Finally, Figure 4.15 compares the mechanical and electrochemical properties of
current ICMs*'**** and PEO-Kevlar LBL membranes. For high-power batteries, ionic
conductivity of at least 10 S/cm is required to lower internal resistance, the area where
is shaded with light green color. So far only liquid or gel-type electrolytes are able to
achieve this level of performance, and it’s the reason why they are currently the most
commonly implemented electrolytes in portable electronic devices. Porous polymer
separator incorporated with liquid electrolytes, PMMA and PAN-based, and PVdF-based
separators are in this category. However, lack of mechanical stability makes them suffer
from degradation and poor durability. To achieve dendrite-free in high-power-density
lithium metal batteries, not only high ionic conductivity is required, the electrolyte or
separator needs to be able to provide a compression force to the dendrites. From the
numerical simulation done by Monroe et al, the Young’s modulus and shear modulus of
electrolyte or separator material need to be high enough to suppress dendrites from
growing. The required mechanical strength is shaded in orange color. Current porous
polymer separator or gel-type polymer-based electrolytes are orders too weak to achieve
this goal. Solid-state electrolytes generally have very high ionic conductivity and
mechanical stiffness, but too high the modulus results in too high the stiffness and lack of
freedom of design. These electrolytes are harder to be implemented into all kinds of cell
geometry. Finally, although PEO-based electrolytes generally exhibit lower ionic
conductivity and low mechanical strength, with the incorporation of inorganic or organic
fillers actually make them orders stronger without sacrificing electrochemical

performance.
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4.7 Dendrite Suppression

Dendrite growth in lithium metal batteries during charging cycle was simulated
by electrodeposition of copper in electrochemical cell setup using copper as both anode
and cathode. Copper was used instead of lithium in the experiments due to ease of
investigation and its stability in room temperature and atmosphere. Bare copper
electrodes with active surface area of 1 cm” were prepared and cleaned with acetone and
DI water before use. 0.1M of copper chloride (CuCl,) in DMSO solvent was prepared
and used as electrolyte to prevent hydrogen evolution during deposition process. Current
density was controlled by varying potential and distance between positive and negative
electrodes. PEO-Kevlar membranes were deposited on copper anodes to cover the whole
active area. Different numbers of bilayers were deposited to study the relationship
between the dendrite formation and membrane thickness. Also, different current densities
were used to drive copper ions to see the effectiveness of dendrite suppression by PEO-

Kevlar membranes.

To more precisely compare the dendrite growth environment to actual situation in
lithium batteries, a commercial Apple battery pack for 15" Unibody Macbook Pro was
selected as the comparing model. The Apple battery pack has rated energy of 50 Whr,
which is equivalent to 180 kilojoules. By the charge-discharge curves obtained from our
battery tester, the Apple battery pack has an average voltage around 3.7 V, which
suggests that LiCoO, chemistry is likely the one being implemented. The capacity of the
battery pack can then be calculated to be 13.514 Ah. The dimensions of cathodes and

anodes inside battery pack give the total active area of 6,006 cm”, which ultimately gives
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the current density of 2.25 mA/cm?, if charged with 1C rate (fully charge a battery in one
hour). In daily life when the battery is mounted to the laptop computer, the charge rate is
normally C/4 to C/3, so the current density in actual charging step will be in the range
from 0.5 to 0.75 mA/cm’, with total charge transfer of 8.1 C (Coulomb) per Centimeter

Square.

Since dendrites start to form when the current density is high, and we intended to
investigate to what extend can PEO-Kevlar membrane effectively suppress dendrites
from forming, current densities used in this study were all higher than current density
observed at 1C rate. Figure 4.16 shows the surface SEM images of (A) bare copper, (B)
[PEO-Kevlar];y, and (C) [PEO-Kevlar]yy anodes after deposition under high current
density. 7.5 mA/cm® of current density was used to drive copper ions to the electrode
surface, which can be viewed as charging an Apple laptop battery at a little bit higher
than 3C rate. The total charge transferred was controlled at 2 C (Coulomb). Fluffy
dendrites could be found on bare electrode (4.16(A)), as there was no constraint to limit
dendrites from growing. On the electrode with 10 bilayers of PEO-Kevlar, although
dendrites still grew vigorously, they were not as fluffy and seemed to lie flat on the
electrode surface as in figure 4.16(B). Even though the thickness of [PEO-Kevlar];o was
only about 100-130 nm, substantial effects on dendrite formation could already be seen.
Dramatic dendrite morphology change could be found in 4.16(C), when 20 bilayers of
PEO-Kevlar were deposited on the copper electrode. After 2 C of deposition under high
current density, the dendrites were formed as "buds" on the electrode surface with very

high density. The size of these "buds" was much smaller than fern-like dendrites. This is
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a good indication that, with thicker PEO-Kevlar film on top of the electrode, and with the
compressive force provided by PEO-Kevlar, copper was deposited evenly on the whole
surface to form smaller "buds" instead of dramatically increasing the size of certain ones
to form bigger structures to eventually short the circuit. This transformation could
contribute to delaying dendrites from reaching the opposite electrode and extend life

cycle of lithium metal batteries.

To further examine the stability of PEO-Kevlar membranes under sudden current
density hike, a bare copper and a [PEO-Kevlar],y were put to test under 11.3 mA/cm® of
current density (about 5C charging rate). At this rate, one could fully charge a lithium
battery in about 12 minutes if the battery could handle it, or kill a lithium metal battery in
the same amount of time if no better ICMs were created. Although only 0.5 C of charges
were driven to the electrode in this experiment, a dendrite layer that was much thicker
and denser than 4.16(A) could be found on bare copper surface (Figure 4.17 (A-C)). With
the amount and size of these dendrites, one could imagine seeing them accumulating in
commercial separator pores so fast, that the internal circuit was shorted in no time,
especially the opposite electrode is on average only about 25 um away. On the other
hand, under the same current density and amount of charge transfer, [PEO-Kevlar]y
showed exceptional dendrite confinement even though the thickness of the membrane is
only roughly 280 nm. In Figure 4.17(D-F), copper dendrites were mostly still in bud-like
form throughout the surface, with some random fern-like structures laying on the surface.
The close-up image (4.17(F)) showed clearly that these bigger dendrites were still

trapped under PEO-Kevlar membrane. So this set experiment suggested that PEO-Kevlar
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could not only limit the growth of dendrites, but also provide an extra layer of protection
to the battery in the case of power surge due to management failure or what ever reason

during the charging process.

Lastly, long-time charging with lower current density was investigated between a
bare copper electrode and a [PEO-Kevlar]s electrode. As calculated earlier, per unit area
of electrode surface in Apple battery undergoes 8.1 C of charge transfer. To deposit same
amount of copper atoms on the anodes, 20 C of charge were driven to the electrodes
under current density of 2.75 mA/cm®. On bare copper electrode, thick and dense copper
layer seen in electroplating could be found (Figure 4.18 (A-C)). Instead of feather or fern-
like structure, copper deposited at lower current density has different morphology, but
this does not prevent the battery cells from failing because these metal deposits could still
reach the opposite electrode through the pores, as demonstrated earlier in Figure 4.2 and
4.4. Conversely, and surprisingly, under the same deposition parameter, huge amount of
sphere-shaped structures were found on [PEO-Kevlar]sy electrode (Figure 4.18(D-F)).
These are not copper or polymer microparticles but copper dendrites confined inside
PEO-Kevlar "balloons". Further zoom-in image of these dendrites can be found in Figure
4.19(B). These dendrites initiated from the electrode surface, and the thick (~700 nm)
[PEO-Kevlar]sg prevented them from spreading out on the surface. Perpendicular to the
electrode surface was the direction with the least resistance because of the elasticity of
PEO-Kevlar membrane. The dendrites went up and differentiated, but the mechanical
strength from PEO-Kevlar provided enough surface tension to hold the branched

structures together and formed the spheres. Figure 4.19(A) provided direct and strong
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evidence that PEO-Kevlar membrane remained intact during the whole deposition
process as a thin film connecting the two spheres can clearly be observed (4.19(A),
pointed by arrow). No dendrites were able to poke through the PEO-Kevlar membrane
throughout the whole process, suggesting a considerable mechanical strength and

stability [PEO-Kevlar]sp membrane possessed.

To further confirm and prove the existence of the PEO-Kevlar membrane
confining copper dendrites, EDAX with different acceleration voltages was used to probe
the PEO-Kevlar-copper laminated structures after dendrite deposition under high
deposition current. Zaide and co-workers studied the relationship between acceleration

voltages and corresponding penetration depth under SEM imaging:

0.0276 AE"Y

where H is the penetration depth in nanometer, A the atomic weight, E the acceleration
voltage in volts, Z the atomic number, and D the density of the material. Table 4.2 lists
estimated electron beam penetration depth through PEO-Kevlar-copper laminated
structures under acceleration voltage of 2, 5, 10 and 15 kV. Figure 4.20 shows the carbon,
oxygen, and copper peaks using EDAX spectroscopy with different acceleration voltages
taken on the top of dendrite hemisphere shown in Figure 4.19(B). The sampling area was
100 um’. The ratio between carbon (C) and copper (Cu) under 2 kV of acceleration
voltages is significantly higher than that at 15 kV, which gives a very clear indication of
the existence of PEO-Kevlar covering the dendrite hemisphere. In Figure 4.21 one can
find SEM images of copper dendrites trapped inside PEO-Kevlar membranes. With

different acceleration voltages, the penetration depth can be altered. The top three images
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were taken with low acceleration voltage, hence the polymer membrane covering the
dendrites could be clearly observed. In the bottom three images, high acceleration
voltages ranging from 15 to 30 kV were used, and dendrites underneath the PEO-Kevlar
membrane could be seen. This is a strong proof that the high mechanical strength of
PEO-Kevlar membranes is capable of inhibiting dendrites from shorting the internal

circuits of lithium batteries.

With all these experiment results we see very successful dendrite suppression by
PEO-Kevlar membranes. PEO-Kevlar system is indeed a very promising system that
could potentially solve dendrites issues. One could argue that in the last dendrite
suppression experiment demonstrated with long deposition time under lower current
density, the spheres formed because there was no pressure on the other side of the
membrane, so of course the PEO-Kevlar could freely deform and remain intact. Note that
without enough mechanical strength and elasticity, there is not way for a sub-micron
polymer thin film to hold off the pressure from metal dendrites growing inside to form a
sphere. It's like filling a balloon with water. The balloon needs to have certain strength to
reach a certain size. In the experiment we demonstrated that PEO-Kevlar was able to hold
off dendrites to the point where more number of atoms were deposited than in an Apple
lithium battery, and where the sphere size was comparable to the thickness of commercial
separator. Superb mechanical properties of PEO-Kevlar membranes coupled with ionic

conductivity represent a big step toward better and more durable lithium metal batteries.
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Voltage (kV) Penetration (nm)
2 213.78
5 987.48
10 3142.29
15 6184.70

Table 4.2 Estimated electron beam penetration in PEO-Kevlar-copper laminated
structures under acceleration voltage of 2, 5, 10, and 15 kV.
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Figure 4.20 EDAX spectroscopy under different acceleration voltages. The ratio between
carbon (C) and copper (CU) under different acceleration voltages gives clear indication of the
existence of PEO-Kevlar
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4.8 Battery Cell Assembly and Scale-Up

PEO-Kevlar LBL membranes were assembled into half-cells to investigate their
functionality. In the half-cell setup, lithium ribbon obtained from Sigma-Aldrich was
used as received as anodes. Homemade cathodes consist of lithium manganese oxide,
carbon black, and PVDF binder with optimal ratio were made in Argon glovebox.
Cathodes were kept inside vacuum oven at 90°C before half-cell assembly to ensure
thorough evaporation of NMP solvent. 2032 coin cell casing were used to house half-cell
because of their ease of use and availability. PEO-Kelvar membrane with 200 pl of 1M
lithium salt in PC-DMC were sandwiched in between lithium anode and homemade
cathode. Figure 4.22(A) shows the cell powering a 5 mW white-light LED successfully.
Figure 4.22(B) and (C) demonstrate the ability of scaling up LBL membranes with ease.
Basically by substituting the dipping substrates with larger dimensions, one can

effortlessly obtain much bigger membrane without any hiccups.
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Figure 4.22 (A) PEO-Kevlar ICM in half-cell setup lights up white LED. (B,C)
Scaled-up PEO-Kevlar ICM for portable electronic devices.
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4.9 Conclusion

In this project we demonstrated a new generation of ionic conducting membrane
by combining ionic conducting polymer PEO and the ultrastrong fibrous polymer Kevlar
using layer-by-layer assembly. Through layer-by-layer assembly of ionic conducting
PEO and robust fibrous polymer Kevlar, the resulting membranes exhibited superior
mechanical strength, good conductivity, and high flexibility. With the high flexibility,
form-factor will not be an issue when incorporate these state-of-art membrane
electrolytes into real-world applications. Electron microscopy showed very uniform
surface morphology and cross-section thickness. While crystallization of polymer can
degrade performance, XPS results suggested that crystalline structures commonly seen in
cast PEO membranes did not exist in LBL membranes. Tensile test results of PEO-Kevlar
ICMs indicated superior strength and mechanical modulus that are orders higher than
conventional polymer electrolytes. The high mechanical modulus suggests possibility of
inhibition of dendrite growth. Electrochemical characterization showed the PEO-Kevlar
ICMs possess good ionic conductivity that is high enough for real-world applications. CR
2032 button cell battery incorporated with PEO-Kevlar ICM was shown to power up

bright LED.
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Chapter 5

Conclusion

In this thesis, we demonstrated and utilized the versatility of layer-by-layer
assembly to explore the possibilities of improving membrane characteristics in energy-
related applications using such technique. Nanocomposite membranes comprise common
polymers and state-of-art nanomaterials were fabricated by LBL technique. Physical,
mechanical, optical, and electrochemical properties, as well as performance in actual
energy devices were intensively investigated. Carbon nanotube and carbon nanofiber
were decorated with Pt nanoparticles and manufactured into freestanding membranes for
the use as anodes in fuel cell MEAs and substantially improved performance. Better
durability can be expected as LBL memranes are more resistant to harsh environment,
although no actual data was collected in this work. Platinum nanoparticles deposited on
the sidewalls of SWNT and CF with the incorporation of Nafion could significantly
increase the number of catalysis sites and improve the accessibility to tri-phase
boundaries (TPBs). Single-walled carbon nanotube (SWNT) and carbon fiber (CF)
loading in LBL membranes can be as high as 50% without phase segregation of
dissimilar materials. Uniform distribution of nanotubes and nanometer control of the film
structure through layer-by-layer assembly contributed to an extensive percolation

network, and possibly improved electronic and proton conductivities.
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Also, through layer-by-layer assembly, we created thick and uniform coating on
ITO electrodes from polyelectrolyte PDDA and negatively charged zeolite-L
nanocrystals. SEM images show that most of the deposited disk-shaped zeolite-L
nanocrystals are sitting flat on top of each other with the same orientation. lonic
conducting channels inside zeolite-L nanocrystals are hence aligned with c-axis, making
the transport in the direction vertical to the electrode surface possible. Electrochemical
characterization shows dramatic enhancement of redox peaks when zeolite-L modified
electrodes are used, and the thicker the zeolite-L layer, the better the enhancement. By
investigating the physiosorption behavior of redox species ferrocyanide in PDDA/zeolite-
L LBL composite matrix, we confirm that although ferrocyanide cannot diffuse freely in
and out the channel due to the larger size of the channels, the adsorption of ferrocyanide
in the PDDA/zeolite-L membranes dramatically increases the concentration of the
ferrocyanide molecules in the vicinity of the electrode surface. The active electron/hole
conducting nature of zeolite-L nanocrystals also contributes to the increase of active
redox surface area. Finally we successfully demonstrate the feasibility of loading
PDDA/zeolite-L LBL matrix with foreign molecules, which can turn interesting zeolite-L

modified electrodes into molecular probes.

Lastly, a new generation of ionic conducting nanocomposite membranes for
lithium batteries was presented. Through layer-by-layer assembly of ionic conducting
PEO and robust fibrous polymer Kevlar, the resulting membranes exhibited superior

mechanical strength, good conductivity, and high flexibility. Electron microscopy
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showed very uniform surface morphology and cross-section thickness. While
crystallization of polymer can degrade performance, XPS results suggested that
crystalline structures commonly seen in cast PEO membranes did not exist in LBL
membranes. Inhibition of re-crystallization of PEO in LBL membranes indicates wider
and higher working temperature window. Tensile test results of PEO-Kevlar ICMs
indicated superior strength and mechanical modulus that are orders higher than
conventional polymer electrolytes. Electrochemical characterization showed the PEO-
Kevlar ICMs possess good ionic conductivity that is high enough for real-world
applications. CR 2032 button cell battery incorporated with PEO-Kevlar ICM was shown
to power up bright LED. Although the mechanical properties of the PEO-Kevlar
membranes manufactured in this study did not reach the theoretical values suggested by
Monroe et al, and more research and development is indeed required, the results from this
study represent a step closer to next generation high capacity high power lithium
batteries, where dendrites would no longer be an issue, where lithium metal electrodes

could be used to optimize and carry out the true potential of lithium batteries.
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