached from the CNTs and no longer participate in lithiation. After several cycles, very little of
the SnOx is still in contact with the CNTSs and still participating in the lithiation process. The discharge
capacity of the conformally coated samples is ~200 mAh/g after ten charge-discharge cycles, which is the
same as the uncoated Buckypaper in Figure 25A. Thus, confirming that the SnOx is no longer
contributing significantly to the capacity.

Figure 27. (a) LT-ALD of SnOy on Buckypaper (b) HT-ALD of SnOy on Buckypaper.
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Figure 28. Specific capacity and coulombic efficiency of Buckypaper coated with 100 SnOy
ALD cycles. The squares correspond with the specific capacity and the circles with the
coulombic efficiency.
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The discharge capacities of Buckypaper coated with 300 SnOx ALD cycles are shown in Figure 29. The
capacity of the 300 SnOx LT-ALD decreased at a much faster rate than the 100 SnOx-Buckypaper LT-
ALD composite. The faster rate of degradation is caused by the thicker conformal SnOx coating on the
MW-CNT Buckypaper. TEM showed that the thickness of amorphous SnOx after 100 LT-ALD cycles
was 4 nm, while after 300 LT-ALD cycles an 18.5 nm thick coating is present (Figure 17). The thicker
coating results in more rapid degradation until the paper stops cycling as an electrode. The large
expansion of the SnOx during lithiation in the limited free volume of the Buckypaper led to the
destruction of the electrode. The SnOx expanded so much that it caused the Buckypaper to break apart
and the MW-CNTs to lose electrical contact.

The SnOx nanoparticle coated Buckypaper retained their capacity significantly better than the
conformally coated SnOx-Buckypaper. The improved cycling performance of the nanoparticles
compared to the conformal coatings provides direct evidence that reducing particle size can enhance
electrochemical performance. Although the coatings were between 4 and 18.5 nm thick, the SnOx
essentially behaved as a large thin single particle that was coating the MW-CNTSs and pulverized during
cycling. Also, the cycling performance of the conformally coated Buckypaper was poor because the
anode needs to be able to expand in three dimensions during the lithiation; however, since a conformal
film was on the tubes there was no open volume for expansion in the plane of the coating. Besides
showing the enhanced electrochemical performance that can be achieved by nanosizing electrode
materials, these results demonstrate the importance of having free volume available when using high
capacity anodes, which has implications in the designs of both traditional 2D and novel 3D batteries.
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Figure 29. Specific capacity and coulombic efficiency of Buckypaper coated with 300 SnO,
ALD cycles. The squares correspond with the specific capacity and the circles with the

coulombic efficiency.
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5 RECOMMENDATIONS

In-house research in electrochemical energy storage materials is planned in FY12 and the out
years under the new work unit titled Nanostructured and Biological Materials In-House
Research. Research will be focused to lead toward the realization of true 3D electrochemical
energy storage materials to greatly improve power density, energy density, and lifetime to meet
future Air Force energy needs. In addition, work will be focused on creating hybrid materials
coupling photovoltaic energy harvesting with energy storage and structural properties to produce
true off grid 24/7 energy availability for Air Force RPA, tents, airfield operations, and war

fighters.
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS

ACRONYM DESCRIPTION

o

1D

1M

2D
2417
3D
AFOSR
AFRL
ALD
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Co
CO,
Cu
DEC
DI

EC
EDS
gm

H

H,0
HT-ALD
La

Li
Li-ion
LiO2
LiOx
LiPFg
LT-ALD
Mn
MWCNTSs
N>
NaOH
Ni

nm
mAh
@]
PAAM
PEG
PS
RPA

S

S

degrees

one dimensional

one Molar

two dimensional

24 hours per day, 7 days a week
three dimensional

Air Force Office of Scientific Research
Air Force Research Laboratory
Atomic Layer Deposition

Carbon Nanotube

Cobalt

Carbon Dioxide

Copper

diethyl carbonate

Deionized

ethylene carbonate

Energy-dispersive X-ray spectroscopy
gram

hour

Water

High Temperature Atomic Layer Deposition
Lanthium

Lithium

Lithium ion

Lithium Dioxide

Lithium Oxide (non stoichiometric)
lithium hexafluorophosphate

Low Temperature Atomic Layer Deposition
Manganese

Multiwalled Carbon Nanotubes
Nydrogen

Sodium Hydroxide

Nickel

nanometer

milliamp hour

Oxygen

porous anodic aluminum oxide membranes
polyethylene glycol

Polystyrene Spheres

Remotely Piloted Aircraft

seconds

Siemens
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SAD selected area diffraction

sccm standard cubic centimeter per minute
SEI solid electrolyte interphase
SEM Scanning Electron Microscope
Sn Tin
SnOx Tin Oxide (non stoichiometric)
TDMASN tetrakis-dimethylamino tin
TDMAT tetrakis-dimethylamino titanium
TEM Transmission Electron Microscope
Ti Titanium
TiO2 Titanium Dioxide
TiOx Titanium Oxide (non stoichiometric)
USAF United States Air Force
\Y volts
VACNTSs Vertically Aligned Carbon Nanotubes
XRD X-Ray Diffraction
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