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ABSTRACT OF THE DISSERTATION

Electrochemical Insights on Materials for Next-Generation
Batteries

by

Grace Jeeae Whang
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2022

Professor Bruce Dunn, Chair

The development of the lithium-ion battery has played an indispensable role in shaping
the landscape of portable electronics and emerging electric vehicle industry. While its
development has been recognized with a Nobel Prize in 2019, battery technology is far from
mature. Since its conception, the battery research landscape has only widened with the rise of
electric vehicles and wearable devices, each having a different set of requirements. Therefore,
the “next-generation” in the context of this dissertation focuses on two different aspects of the
battery field. The first aspect considers the development of high energy density batteries and
more specifically the move away from capacity-limited intercalation chemistries. Chapter 3 delves
into the interfacial challenges posed by lithium metal anodes during the Li plating/stripping
reactions while Chapter 4 visits the complex reaction pathways in FeS, conversion cathodes to
understand charge product formation and identify capacity loss mechanisms. While both Li and
FeS, are commercialized as primary battery electrode materials and have the potential to provide

high energy density rechargeable batteries, safety and performance issues have limited their use



to primary systems. Ultimately, better understanding of the interfaces and reaction pathways can
fuel the design of solutions to improve the performance and safety of these systems. The latter
part of the dissertation focuses on the other type of “next-generation” battery, namely, that of
miniaturized power sources for loT technologies. With the vision of an on-chip battery integrated
into a device, new materials and processes must be developed to integrate the same
semiconductor processing techniques used to make the device to make the batteries as well.
Chapter 5 details the development of a conformal, photopatternable separator and the integration
of the separator onto various battery architectures. The ability to spatially photopattern a porous
separator onto three dimensional architectures provides a path towards high power on-chip
batteries. In summary this dissertation aims to provide perspective in the different directions and
progress towards the next generation of rechargeable batteries. From better fundamental insights
on complex electrochemical pathways to application-driven materials design and development,
this dissertation highlights a few of the challenges, discoveries, and advancements of a much

larger research landscape of “next-generation” batteries.
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List of Figures

Chapter 1 Figures

Figure 1.1. Forecast of worldwide vehicle sales. Electric vehicles are projected to rapidly rise to

account for half the sales by 2035. Figure reproduced from ref 1.

Figure 1.2. Potential vs Specific Capacity Plot. Commercial intercalation cathodes and anodes
are shown in the yellow box. Due to their lower specific capacities (<200 mAh/g), they are unable
to provide higher energy density batteries (>500 Wh/kg). Mauve arrows point towards ideal

properties for high energy density anodes and cathodes.

Figure 1.3. Mechanisms of charge storage. The left box shows commercialized intercalation
reactions while the middle and right box focus on conversion and plating redox reactions,

respectively.

Figure 1.4. Survey of various binary transition metal conversion compounds for Li. Calculated

electromotive force (emf) values are shown for each. Figure reproduced from 3.

Figure 1.5. Graphic depicting the various challenges with the Li metal anodes. Figure reproduced

from 7.

Figure 1.6. Components of an IoT device. IoT devices typically include: 1) sensors and/or motors
that collect data or perform an action, 2) a microprocessor that will take in data and process it, 3)
a Bluetooth chip or communication protocol that will exchange data to and from the device, and

4) a power supply that provides external power to the device.

Figure 1.7. Graphic of an embedded on-chip battery.
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Chapter 2 Figures

Figure 2.1. Voltage vs Capacity graph. A typical GV curve for a two phase lithiation (blue trace)
and delithiation (pink trace) reaction is shown. The difference in lithiation and delithiation capacity

is reflected in the coulombic efficiency of the cell.

Figure 2.2. C-rate testing protocol. The left graph depicts the current vs time plot which shows a
series of constant currents applied to the battery. For higher C-rates, the cell experiences higher
currents for a shorter period of time. The graph on the right shows a qualitative graph of a typical
C-rate test plot. Slower C-rates (orange trace) typically show lower overpotentials and higher
capacities while moving to higher C-rates results in increased overpotentials and reduced

capacities.

Figure 2.3. Li plating profile graph. During the plating process, negative current is applied to the
working electrode. As the voltage is brought below 0 V vs Li*/Li°, plating becomes favorable and

begins with the creation of Li nuclei followed by the subsequent growth of the nuclei.

Figure 2.4. Galvanostatic Linear Polarization (GLP) testing protocol. a) current vs time graph
showing a series of small current pulses applied to a symmetric coin cell. b) voltage vs time plot
showing overpotential (n) for plating/stripping. c) overpotential vs current plot showing the applied
current vs the overpotentials obtained from b). At small currents and small overpotentials, a linear

trend should be observed.

Figure 2.5. A typical Butler-Volmer graph is shown above in black. The anodic (blue) and cathodic
(red) contributions are shown, and the black trace represents the superposition of the two curves.
Upon the application of a positive overpotential, the anodic reaction dominates while under a

negative overpotential, the cathodic reaction dominates.



Figure 2.6. Side by side comparison of a galvanostatic charge-discharge curve (left) and the

corresponding dQ/dV curve (right).

Chapter 3 Figures

Figure 3.1. Schematic of the fabrication of Li-Sn/Cl composite coatings.

Figure 3.2. (a) Schematic comparing Li plating locations in bare lithium (left) and in a Li-Sn coating
system (right) (b) Plan-view SEM image of coating morphology. Scale bar is 10 um. Photograph
of a pristine Li-Sn coating on a stainless steel spacer is shown on top right corner. (c) Lithium-Tin
binary phase diagram (d) cryo-FIB cross-sectional SEM image of Li-Sn coating on bulk Li foil.

Scale baris 1 um.

Figure 3.3. EDX spectral mapping of a pristine coating cross section. Scale baris 1 um.

Figure 3.4. (a) Energy Dispersive Spectroscopy (EDS) of the Li-Sn coating showing both tin and
chlorine signals and the corresponding atomic percentages. (b) X-ray Diffraction (XRD) pattern of

Li-Sn coating (black) along with reference scans for LizSns (blue), and Li1zSns (red).

Figure 3.5. HRTEM micrographs of the Li-Sn composite coating. (a) Low-magnification image of
composite coating. (b) FFT pattern of the entire region in part a. (c) High-magnification image of
the composite coating. (d) Phase distribution schematic overlaying the HRTEM image. The

coating contains LizSns, Li13Sns, and amorphous regions.

Figure 3.6 XPS of Cl 2p before and after 15 minutes of Ar* etching.

Figure 3.7. (a) Voltage vs. time profile of the galvanostatic linear polarization tests using current
densities of 5, 10, 20, 30, 40 and 50 pA cm? (b) Overpotential vs. current density plot

demonstrating a linear trend for low overpotentials along with the corresponding exchange



currents extrapolated from the galvanostatic linear polarization test. (c) Nyquist plot of the Li-Sn
coated lithium symmetric cell. The light red trace represents the impedance before the test, the
medium red trace represents the impedance during the test, and the dark red trace represents
the impedance after the test. (d) Nyquist plot of a lithium control (no coating) symmetric cell which

shows a larger initial impedance in addition to large increases throughout the test.

Figure 3.8. Bare lithium plating morphology at 0.1 mA cm(left) and 2 mA cm™ (right) for a plating

capacity of 4 mAh cm?,

Figure 3.9. (a) Plan-view SEM of a Li-Sn coated lithium plated at 0.1 mA cm™ for a plating capacity
of 4 mAh cm™. Scale bar is 10 um (b) Plan-view SEM of a Li-Sn coated lithium plated at 2 mA cm’
2 for a plating capacity of 4 mAh cm™. Scale bar is Scale bar is 10 um (c) Potential profile of Li-
Sn coated Li plated at a current density of 0.1 mA cm™ (red) and 2 mA cm™ with the same areal
capacity of 4 mAh cm?. Inset shows a zoom up of the 0.1 mA cm™ plated sample which

demonstrated a steady overpotential with less than 1 mV throughout the entire 40 hours.

Figure 3.10. Comparison of Li plating profile for Li-Sn coating and bare lithium control at 0.1 mA

cm™.

Figure 3.11. (a) Graphic representing high plating current density case where lithium is observed
to plate on top of the Li-Sn coating (b) Cryo FIB cross-section SEM of Li plated on top of Li-Sn
coating at a current density of 2 mA cm™ for a capacity of 1 mAh cm™. Scale bar is 2 um. (c)-(f)

EDX elemental mapping of the cross-section. Scale bar is 2 ym.

Figure 3.12 Comparison of Everhart Thornley Detector (ETD) (left) and backscattered electron

detector (BSED) (right) SEM image for Li plated at 2 mA cm™. Scale bar 5 ym.
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Figure 3.13. (a) Cryo FIB cross-section SEM of Li-Sn coating with lithium plated at a current
density of 0.1 mA cm™ for a capacity of 1 mAh cm™. Plated lithium is outlined in green. Scale bar
is 2 um. (b) Backscattered Electron Detector (BSED) SEM image demonstrated a stark contrast
between the plated lithium region and Li-Sn coating while showing similar electron signal between
the bulk Li and plated Li. Scale bar is 2 um. (c) EDX elemental mapping for tin. Scale bar is 2 ym.

(d) EDX elemental mapping for chlorine. Scale bar is 2 ym.

Figure 3.14. EDX line of plated lithium at 0.1 mA cm™. Scale bar of SEM-ETD image (left) and

SEM-BSED image (right) is 2 ym.

Figure 3.15. Other region where lithium plated underneath coating demonstrating coating’s ability
to withstand large volume associated with lithium plating. Sulfur signal from electrolyte. SEM

image(top) scale bar is 10 um. EDX spectral map scale bar is 3 ym.

Chapter 4 Figures

Figure 4.1. Initial lithiation of FeS; at various temperatures in 1 M LiFSI PYR14TFSI at a rate of

C/20.

Figure 4.2. Initial Lithiation of FeS; at 60°C. a) Open circuit potential (OCP) of the initial lithiation
of FeS, (open red circles) obtained through GITT of FeS; at 60°C. The colored stars serve as
indicators for the points at which XRD and XPS were collected. b) ex-situ XRD of the initial
lithiation of FeS,. From top to bottom, the XRD scans show the mid first plateau (~1 mol Li), end
of first plateau (1.6 V), mid second plateau, and full discharge (1 V). A pristine FeS; electrode
(red) and Li2S (black) powder is provided for reference. Red circles, black squares, and yellow
diamonds represent c-FeS,, Li»S, aluminum current collector peaks, respectively. The grey
shaded region highlights the formation of a nanocrystalline h-FeS which is produced in the first

plateau and consumed in the second plateau. ¢) Ex-situ XPS of initial lithiation of FeS; at mid first
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plateau, mid second plateau, and full discharge (1 V). St and Sg refer to the terminal and bridging

sulfurs, respectively, of lithium polysulfides.

Figure 4.3. Ex-situ XRD of initial lithiation of FeS, at 100 °C in 1M LiFSI PYR4TFSI at a C-rate
of C/20. Colored circles on the lithiation profile on the right indicate approximate locations for the

ex-situ XRD scans shown on the left.

Figure 4.4. EXAFS of FeS; at 1.6V of the first lithiation fit to the first two coordination shells (Fe-
S and Fe-Fe). k3-weighted EXAFS spectrum (black) and fit (red) of h-FeS at 1.6V in a) real space

and b) k space.

Figure 4.5. Comparison of h-FeS:Li»S (1:1 mol) to FeS, and h-FeS. a) Graphic of the ball milling
process. Li>S and h-FeS powder were added in 1:1 mole stoichiometries and mixed at 500 rpm
for 5 hours. b) XRD comparison of ball milled h-FeS:Li>S (1:1 mol) electrode (gray) compared to
an FeS; electrode lithiated half way into the first plateau (purple). Orange arrows indicate peak
positions for h-FeS diffraction peaks. FeS; (black) and Li>S (blue) powder references are provided
below. Yellow diamonds represent Al current collector diffraction peaks. c-e) 60°C initial lithiation

(black) and rechargeable galvanostatic profiles (pink) of (c) FeS2, (d) h-FeS:Li.S, and (e) h-FeS.

Figure 4.6. Top: XRD of a ball milled (BM) FeS:Li>S (1:1 mol) electrode (purple) along with the
individual h-FeS (green) and Li.S (blue) powders. Bottom: Comparison of a ball milled composite

electrode (purple) with a hand mixed (HM) electrode (black). Li>S reference shown in blue.

Figure 4.7. Delithiation of FeS, at 60°C. a) Galvanostatic curves of the first lithiation (gray) and
delithiation (blue) of FeS; cycled at C/20 in 1 M LiFSI PYR14TFSI. Colored stars correspond to
key points for ex-situ XRD. Regions I-IV correspond to the Fe redox plateau, Li (de)insertion, Li»S

redox plateau, and FesS4 conversion regions, respectively. b) ex-situ XRD of initial delithiation of
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FeS, in addition to a Li>S reference pattern (black). Black asterisks indicate FesS4 diffraction

peaks. Figure S6 provides an expanded view focusing on the intermediate potentials.

Figure 4.8. Temperature invariance of delithiation conversion potential at ~1.8 V from RT-100 °C.

A C/20 charging rate was used for each temperature.

Figure 4.9. Region I: Iron Redox Plateau at 60 °C. a) XRD comparison of FeS, (blue) and h-FeS
(red) electrodes delithiated up to 1.85 V. Yellow diamonds represent aluminum current collector
peaks. Black circles represent Li;S diffraction peaks. b) First lithiation (black) and delithiation
(pink) of FeS; at 60 °C cycled at C/20. c) First lithiation (black) and delithiation (pink) of h-FeS at

60 °C cycled at C/20.

Figure 4.10. a) 60 °C cycling of FeS at C/20 for 10 cycles in 1M LiFSI PYR14TFSI. b) XRD h-FeS
charged to 3V for one (light purple) and ten cycles (dark purple). For hexagonal FeS, the charge
product on the 1 and 10" cycle is found to best resemble a nanocrystalline tetragonal FeS

mackinawite (green circle).

Figure 4.11. Region II: 60 °C (De)insertion Region Kinetics. a) GITT of the isolated region Il [1.6-
2.3 V]. Red circles indicate open circuit potential during the rest steps. b) Voltage hysteresis plot
of (de)insertion region obtained from the GITT data in part a. c) C-rate testing at C/20 (pink), C/10
(purple), and C/5 (blue) where C is based off of the four-electron redox capacity of FeS, (894 mAh
g"). Effective C-rates normalized to capacity of the region Il are 0.32 C, 0.64 C, and 1.28 C,
respectively. d) dQ/dV plots obtained from c-rate galvanostatic curves in part c. The (de)insertion
region features a two peak signature which can be observed at all ¢ rates. e) 1.6-2.3 V cycling
data at C/5 (effective c-rate: 1.28 C) for 50 cycles demonstrate excellent cycle stability when
cycled within this potential window. f) Energy efficiency of region Il as a function of C-rate. Error

bars represent the standard deviation taken from 10 cycles for each c-rate.
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Figure 4.12. Isolation of the Li (de)insertion region (Region Il). Step 1: fully lithiate down to 1 V

followed by a partial delithiation up to 2.3 V. Step 2: lithiation/delithiation in between 1.6-2.3 V.

Figure 4.13. GITT of various voltage ranges for FeS,. Left: 1 — 2.4 V range includes the Region |
and Region Il. Middle: 1.6 — 2.4 V range captures only Region Il. Isolation of this region is shown
in Figure 4.12. Right: 1 — 3 V range captures all the reactions. For all three graphs, red circles
represent the open circuit potential during the rest periods. GITT tests were performed at room

temperature.

Figure 4.14. GITT of the delithiation of FeS, at C/20 pulse for 20 minutes followed by a four-hour
rest period. The open circuit potential (OCP) is shown by the red circles and the corresponding
overpotential (light teal) is extrapolated by taking the difference between the rest potential and
C/20 applied current potential (blue circles). The yellow shaded region highlights Region Il, the

least kinetically limited region.

Figure 4.15. Comparison of the delithiation profile of Li.S in FeS, system (red) vs Li>S-C

composite electrodes.

Figure 4.16. Evidence of Sg as a Charge Product at 3V via DOL extraction UV-Vis.

A FeS; coin cell analyzed after one discharge-charge cycle at 60°C. The coin cell was
disassembled and the electrode was left to sit in DOL overnight to extract any soluble and
adsorbed polysulfide species. The UV-Vis spectrum of the resulting solution is shown on the right.

Ssg signals were detected at ~275 nm.

Figure 4.17. Formation of greigite FesS4 as a charge product. a) XAS spectra of an FeS; electrode
charged up to 3 V in comparison to other iron sulfide species (Fe foil, h-FeS powder, c-FeS;

powder). h-FeS and FeS; standards represent Fe?". The inset shows the first derivative plot. The
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3 V sample is slightly shifted to the right of FeS and FeS; which can be attributed to the mixed Fe
2*/3* valence of greigite FesS4 b) k3-weighted Fe K edge Fourier Transform-EXAFS spectra for
an FeS; electrode charged up to 3 V (black) along with the modeled fit for FesS4 (red). FesSa
structure with colored arrows indicate the Fe-S and Fe-Fe bonds fit in the FT-EXAFS spectra. c)
XRD graph at 3 V showing temperature dependence of Fe3S4 formation from room temperature
to 100 °C. Broad FesS4 peaks can be seen starting at 40 °C and become the dominant phase by
60 °C. Yellow diamonds indicate Al current collector peaks. d) ex-situ XRD of FeS, electrodes
charged to 3 V under varying conditions at 60 °C: 1) first cycle (red), 2) third cycle (dark red), and
3) partially lithiated to 1.6 V and subsequently charged to 3 V (lavender). Yellow diamonds indicate

Al current collector peaks.

Figure 4.18. Fe K-edge EXAFS spectrum in k-space at 3V (black) alongside fit to FesS4 standard

(red).

Figure 4.19. Loss of FesS4 upon cycling of FeS, at 60°C. a) FeS: cycling at C/20 for 10 cycles.
Initial lithiation is outlined in black. b) dQ/dV obtained from the first 5 cycles of the data shown in
part a. Focusing on 2.5-2.7V, the loss of FesS4 within the first 5 cycles is shown by the steady
decreasing peak around ~2.6V. c) top: XRD of an FeS; electrode after first charge at 3V. Peak
positions for FesS4 diffraction peaks are provided in black (PDF 96-900-0124). bottom: XRD of an
FeS; electrode after 10 cycles at 3V. Peak positions for t-FeS mackinawite are provided in green

(PDF 00-015-0037). Yellow diamonds represent diffraction peaks for the Al current collector.

Figure 4.20. dQ/dV comparison for room temperature and 60 °C. FesSs conversion reactions

highlighted in yellow region at 60 °C are absent at room temperature, where FesS4 does not form.

Figure 4.21. Ex-situ UV-vis spectra of the separated coin cell components (anode, cathode, and

separator) soaked in DOL solvent after the (a) first and (b) fifth cycles. After the first charge (3 V)
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cycle, the polysulfides are primarily localized near the cathode. However, upon further cycling,
the largest polysulfide signals originate from the separator indicative of polysulfide shuttling. Each
component was soaked in 4.0 mL of DOL (in separate vials) for 24 h before UV-vis analysis. A
blank spectrum of pure DOL was used for background subtraction in all cases. Sg and S4> signals
were observed at ~275 and ~300 nm, respectively.” For graph b, the cathode signal overlaps with

the anode (red).

Figure 4.22. XRD comparison of the 1! charge (light purple) and 10" charge (dark purple) cycle
at room temperature. t-FeS mackinawite diffraction peaks are shown in green. Orange diamonds

indicate Al current collector peaks.

Figure 4.23. a) FeS; cycle stability test at 60 °C for a) 1-3 V window and b) 1-2.42 V window. For
both a) and b), the first cycle (pink) was conducted at C/20 while the subsequent cycles were
cycled at C/5 (purple, blue, green). Specific capacity as a function of cycle number for c) 1-3 V

and d) 1-2.42 V. For both c) and d), the coulombic efficiency is shown in yellow.

Figure 4.24. Electrochemical Performance of FeSzin 1M LiFSI PYR4TFSI at 60 °C. a) C-rate
testing for FeS,. b) FeS, cycle stability test. The first cycle (pink) was conducted at C/20 and then
subsequently cycled at C/5 for a total of 100 cycles. c) Specific capacity as a function of cycle

number from data shown in b). Coulombic efficiency is shown in yellow.

Chapter 5 Figures

Figure 5.1. a) Process flow for fabricating porous SU-8 separators: 1) spin coating of the
[EMI][TFSI}/SU-8 solution 2) a pre bake at 100 °C 3) UV exposure 4) a post-bake at 100 °C 5)
acetone solvent exchange to remove the [EMI][TFSI] from the porous SU-8 matrix 6) CO;
supercritical drying to preserve microstructure. b) SEM of a photopatterned circle array on a

silicon wafer using a 50 wt% [EMI][TFSI] SU-8 solution. The diameter of each circle is 100 pm. c-
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f) EDX spectral maps showing that the [EMI][TFSI] is locally confined in the polymerized SU-8

matrix.

Figure 5.2. Photograph of SU-8/[EMI][TFSI] films after 10 minute post exposure bake at 100 °C
as a function of [EMI][TFSI] wt%.

Figure 5.3. a) FTIR of a 50 wt% [EMI][TFSI]/SU-8 film before and after ionic liquid removal. Upon
removal of ionic liquid, the absorbance bands of the TFSI anions (red dashed lines) disappear
indicating the complete removal of ionic liquid from the porous SU-8 matrix. b-c) SEM image of
porous separator (b) before (c) and after ionic liquid removal. Upon acetone solvent exchange
and CO; supercritical drying, the porous SU-8 network is revealed. The scale bar is 10 um. d)
EDX of Figure 5.3c shows that the ionic liquid is completely removed (absence of fluorine and
sulfur signals) and only the carbon and oxygen signals from the SU-8 matrix remain. Si signals
are from the substrate and Au signals are from sputtering to minimize charging from the electron
beam. e) Elastic modulus of neat SU-8, 50 wt% [EMI][TFSI] porous separator, polypropylene
(PP), and Polytetrafluoroethylene (PTFE) separators measured using nanoindentation. f) TGA
profiles for a 50 wt% [EMI][TFSI] porous separator and a bulk SU-8 control. The porous separator

can withstand temperatures up to 219 °C with only 5% weight loss.

Figure 5.4. Cross Section SEM of [EMI][TFSI]/SU-8 ionogel as a function of [EMI][TFSI] wt% a)
30 wt% [EMI][TFSI] b) 40 wt% [EMI][TFSI] c) 50 wt% [EMI][TFSI] d) 60 wt% [EMI][TFSI]. At 60
wt% the [EMI][TFSI] is the dominant phase and the smooth morphology is attributed to the ionic
liquid phase. Scale bar for each image is 30 um. Spin coat speed is 3000 rpm. The thicknesses
of the 30-60 wt% [EMI][TFSI] samples are 9.91 £+ 0.13 um, 9.12 +0.10 ym, 7.69 + 0.13 ym, and

5.71 +0.15 pym, respectively.

Figure 5.5. Plan view SEM of a) 40 b) 50 and c) 60 wt% [EMIM][TFSI] samples spin coated onto

a silicon wafer. Scale bar is 3 um. d-f) Contact angle measurements using water as the solvent
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for 40, 50, and 60 wt% [EMIM][TFSI] porous SU-8 samples demonstrating the hydrophobic
property of SU-8. The contact angle increases with increasing porosity. g-i) Contact angle
measurements using propylene carbonate (PC), the electrolyte solvent used in electrochemical

testing, for 40, 50, and 60 wt% [EMIM][TFSI], respectively.

Figure 5.6. Pore size distribution analysis of (a-c) 40 wt%, (b-f) 50 wt%, and (g-i) 60 wt%
[EMI][TFSI] porous separators. SEM images of the porous separators are shown in (a,d,g) while
the corresponding pore size analysis images are shown in (b,e,h). The pore size distributions are
shown in (c,f,i). The average pore sizes for 40, 50 and 60 wt% [EMI][TFSI] were approximately
33, 116, and 287 nm, respectively. The image analysis computes the local thickness of the SEM
images by evaluating the diameter of the largest sphere that fits inside the pore and contains the
voxel. The number of voxels with respective local thickness values and the corresponding pore

sizes were then obtained.

Figure 5.7. Spin coater speed vs film thickness for 50 wt% [EMI][TFSI]. The thickness of the
photopatternable separator can be tuned as a function of spin coating speed. Moreover, it is
possible to obtain thinner films by further diluting the SU-8 prepolymer solution in cyclopentanone,
while thicker films can be obtained by using a higher viscosity SU-8 photoresist, such as SU-8

3050. Error bars correspond to the standard deviation across 5 samples.

Figure 5.8. a) Impedance spectra for glass fiber separator and porous SU-8 separator saturated
with a liquid electrolyte (1 M LiCIO4 in PC) along with the corresponding equivalent circuit. Inset:
Expanded view of the impedance spectra showing the high frequency Z’ intercept. b)
Galvanostatic measurements of the amorphous Si thin film half cell showing lithiation and
delithiation at C/5 (5 yA cm™). Similar galvanostatic profiles are obtained for both the SU-8 porous
separator and glass fiber separator. c) Specific capacity and coulombic efficiency of the

amorphous Si/porous SU-8/Li metal and amorphous Si/ Glass fiber/Li metal coin cells cycled at a
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C/5 rate for 25 cycles. d) Charge-discharge characteristics for the full cell of amorphous Si|porous
separator|LFP cycled at C/5 (5 yA cm™) for 25 cycles. e) Areal charge/discharge capacities and
coulombic efficiency for 25 cycles for the full cell shown in (d) above. A charge is defined as the

delithiation of LFP and lithiation of the Si.

Figure 5.9. Cyclic voltammogram of a-Si thin film cycled at 0.1 mV s™' using a glass fiber separator
in 1M LiClO.. Beyond the initial cycle, the a-Si demonstrates good reversibility shown by the
similar CV curves for cycle 2 & 3. The areal capacity used in this study was obtained by integrating

current (mA) vs time (hr) plot for the second cycle (~25 yAh cm?).

Figure 5.10. CV of an amorphous silicon thin film with a 50 wt% [EMI][TFSI] photopolymerized
porous separator coin cell with lithium metal counter electrode. Lithium metal is in direct contact

with the porous separator. Scan rate is 0.1 mV/s.

Figure 5.11. CV of an LFP electrode with a 50 wt% [EMI][TFSI] photopolymerized porous
separator in 3 electrode experiment with lithium counter and reference electrode at a scan rate of

0.1 mV/s.

Figure 5.12. SEM images of (a) bare silicon array and (b) silicon array coated with the
[EMIM][TFSI] modified photopatternable SU-8 electrolyte. Each silicon post represents 100 um
diameter with 150 ym in height and 15 pm thick SU-8 layer. Inset in (b) shows close up of the
conformal separator on the Si post after photopatterning. Scale bar for the inset image is 100 um.
c) Expanded view of the highly porous surface once the ionic liquid has been removed. The scale
bar is 50 um. d) Galvanostatic profile of the separator coated 3D silicon array with a lithium counter
and reference electrode and 1M LiClO, in propylene carbonate as an electrolyte. e) Comparison

plot of the coulombic efficiency of silicon post arrays with and without porous separator coating.
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Figure 5.13. Two-part exposure process for patterning conformal separators for Si post array. To
conformally coat the separator on the 3D Si post, a two part exposure process was employed.
The first step consists of forming a base layer to cover the bottom layer (left) followed by the

second step in which the side walls and top of the posts are patterned (right).
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Chapter 1. Introduction and Motivation

In this Chapter, the two different types of “next generation” batteries relevant to this
dissertation are introduced. The first involves moving beyond intercalation chemistries to realize
high energy batteries while the second focuses on the development of on-chip batteries to power

loT technologies.

Chapter 1.1 Next Generation High Energy Density Batteries

Internal Hybrid M Fuel Plug-in M Battery
combustion cell hybrid electric

New vehicle sales (millions)

2015 2020 2025 2030 2035 2040

Figure 1.1. Forecast of worldwide vehicle sales. Electric vehicles are projected to rapidly rise to

account for half the sales by 2035. Figure reproduced from ref '.

“Rocking chair” intercalation Li-ion chemistries have revolutionized portable electronics
through the commercialization of rechargeable batteries that provide reasonable energy densities
and high cyclability (>1000 cycles). While its discovery has been awarded the Nobel Prize in

Chemistry in 2019, the journey towards higher energy density batteries is far from mature. The
1



rapid rise of electric vehicle industry (Figure 1.1) combined with net zero carbon emissions by
2050 in the US and EU"? have paved way for a new era of battery research in search of high
energy density batteries. From a materials perspective, energy density can be broken down into
two key requirements: 1) the material must possess high specific capacity translating to how much
charge can be stored per mass and 2) allow for a large voltage window between the cathode and
anode, whereby a cathode should possess a high redox potential and the anode should possess

a low redox potential (Eqn. 1.1).
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Figure 1.2. Potential vs Specific Capacity Plot. Commercial intercalation cathodes and anodes
are shown in the yellow box. Due to their lower specific capacities (<200 mAh/g), they are unable
to provide higher energy density batteries (>500 Wh/kg). Mauve arrows point towards ideal

properties for high energy density anodes and cathodes.



Figure 1.2 graphically shows the redox potential and capacity of common intercalation
compounds. While reasonably large voltage windows can be achieved, the specific capacity of
intercalation compounds is typically limited (<200 mAh g™'). Therefore, next generation high
energy density batteries must look beyond intercalation chemistries and other charge storage

mechanisms such as conversion reactions and Li plating which will be discussed in a later section.

E=CxV Eqgn. 1.1
where E= Energy Density (Wh/g)
C= Specific Capacity (mAh/g)

V= Voltage window (V)

Lastly, while specific capacity and voltage window determine the energy density, other
important factors such as cycle stability, power, toxicity, cost, and sustainability provide other
constraints in developing a blueprint for next generation high energy density batteries. Therefore,
the development of high energy density next generation batteries is a multi-faceted challenge and
while the requirements are clear, the path to get there is less so. The current research landscape
can be divided in two primary directions. On one end is the pursuit of developing new high specific
capacity materials that can provide lower (for anodes) and higher (for cathodes) redox potentials;
on the other, a revival of existing materials through new approaches to address the known
challenges and fundamental reaction pathways to produce more targeted approaches for
improvements. The work presented here aims to address the latter by revisiting: 1) the challenging
lithium metal interface and 2) the complex and debated iron disulfide lithiation pathways for

primary and secondary batteries.



Chapter 1.1.1. Mechanisms of Charge Storage

In order to under how to increase the specific capacity, it is important to first understand
what governs the specific capacity of a material in addition to the mechanisms by which charge
can be stored. Specific capacity is determined by 1) the number of electrons (n) the material can
undergo redox and 2) the molecular weight of the material (MW) as shown in Eqn. 1.2. Therefore,

an ideal candidate would be a light-weight material that undergoes multielectron redox.

C[mAhg'=—— Eqn. 1.2

Li Plating (anode)

Intercalation (Commercialized) Conversion (FeS,)
/ MX Li, VX \ / X Lix + M”\ / \
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I I -—>
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Figure 1.3. Mechanisms of charge storage. The left box shows commercialized intercalation

Finite volume
« High surface area morphologies

reactions while the middle and right box focus on conversion and plating redox reactions,

respectively.

While commercialized intercalation electrodes offer great reversibility resulting in excellent
cycle life, their capacities remain limited. Specific capacity for intercalation materials is limited by

the number of transition metals (redox active element) and the structural stability of the host upon
4



lithium removal. Generally, intercalation compounds are limited to <1 electron redox per transition
metal.® In order to increase the numbers of electrons undergoing redox, and thus capacity, other
charge storage mechanisms are better suited. Figure 1.3 provides a comparison between the

different mechanisms of charge storage relevant to this dissertation.
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Figure 1.4. Survey of various binary transition metal conversion compounds for Li. Calculated

electromotive force (emf) values are shown for each. Figure reproduced from 3.

Conversion chemistries (i.e. FeSy) typically undergo multi electron redox reactions (n=4
for FeS>) resulting in high theoretical capacities (894 mAh/g for FeS.). For conversion reactions,
lithiation of the active material results in the breaking of bonds to form a completely different set
of products.* In the case of FeS,, upon its four electron lithiation reaction, Fe® and Li,S are formed
as the discharge products. While multi-electron redox is a highly attractive characteristic of

conversion chemistries, there are challenges such as large volume changes, pulverization of the

5



material, and large voltage hysteresis that need to be addressed.>® Figure 1.4 shows various
binary transition metal compounds known to undergo conversion reactions with Li along with their

calculated cell potential.

Cell Failure
Cell Shortage Low Coulombic Efficiency
Dendrite Side RXNs Consume
Growth ~ ~  consume active Li
electrolyte T
T Dead Lithium

Mossy Lithium

Lithium Metal

Figure 1.5. Graphic depicting the various challenges with the Li metal anodes. Figure reproduced

from.”

Beyond intercalation and conversion reactions, lithium plating is a mechanism of charge
storage for a Li battery anode (Figure 1.3). Lithium metal batteries have been studied since the
first demonstration of a working rechargeable Li-TiS, battery by Nobel Prize Laureate Stan
Whittingham in the 1970s. From a theoretical standpoint, Li metal is an obvious choice as an
anode due to its light mass reflected in its high specific capacity (3860 mAh g') in addition its low
redox potential (-3.04 vs S.H.E./ 0V vs Li*/Li°). Li plating/stripping is also a host-less process and
does not require a host material unlike intercalation reactions and thus is not limited to certain

6



volume or number of transition metals present to undergo redox. The Li-ions themselves are the
redox active species. Li-ions in the electrolyte are adsorbed onto a conductive substrate which
can provide an electron to reduce the Li-ion into Li metal under the application of an external
current. Li metal batteries and “Li-free” batteries both rely on Li plating/stripping reactions. The
largest impediment to the use of Li metal anode in rechargeable batteries revolves around safety
and more specifically the challenge of Li dendrites (Figure 1.5). Chapter 3 of this dissertation
revisits the challenges of lithium dendrites from the lens of interfacial coating layers. By confining

deposition of Li underneath the coating, Li dendrite formation at the surface can be mitigated.

Chapter 1.2 Next Generation On-Chip Batteries for lIoT Devices

loT Device

od @)

‘ Power
Sensors & Radio Chip Supply
Actuators

.

Microprocessor

Figure 1.6. Components of an IoT device. IoT devices typically include: 1) sensors and/or motors
that collect data or perform an action, 2) a microprocessor that will take in data and process it, 3)
a Bluetooth chip or communication protocol that will exchange data to and from the device, and

4) a power supply that provides external power to the device.



The second part of this dissertation focuses on a different kind of “next generation” battery,
namely that of small batteries driven by the rapid miniaturization of devices and the Internet of
Things technologies. Internet of things (loT) refers to a network of “things” or objects that are
embedded with sensors, processors, and connected to other devices through the internet which
allows for information exchange across devices.® One major area of loT devices is wearable
electronics and while there has been a huge push towards further scaling down the size, the
battery remains the bottleneck.® Additionally, while most of the components (sensors, Bluetooth
chip, microprocessor, etc) are embedded onto the device, the battery remains as an external
component of the device (Figure 1.6). To bridge the gap between small devices and power
sources, the integration of the power source to the device as an on-chip battery is a promising

approach (Figure 1.7).

Figure 1.7. Graphic of an embedded on-chip battery.

In the case of next generation on-chip batteries, many opportunities revolve around
development of new materials and processes suitable and adaptable with the same technologies
used to make the devices and chips themselves. Using photolithography and semiconductor

processing to fabricate battery components with high spatial resolution and control, an on-chip
8



battery is a promising avenue to achieve both high energy and high power through three

dimensional micromachined architectures.'®"!

For an on-chip battery system, ion transport between the electrodes can be a limitation, in
particular for high power applications due to the lower ionic conductivities of existing solid-state
electrolytes. Table 1.1 presents the ionic conductivity of various electrolytes. While the
photopatternable, SU-8 photoresist-based solid electrolyte offers the spatial control required for
on-chip batteries, the ionic conductivity remains a few orders of magnitude lower compared to
liquid electrolytes (Table 1.1). To bridge the gap between photopatternability and ionic
conductivity, a photopatternable porous separator is explored in Chapter 5. That is, rather than
using the photoresist as a solid-state electrolyte, introducing porosity into the photopatternable
polymer could serve as separator which can spatially confine high ionic conductivity liquid
electrolytes. The ability to photopattern a conformal separator with high-resolution
photopatternability provides a basis for achieving high energy and high power micro

electrochemical energy storage devices.

Table 1.1. lonic conductivities of various electrolytes

Electrolyte lonic Conductivity Photopatternable?
[S cm™]
yes 12

0.2M LiClO,4 in SU-8 52x10°

LiClO4-PEO ~1-10 x 10* no 13
LiTFSI-PMMA ~2x1073 no 14
Liquid Electrolyte ~1-10 x 10 no 15
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Chapter 2. Electrochemical Techniques

This chapter provides a brief background on some of the electrochemical techniques used
throughout this dissertation. If the reader is looking for a more in depth and complete discussion
of electrochemical methods and techniques, the reader should refer to “Electrochemical Methods:

Fundamentals and Applications” by Allen Bard and Larry Faulkner."

Chapter 2.1 Galvanostatic Charge-Discharge

One of the most widely used electrochemical techniques for battery characterization is
galvanostatic (GV) cycling. In a GV charge-discharge test, a constant current is applied to the
battery until the set voltage or time limit is reached. From a GV test, the amount of charge stored
(mAh), typically reported in specific capacity (mAh g') can be determined. In addition,
performance metrics such as the Coulombic efficiency (CE) can be obtained from the GV data
(Figure 2.1)(Egn. 2.1). The Coulombic efficiency of a battery provides insights in regard to how
well the battery can recover (delithiation capacity) the charge put into it (lithiation capacity).
Further, it can also indicate the presence of parasitic reactions such as SEI formation or loss of
active material during electrochemical cycling. For commercialized Li-ion cells which operate for
thousands of cycles, a high CE is absolutely critical. To provide context, a battery with a coulombic
efficiency of 99% will only retain ~60% of its original capacity after 50 cycles and therefore cannot
meet the cycle life demands of most portable electronic devices. Therefore, commercialized
batteries require very high CEs. For example, Apple’s 2021 Macbook Pro is rated to retain 80%

of the battery’s original capacity by cycle 1000. This would translate to achieving CEs = 99.98%.?

0L — Delithiation Capacity [mAh/g]
CE [/0] " Lithiation Capacity [mAh/g] X100 Eqn 2.1
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Figure 2.1. Voltage vs Capacity graph. A typical GV curve for a two phase lithiation (blue trace)
and delithiation (pink trace) reaction is shown. The difference in lithiation and delithiation capacity

is reflected in the coulombic efficiency of the cell.

The applied currents in a GV test are commonly reported in C-rates but can also be
reported in specific currents (mA g™') or current densities (mA cm™). C-rates are currents that are
normalized to the theoretical or maximum capacity and defined by the amount of time it takes to
charge or discharge the material as shown in Eqn. 2.2. For example, a C-rate of C/20 and 2C
indicates a charge or discharge time of 20 hours and 0.5 hours, respectively. From C-rate testing,
capacity as a function of C-rate can provide information in regard to the kinetics of the system
which should become more apparent at higher C-rates where kinetic limitations can be easily
identified. At slow C-rates (small currents), the overpotentials are minor and the deviation from
the open circuit potential is small. However, moving towards higher C-rates (and thus higher
currents), the system can experience a variety of polarization losses (ohmic, concentration, and

activation polarization) which can be observed in the GV data (Figure 2.2). In addition, at higher
13



C-rates, there is less time allowed for the battery to undergo redox processes (ion transport in the
electrolyte, redox reaction at the interface, solid state diffusion of Li in the active material) and
reach its voltage limit. As a result, at higher C-rates, kinetic limitations result in the reduction of
capacity. The extent of these effects can vary depending on a range of factors including the

electronic conductivity, charge transfer reaction kinetics, and ion transport within the electrode

and electrolyte.?

Maximum Capacity [mAh]

C —rate [mA] = Time it takes to completely charge or discharge battery [h] Eqn 2.2
A

< —
£ 2
- ]
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§ —— » Time (hr) S
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o >

>
Specific Capacity (mAh/g)

Figure 2.2. C-rate testing protocol. The left graph depicts the current vs time plot which shows a
series of constant currents applied to the battery. For higher C-rates, the cell experiences higher
currents for a shorter period of time. The graph on the right shows a qualitative graph of a typical

C-rate test plot. Slower C-rates (orange trace) typically show lower overpotentials and higher
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capacities while moving to higher C-rates results in increased overpotentials and reduced

capacities.

Chapter 2.2. Li Plating/Stripping & Butler Volmer Kinetics
In Chapter 3, lithium plating/stripping tests are used to determine the overpotentials (n)
and obtain the exchange current (io). Overpotential can be defined as the difference between the
thermodynamically determined redox potential and the potential at which the redox event is
experimentally observed (Egn. 2.3).”
n=E—Egq Eqgn. 2.3
where n=overpotetial, E=experimentally observed redox potential, and Ecq= thermodynamic

redox potential

Bare

Substrate

Potential (V)

Time (s)

nucleation

Figure 2.3. Li plating profile graph. During the plating process, negative current is applied to the
working electrode. As the voltage is brought below 0 V vs Li*/Li°, plating becomes favorable and

begins with the creation of Li nuclei followed by the subsequent growth of the nuclei.
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For a lithium metal anode, charge is stored through a Li plating process in which Li-ions
in the electrolyte accept an electron from the working electrode and become reduced to Li°. Figure
2.3 shows a typical Li plating profile. In general, the working electrode is an electronically
conductive substrate that does not alloy with Li (i.e. copper, stainless steel, or lithium foil). While
the thermodynamic reduction potential for Li (Li* + e = Li°) is 0 V vs Li*/Li° (-3.1 V vs S.H.E.), an
overpotential (driving force) is required for the plating reaction to occur. Therefore, plating will
occur at a potential below 0 V vs Li*/Li° and the magnitude of the overpotential should depend on
factors such as the current density, substrate, and electrolyte.*® The plating profile typically
shows a sharp kink feature followed by a steadier overpotential which are often cited as nucleation

and growth processes respectively.”® Greater detail can be found in Chapter 3.

a
) 4 b) c) .
WE stripped
CE plated i CE WE N~ Na'tocl S
i3 Li* N3 total é .
. — L
2 2 — nZYtntal _:
g il % """"" | | M1 total g
c
t » Time (hr = » Time (hr 8
o S o
: 3 2
o CE WE > e
(@)
Lj* ]
g " R
WE plated v
CE stripped [ Current (mA)

Figure 2.4. Galvanostatic Linear Polarization (GLP) testing protocol. a) current vs time graph
showing a series of small current pulses applied to a symmetric coin cell. b) voltage vs time plot
showing overpotential (n) for plating/stripping. c) overpotential vs current plot showing the applied
current vs the overpotentials obtained from b). At small currents and small overpotentials, a linear

trend should be observed.
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Symmetric cells are a popular testing format for Li plating/stripping tests. By using a Li
metal working and counter electrode, the number of distinct interfaces can be reduced. The open
circuit potential of a symmetric cell is ~0 V. However, under the application of a current, the cell
is biased, and one electrode undergoes Li plating while the other, Li stripping (Figure 2.4). In
Chapter 3, a galvanostatic linear polarization (GLP) (Figure 2.4) is conducted in a symmetric cell
to obtain the exchange current (i;). The exchange current is an important parameter in
electrochemical reactions and describes the kinetics of the charge transfer and rate of reaction
occurring at the electrode/electrolyte interface.”® While the net current at equilibrium is zero, the
anodic and cathodic currents are equal and opposite, and the exchange current is a reflection of
the magnitude of this current. Exchange currents can be determined through either Tafel plots or
GLP tests which rely on the high and low overpotential regime of the Butler Volmer equation (Eqgn.
2.4), respectively. For GLP tests used in Chapter 3, a series of small currents are applied to a
symmetric cell and the corresponding overpotentials are measured. Knowing the current applied
and corresponding overpotential, the exchange current can be obtained using the Butler-Volmer
Equation (Figure 2.5)(Eqn. 2.4) which describes the relationship between the overpotential and

current.

i=i, [exp (ETFn) —exp (%n)] Eqgn. 2.4

where i is the current density, i, is the exchange current density, a is the transfer coefficient, z is
number of electrons involved in the reaction, F is Faraday’s constant, n is the overpotential, R is

the gas constant, and T is the temperature.
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Figure 2.5. A typical Butler-Volmer graph is shown above in black. The anodic (blue) and cathodic
(red) contributions are shown, and the black trace represents the superposition of the two curves.
Upon the application of a positive overpotential, the anodic reaction dominates while under a

negative overpotential, the cathodic reaction dominates.

At low currents, the Butler Volmer relation is linear and referred to as the low overpotential
regime. Using a linear approximation (Eqn. 2.5) and assuming the a=0.5, the linearized version

of the Butler Volmer can be obtained (Eqgn. 2.6).

ef=14+x Eqgn. 2.5

. . zFn

i~ 105 Eqn. 2.6
Where n= Ntotal

2

Lastly, under the assumption that the plating and stripping overpotentials are similar

(Nplating™ Nstripping), the overpotential at each interface should be approximately half of that
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lati .
AP278). From these assumptions,

measured from the GLP experiment (Nwtai= Npiating + Nstripping= .

the exchange current can be obtained using eqn. 2.6.

Chapter 2.3. Differential Capacity (dQ/dV)

In Chapter 4, Differential Capacity (dQ/dV) analysis is utilized to characterize specific
regions within the FeS, GV profile to better identify at what potentials the redox reactions are
occurring and how they change upon further cycling or by varying the C-rate. In addition, it has
been used as a tool to better understand battery aging and degradation. dQ/dV curves can be
obtained by differentiating the capacity (Q) versus the Voltage (V) (Eqn. 2.7). This can be done
using software such as Matlab or can often be found built into the battery testing software
(Biologic). Figure 2.6 shows an example of a dQ/dV plot processed from a GV plot. Similar to
cyclic voltammetry, peaks will be observed at potentials where redox reactions take place.
However, dQ/dV is processed from constant current GV data and can be more representative of

practical battery conditions.'"

16Q] _ Q¢ — Q¢4 Eqn. 2.7
dV Vt - Vt—l

where Viand E; represent the capacity and voltage values at time step t, respectively, and Q1

and V1 correspond to a previous time step.
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Figure 2.6. Side by side comparison of a galvanostatic charge-discharge curve (left) and the

corresponding dQ/dV curve (right).
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Chapter 3. Lithium Plating Underneath Li-Sn Coating Layers

The use of interfacial layers to stabilize the lithium surface is a popular research direction
for improving the morphology of deposited lithium and suppressing lithium dendrite formation.
This work considers a different approach to controlling dendrite formation where lithium is plated
underneath an interfacial coating. In the present research, a Li-Sn intermetallic was chosen as a
model system due to its lithium-rich intermetallic phases and high Li diffusivity. These coatings
also exhibit a significantly higher Li exchange current than bare Li thus leading to better charge
transfer kinetics. The exchange current is instrumental in determining whether lithium deposition
occurs above or below the Li-Sn coating. High-resolution transmission electron microscopy and
cryogenic focused ion beam scanning electron microscopy were used to identify the features

associated with Li deposition.

Chapter 3.1. Introduction

The Li metal anode is considered to be a critical component for next generation
rechargeable batteries due to its high theoretical capacity (3860 mAh g™') and low reduction
potential (-3.040 V vs. S.H.E.) However, the formation of Li dendrites during repeated
plating/stripping is a challenge that remains to be fully addressed.'™ The problem of Li dendrites
is further complicated by the presence of a heterogeneous passivation layer known as the solid
electrolyte interface (SEI).* Due to the inherently low reduction potential of Li, the SEI formed at
the Li surface upon contact with electrolyte results in the immediate electrolyte decomposition
and formation of both organic and inorganic decomposition products.*® While the SEI passivates
the Li surface from further side reactions under static conditions, it is unstable under
electrochemical cycling.””® The compositional heterogeneity of the SEI imparts non-uniform Li-ion
fluxes in addition to local differences in mechanical properties which promote the formation of Li

dendrites and subsequent fracture of the SEL'®'" At higher current densities (> 1 mA cm?),
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dendritic morphologies with high surface areas dominate and continue to form new SEI resulting
in continuous loss of active Li. In addition, the breakage of fragile Li dendrites results in the loss
of electrical contact and formation of dead Li, which can be directly translated to poor coulombic
efficiency.” The formation of Li dendrites is a multi-faceted problem that has been addressed
through a broad range of approaches over past decades. Strategies employed thus far include
the use of electrolyte additives to form a more compact and compositionally uniform SEI,'*' high
surface area three-dimensional current collectors to reduce the effective current density and

14,15

accommodate Li volume change, separator engineering to mechanically block Li dendrites,'®

15,17,18 19-25

lithophilic Li cages/hosts, and artificial coatings to stabilize the interface.

In this work, we describe a different approach towards controlling Li dendrite formation,
namely plating lithium underneath a coating formed on Li. This dual purpose coating can stabilize
the reactive Li interface during plating/stripping and also facilitate in the transport of Li to allow for
Li plating at the Li/coating interface. Although recent work has demonstrated lithium plating
beneath a micrometers-thick intermetallic coating?' there remain open questions on the
relationship between the microstructure of the coating and the mechanism which enables Li
deposition underneath. The plating of Li underneath a stabilizing layer offers a refreshing
perspective on reframing the question of how to best suppress dendrite formation. By confining
Li deposition to take place under the coating layer, the growth of lithium dendrites at the anode
surface is effectively eliminated. In order to investigate the mechanism of plating underneath
coating layers, a Li-Sn system was chosen as a model coating system due to its known ability to
form lithium-rich intermetallic compounds [Figure 3.2(c)] which exhibit high Li diffusivity.?** The
use of Li-Sn based coatings and substrates has been shown to demonstrate good plating kinetics

28—

and cycling performance.?® However, to the best of our knowledge, Li deposition underneath

lithium-tin based coatings has not been reported. In this study, we utilized transmission electron
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microscopy (TEM) to elucidate the microstructure of the solution processed Li-Sn intermetallic
coating on Li, and cryogenic focused ion beam scanning electron microscopy (cryo-FIB-SEM) to
characterize the interface morphology under different plating current densities. Through a
combination of experiments and theoretical modelling, we identify conditions whereby Li can
nucleate either above or underneath the Li-Sn intermetallic coating and thus provide new insight

on the mechanism for this lithium plating process.

Chapter 3.2. Experimental Methods
Protective Coating Fabrication

The lithium-tin coating layer was fabricated using a solution-processed route in a sub-ppm
Argon-filled glove box(VAC). Anhydrous Tin (II) Chloride (98%, Alfa Aesar) was dissolved and
stirred into tetrahydrofuran(Sigma) to form a 50 mM Tin Chloride solution. Lithium metal foil (Alfa
Aesar, 99.9%) was polished and subsequently immersed into the Tin(ll) chloride solution for ~6-
7 seconds to form a conformal dark coating on top of lithium. The coating was left to dry under
ambient glovebox conditions for 3 hours and rinsed in dioxolane. For coin cell electrodes, lithium
disks were punched out and pressed onto stainless steel spacers before immersing into the tin
() chloride solution.
Coating Characterization

SEM (Nova NanoSEM230; Thermo Fisher Scientific) and EDX images (Noran System 7,
Thermo Fisher Scientific) were obtained using an accelerating voltage of 10.0 kV to image the
plan view morphology of the pristine and plated Li-Sn layers. The samples were exposed for a
few seconds to ambient air during the sample transfer into the SEM chamber. EDX spectral maps
were obtained to characterize the composition of the layer. X-ray photoelectron spectroscopy
(XPS; Kratos Axis Ultra) with a monochromatic aluminum X-ray source was performed on the

lithium tin coating layer using a voltage of 10kV and emission current of 10 mA. Peak calibration
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was performed using the adventitious carbon peak (284.8 eV). Analysis was carried out in
CasaXPS software. TEM characterization of the coating layer was conducted using a JEOL 2800
TEM at 300 kV. The coating layer was gently scraped off from the Li metal surface and collected
with a Cu grid inside an Ar-filled glovebox. The sample loading was conducted with direct Ar flow
toward the sample holder to minimize air exposure. The coating cross-section was characterized
using a FEI Scios Dualbeam FIB/SEM. A Ga-ion beam source at 30 kV was used to mill the
sample. To preserve the coating and Li morphology, a cryo stage was used during the milling
process. The cryo stage temperature was maintained below -180 °C using a heat exchanger in
liquid nitrogen. X-ray Diffraction was performed using a PANalytical X'Pert Pro diffractometer
using a Cu Ka (A = 1.5418 A) source. Samples were sealed in kapton to prevent air exposure.
XRD patterns were recorded in the range of 30° < 26 < 70° using a 0.03° step size, a voltage of
45 kV, and a current of 40 mA.
Electrochemical Characterization

Galvanostatic plating/stripping experiments were conducted in a symmetric coin cell using
a 25mm thick polypropylene separator and 80 uL of 1M lithium bis(trifluoromethane)sulfonimide
(LiTFSI) in dioxolane/dimethoxyethane (DOL/DME) (1:1 vol). Current densities of 100 uA cm™ to
2mA cm were used for the plating studies. For the galvanostatic linear polarization experiments,
symmetric coin cells were subject to 3 cycles of plating and stripping for a set of current densities
ranging from 5 to 50 yA cm™. In the calculation of the exchange current density, the plating and
stripping overpotentials were assumed to be similar thus the plating overpotential was assumed
to be half of the total overpotential and used to calculate the exchange current density. The low
overpotential, linearized form of the Butler-Volmer equation was used in our study (See Chapter

2).
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Chapter 3.3. Results & Discussion

Chapter 3.3.1. Li-Sn Composite Coating Fabrication and Characterization

Polished lithium disk on

stainless steel spacer ('

50 mM SnCl, in THF

Figure 3.1. Schematic of the fabrication of Li-Sn/Cl composite coatings.

Li-Sn composite coatings were formed through a solution processing route using a 50 mM
solution of SnCl. dissolved in THF (Figure 3.1). Due to the reducing power and chemical reactivity
of Li, the direct immersion of Li foil in the SnCl, solution resulted in the immediate reduction of the
chloride solution on the lithium surface, producing a dark grey coating with intimate contact to the
bulk foil. The plan-view SEM image in Figure 3.2(b) reveals the microstructure of the coating
surface. The reaction between the bare Li and the SnCl, solution produced a uniform coating
consisting of submicron particle-like features. Cryo-FIB SEM was utilized to characterize the
cross-section of the layer to reduce the risk of ion beam damage. As shown in Figure 3.2(d), the
coating is dense and has a thickness of around 1 ym. EDS mapping (Figure 3.3) confirms the

uniform distribution of both Sn and CI throughout the bulk coating.
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Figure 3.2. (a) Schematic comparing Li plating locations in bare lithium (left) and in a Li-Sn coating
system (right) (b) Plan-view SEM image of coating morphology. Scale bar is 10 um. Photograph
of a pristine Li-Sn coating on a stainless steel spacer is shown on top right corner. (c) Lithium-Tin

binary phase diagram®' (d) cryo-FIB cross-sectional SEM image of Li-Sn coating on bulk Li foil.

Scale baris 1 ym.

Figure 3.3. EDX spectral mapping of a pristine coating cross section. Scale baris 1 ym.
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Figure 3.4. (a) Energy Dispersive Spectroscopy (EDS) of the Li-Sn coating showing both tin and
chlorine signals and the corresponding atomic percentages. (b) X-ray Diffraction (XRD) pattern of

Li-Sn coating (black) along with reference scans for LizSns (blue), and Li1zSns (red).

The structure and phases of the coating were characterized with XRD and HRTEM. The
(20) diffraction peaks at 32.6 degrees and 46.8 degrees in Figure 3.4(b) suggest that the coating
likely contains both crystalline Li;Sns (P12+/m1, ICSD-104785) and Li13Sns (P3m1, ICSD-104786)
phases. The broad diffraction peak at 38 degrees indicates the combination of the two Li-rich
intermetallic phases, LizSns and Li13Sns. Additionally, the broadness and low intensity of the
diffraction peaks indicate that the intermetallic species present in the coating layer were either
nanocrystalline and/or there were amorphous regions within the coating. HRTEM was utilized to
further understand the microstructural characteristics of the layer which showed the presence of
percolating nanocrystalline phases embedded in an amorphous matrix .Figure 3.5(a, c-d)]. The
Fast Fourier Transform (FFT) pattern of the entire region in Figure 3.5(b) showed the existence
of LizSns and Li13Sns phases. In Figure 3.5(c), the magnified TEM micrograph showed grains with

d-spacing measured to be 0.20 nm and 0.23 nm. These values correspond to orientations of
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LizSnz (102) and LizSns (212)/Li1sSns (110), respectively. The crystalline regions contain
intermetallic grains that are <10 nm in diameter in addition to amorphous regions between the
grains. The direct observation of amorphous regions could help to explain the broad and low

intensity peaks observed for other solution processed intermetallic coatings.?"*°

(d)

Figure 3.5. HRTEM micrographs of the Li-Sn composite coating. (a) Low-magnification image of
composite coating. (b) FFT pattern of the entire region in part a. (c) High-magnification image of
the composite coating. (d) Phase distribution schematic overlaying the HRTEM image. The

coating contains LizSns, Li13Sns, and amorphous regions.
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Chapter 3.3.2. Chlorine in the Composite Coating

The chlorine in the layer is suspected to be LiCl. In previous reports?'®'2 LiCl was
reported to form as a reaction product in a two-step reaction between Li and the metal chloride
(MCI)?":

Li + MClx — M + xLiCl.
yLi + zM — Li,M,

Around 5% chlorine was detected by EDX analysis to be present within the intermetallic layer
.Figure 3.4(a)]. Thus, the chlorine species is a minor constituent of the coating layer. To
complement the EDX results, XPS was used to provide chemical information regarding the
nanometer region near the surface (<10 nm)® of the coating. Both Cl 2p12 and Cl 2ps2 were
detected based on signals at 200.04 eV and 198.39 eV, respectively. These energies lie within
comparable binding energies reported for the chlorine species produced under similar solution
processing routes.?'3'*2 The CI 2p signals could still be observed with no peak shifts after 15
minutes of argon ion etching (Figure 3.6), indicating that the chlorine species does not change in
or near the surface of the coating while the cross-sectional EDS mapping demonstrated a uniform

distribution of Cl signals throughout the bulk of the coating (Figure 3.3).
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Figure 3.6 XPS of Cl 2p before and after 15 minutes of Ar* etching.

The fact that crystalline LiCl was not detected in either XRD or FFT patterns is not
surprising [Figures 3.4(b) and 3.5(b)]. This result is consistent with previous reports for metal

213132 which assume the formation of an

chloride solution-processed intermetallic coatings
amorphous/nanocrystalline LiCl phase but provide no further evidence. In our study, the
microstructure of the coating layer was revealed to contain amorphous regions (Figure 3.5). To
further assess the most likely chlorine species in the layer, density functional theory (DFT)
calculations were performed to determine the most stable surfaces for Li1zSns and LizSns. In a
second series of calculations, a comparison of reaction energies was made for different Cl
configurations on the most stable surfaces, inside the bulk intermetallic phases, or as a separate
LiCl phase. Table 3.1 shows the reaction energies of various Cl configurations for both
intermetallic phases. The formation of a separate LiCl phase is energetically more favorable over
the doping of Cl into the intermetallic structure for both Li13sSns and LizSns. While the presence of

LiCl is not expected to take part in lithium transport due to its low lithium diffusivity, it can be of
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benefit to a coating layer by imparting fast surface diffusivity at the electrolyte/electrode interface

which has been reported for lithium halide salts.>*

Table 3.1. The reaction energies (eV) to form a Cl doped LiSn intermetallic structures (either in
the bulk or at the surface) and a separate LiCl phase for Li-Sn coating layer, energies are

normalized as per SnCl, chemical formula.

Li13Sn5 Phase Li7Sn3 Phase

Systems Cl doped Cl doped (001) Separate Cl doped Separate

bulk surface LiCl bulk LiCl
Reaction
Energy -5.72 -5.74 -5.86 -5.08 -5.72
(eV)

Although the question of whether an amorphous LiCl phase forms is outside the scope of
this paper, an interesting possibility is that the amorphous region is a Li-Sn-Cl glass. Regions of
binary or multi-component systems with decreased liquidus temperature are known to have
increased glass forming ability*® and the binary system of LiCI-SnCl displays a eutectic at 488
K263 Thus, there is the prospect that SnCl, from the solution and LiCl from the reaction product
react to form an amorphous phase with a eutectic-like composition. It is interesting to note that

binary and multicomponent metal chloride based glasses have been known for decades.®*°

Chapter 3.3.3. Lithium Plating Exchange Current
In order to study the kinetics of the lithium plating process in the Li-Sn composite coatings,
the Butler-Volmer equation was used to determine the exchange current of the coating layer

system. The exchange current is a reflection of the kinetics of the charge transfer process and
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the rate of the reaction occurring at the electrode/electrolyte interface.*’ While Tafel plots are
commonly employed to determine the exchange currents using the high overpotential
approximation, it has recently been reported that the Butler Volmer Equation fails to describe the
kinetics of lithium plating and stripping at overpotentials above 50 mV.*2 Therefore, the linear, low
overpotential regime of the Butler-Volmer equation (See Chapter 2) was used to extrapolate the
exchange current from a galvanostatic linear polarization experiment [Figure 3.7(a)]. The lithium
plating exchange current of the Li-Sn coating was found to be twice that of the bare lithium control,
indicating more favorable charge transfer plating kinetics in the Li-Sn layer over the bare lithium
control. The exchange current is inversely proportional to the charge transfer resistance,*' which
can also be seen in the impedance measurements [Figure 3.7(c) and 4(d)]. The Nyquist plot of
the data not only shows a lower charge transfer resistance for the Li-Sn coating, but also
demonstrates the ability of the coating to stabilize the lithium surface throughout the repeated
plating and stripping during the galvanostatic linear polarization tests. In contrast, the bare lithium
control suffers from a continuous increase in charge transfer resistance throughout the
galvanostatic linear polarization measurement. This can be attributed to an increased surface
area from non-uniform lithium deposition/stripping and the accompanying formation of more SEl,
resulting in increased resistance.?®*** The higher exchange current in combination with the
stabilizing effect of the Li-Sn coating is expected to be favorable in terms of plating and stripping
by imparting faster plating/stripping kinetics in addition to providing surface stabilization during

electrochemical cycling.
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Figure 3.7. (a) Voltage vs. time profile of the galvanostatic linear polarization tests using current
densities of 5, 10, 20, 30, 40 and 50 pA cm? (b) Overpotential vs. current density plot
demonstrating a linear trend for low overpotentials along with the corresponding exchange
currents extrapolated from the galvanostatic linear polarization test. (c) Nyquist plot of the Li-Sn
coated lithium symmetric cell. The light red trace represents the impedance before the test, the
medium red trace represents the impedance during the test, and the dark red trace represents
the impedance after the test. (d) Nyquist plot of a lithium control (no coating) symmetric cell which

shows a larger initial impedance in addition to large increases throughout the test.

Chapter 3.3.4. The Role of Plating Current Density in Lithium-Tin Coatings
In order to study the effect of the plating current density in Li-Sn coatings, two test case

current densities were chosen: 1) a low current density of 0.1 mA cm™ that is below the exchange
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current densities of both Li-Sn coating and bare lithium systems and 2) a high current density of
2 mA cm™ that is above the exchange current density and represents a current density commonly
used in Li plating studies.?"*4’ For a bare lithium anode (no Li-Sn coating), lower currents, and
thus smaller overpotentials (driving force), result in a larger critical radius for nucleation as shown

by Equation 3.1:#
ZYn/e-Q Eqgn. 3.1

Fn

c =

where r is the critical nucleus radius, vy e is the interfacial energy between the Li nucleus and

the electrolyte, (1 is the molecular volume of Li, F is Faraday’s constant, and 1) is the overpotential.

0.1 mAcm? 2mA cm™2
for 40 hrs for 2 hrs

Figure 3.8. Bare lithium plating morphology at 0.1 mA cm™ (left) and 2 mA cm™ (right) for a plating

capacity of 4 mAh cm?,

As a result, at lower current densities, more favorable plating morphologies with larger
deposited features are typically observed whereas at high current densities of 2 mA cm™, smaller

features with higher surface area morphologies are more favorable to form (Figure 3.8). However,
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unlike bare lithium, where lithium ions in the electrolyte have no other option but to plate on the

lithium surface, Li-Sn coatings not only offer the possibility for heterogeneous lithium nucleation

on top of the coating surface but also the possibility to plate underneath the coating. For plating

to occur underneath, the charge transfer kinetics at the interface must be favorable in addition to

the transport of lithium through the layer, which must be relatively fast to minimize polarization

and resistance within the coating.
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Figure 3.9. (a) Plan-view SEM of a Li-Sn coated lithium plated at 0.1 mA cm for a plating capacity

of 4 mAh cm™. Scale bar is 10 um (b) Plan-view SEM of a Li-Sn coated lithium plated at 2 mA cm’

2 for a plating capacity of 4 mAh cm™. Scale bar is Scale bar is 10 um (c) Potential profile of Li-
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Sn coated Li plated at a current density of 0.1 mA cm™ (red) and 2 mA cm™ with the same areal
capacity of 4 mAh cm?. Inset shows a zoom up of the 0.1 mA cm™ plated sample which

demonstrated a steady overpotential with less than 1 mV throughout the entire 40 hours.

Figure 3.9(c) shows the electrochemical signature of lithium plating in Li-Sn coatings
plated at the low and high test case current densities. For the high plating current sample, the
initial kink observed is commonly attributed to the nucleation overpotential for the lithium plating
and the subsequent steadier overpotential after the nucleation event is related to the continuous
growth of the deposits.*’*® However, in the potential profile for the low plating current, there was
no visible nucleation overpotential. The lack of a nucleation kink was also observed in a bare
lithium symmetric cell plated at 0.1 mA cm thus indicating that at the lower current densities, the

nucleation and growth overpotentials are similar (Figure 3.10).

—— Li-Sn Protection Layer @ 100uA cm™

—— Lithium Control @ 100uA cm?
- ‘ ‘ ] 0.005 -

0.000

Potential (V)
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0.010 4 . : .
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Figure 3.10. Comparison of Li plating profile for Li-Sn coating and bare lithium control at 0.1 mA

cm™.
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However, in the bare lithium plating profile, the growth overpotential exhibited fluctuations
which are likely the result of lithium deposition changing the electrode surface. In contrast, the Li-
Sn sample plated at the low current density of 0.1mA cm™ [Figure 3.9(c)] demonstrated a stable
overpotential with less than 1 mV change throughout the entire 40 hours of plating. The stability
of the overpotential profile can be an indicator of the unchanging surface of the electrode as a
result of lithium deposition underneath and preservation of the Li-Sn coating surface exposed to
the electrolyte. In contrast, when lithium deposition occurs on the top of the Li-Sn coating, slight
fluctuations in the overpotential [Figure 3.9(c)] are exhibited and attributed to the changing surface

area [Figure 3.9(b)] associated with the non-uniform Li deposition.**>°

In terms of the physical appearance of the electrodes, even at a plating capacity as high
as 4 mAh cm™, no lithium plating was observed on the surface of the lithium tin coating for the
lower plating current density (0.1 mA cm™). A capacity of 4 mAh cm? equates to roughly 20 um
of plated lithium assuming uniform deposition and should be identifiable even from visual
inspection. In comparing the different current densities, the plated lithium for the higher plating
current density sample [Figure 3.9(b)], is confined to the upper surface, covering the dark
grey/black Li-Sn coating completely, while the lower plating current density sample retained the
lithium tin coating morphology [Figure 3.9(a)]. The drastic visual differences between the two
samples indicate that there exists a critical current at which the lithium deposition location can be
tuned to favor either plating at the surface or underneath the Li-Sn coating. This critical current is
likely influenced by the exchange current density, which reflects the ease of charge transfer at
the interface in addition to the fast transport of lithium through the coating via the lithium-rich
intermetallic phase (vide infra). While plan-view SEM images show the absence of lithium on the
surface of the lower plating current density sample, the use of cross-sectional Cryo-FIB SEM is

able to elucidate the presence of buried lithium underneath the interface.
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Chapter 3.3.5. Probing above and beneath the Li-Sn layer

Cryo-FIB SEM was used to probe the Li plating morphology while minimizing the artifacts
from the ion milling process.***! For the Cryo-FIB samples, a smaller plating capacity of 1 mAh
cm? was chosen to minimize the Cryo-FIB milling time. One key question to address was whether
plated lithium could be distinguished from the bulk underlying lithium foil using the FIB milling
process. As a control, a high plating current density sample (2 mA cm, 1 mAh cm) where lithium
plated on top of the Li-Sn coating was analyzed to: 1) determine whether the Li-Sn layer could be
easily distinguished and 2) compare the plated lithium to the bulk lithium foil underneath the Li-
Sn layer. Figure 3.11(b) shows that at the higher current density of 2 mA cm™, heterogeneous
nucleation of Li on top of the coating is observed and lithium deposition occurs on the top of the

Li-Sn layer.

Li-Sn Coating

Lithium
Foil

Figure 3.11. (a) Graphic representing high plating current density case where lithium is observed
to plate on top of the Li-Sn coating (b) Cryo FIB cross-section SEM of Li plated on top of Li-Sn
coating at a current density of 2 mA cm™ for a capacity of 1 mAh cm™. Scale bar is 2 um. (c)-(f)

EDX elemental mapping of the cross-section. Scale bar is 2 ym.
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The nucleation of Li is driven by overpotential®?

whereby larger currents result in larger
overpotentials. The Everhart-Thornley Detector (ETD) SEM image in Figure 3.11(b) shows the
plated lithium on top of the Li-Sn coating. The plated Li above the coating can be better
distinguished from the Li-Sn coating using a Backscattered Electron Detector (BSED), which
provides greater contrast due to the atomic number dependence of backscattered electrons
(Figure 3.12). The large difference between the atomic numbers of Sn (z=50) and Li (z=3), allow
us to easily distinguish lithium (both plated and bulk foil) from the Li-Sn coating. While the plated
and underlying bulk foil are both lithium, the plated lithium contains signals from the SEI (Fluorine,

Sulfur, Carbon) which represents a characteristic feature of plated lithium observed in this study

[Figure 3.11(c)-(f)].

Figure 3.12 Comparison of Everhart Thornley Detector (ETD) (left) and backscattered electron

detector (BSED) (right) SEM image for Li plated at 2 mA cm™. Scale bar 5 ym.

The thickness of Li for 1 mAh cm™, assuming uniform deposition, is expected to be around
4.8 um. This agrees well with the measured cross-section thickness for plated Li (4.87 + 0.21 um)
indicating relatively uniform and dense Li deposition [Figure 3.11(b)]. While Li plating occurred on

top of the Li-Sn layer at higher current densities, the deposited Li layer exhibited a dense
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morphology. This demonstrates the critical influence of the substrate in lithium plating, which has
previously shown favorable plating morphologies for tin-based interfaces.’*® The dense
morphology for Li deposited at the higher current density of 2 mA cm™ can be attributed to the
fast surface diffusion at the Li-Sn coating interfaces. In addition to the contribution of the
intermetallic phase, the presence of the chloride species also plays an important role in the
surface diffusion of lithium when considering plating above the Li-Sn coating. The presence of
lithium halide salts has been reported to improve plating morphology, which can be correlated to
an enhanced surface diffusion from the halide due to a reduced barrier for Li diffusion at the
electrode/electrolyte interface.>*>* Therefore, in our study, the dense, uniform, and dendrite-free
plating morphology is attributed to both the Li-Sn intermetallic compounds and the chloride

component in the composite coating.
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Figure 3.13. (a) Cryo FIB cross-section SEM of Li-Sn coating with lithium plated at a current
density of 0.1 mA cm™ for a capacity of 1 mAh cm™. Plated lithium is outlined in green. Scale bar
is 2 um. (b) Backscattered Electron Detector (BSED) SEM image demonstrated a stark contrast
between the plated lithium region and Li-Sn coating while showing similar electron signal between
the bulk Li and plated Li. Scale bar is 2 um. (c) EDX elemental mapping for tin. Scale bar is 2 ym.

(d) EDX elemental mapping for chlorine. Scale bar is 2 um.

For the lower plating current density (0.1 mA cm™, 1 mAh cm™), where the applied current
was lower than the exchange current density, the Li plating process is more complex than what
has been observed previously.?' To complement the plan-view SEM image in Figure 3.9(a) which
showed no indication of Li plating on the surface of the coating, Cryo-FIB SEM was used to probe
Li deposition below the surface. By comparing the secondary electron image with the
backscattered electron image [Figure 3.13(a-b)], the plated Li region (outlined in green) could be
distinguished by both its morphology and composition. The plated Li beneath the Li-Sn coating
contained porosity that helped distinguish it from the bulk Li foil. The EDX spectral mapping
indicated a lack of tin signals from the region where morphology is different from the bulk Li while
the EDX line scan showed an immediate decrease for both the tin and chlorine signals in the

plated Li region (Figure 3.14).

42



R B
SEM-ETD m SEM-BSED

Li-Sn Coating |

+3 & /» ,"’3

Distance (um)
N
1

Bulk Lithium

—S8n
81 —Cl

Signal Intensity (a.u.)
Figure 3.14. EDX line of plated lithium at 0.1 mA cm™. Scale bar of SEM-ETD image (left) and

SEM-BSED image (right) is 2um.

Similar to the Li plated on top of the coating at the higher current density, the Li plated
underneath the coating also contained oxygen and sulfur signals from the electrolyte. The plated
Li region underneath the coating in Figure 3.13(a) was found to be less than the theoretical
thickness of 4.8 um. However, other regions within the sample were found to have plated Li
thicknesses greater than 4.8 um (Figure 3.15) indicating that the deposition of Li underneath the

Li-Sn is non-uniform.
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Figure 3.15. Other region where lithium plated underneath coating demonstrating coating’s ability
to withstand large volume associated with lithium plating. Sulfur signal from electrolyte. SEM

image(top) scale bar is 10 um. EDX spectral map scale bar is 3 ym.

Chapter 3.4. Conclusion

In this work, we investigate the mechanism of Li plating underneath Li-Sn coatings which
can serve as a strategy to mitigate dendrite formation. Li-Sn coatings were fabricated directly on
lithium foil using a solution-based approach. HRTEM revealed a unique microstructure consisting
of both Li-rich intermetallic grains and amorphous chloride regions. The plating kinetics for the Li-
Sn coating demonstrated an exchange current twice that of bare lithium indicating enhanced
charge transfer kinetics in combination with the ability to stabilize the surface during

plating/stripping. We demonstrate that by tuning the plating current density, the lithium deposition
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location can be modified. At current densities of 100 uA cm™, lithium deposition can be observed

underneath the coating. At higher current densities of 2 mA cm™, heterogeneous nucleation of Li

on top of the coating becomes more kinetically favorable compared to the diffusion of Li through

the coating layer. The results shown here suggest a novel approach for Li dendrite suppression.
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Chapter 4. Temperature-dependent reaction pathways in FeS:: reversibility and the
electrochemical formation of Fe3S,

As mentioned in chapter 1, the specific capacity of a material depends on the number of
electrons undergoing redox and its gravimetric weight. Conversion materials undergo
multielectron redox enabling access to higher specific capacities. FeS, is a conversion cathode
offering both high specific capacity and sustainability, being the most abundant metal sulfide on
earth. However, the complex reaction pathways in the rechargeable system presents many
discrepancies in both the intermediate and charge products across the past few decades. The
present study has used a variety of characterization techniques to determine the products and
reaction pathways involved in the rechargeable Li-FeS; system. We revisit both the initial lithiation
and subsequent cycling of FeS, employing an ionic liquid electrolyte to investigate the
intermediate and final charge products formed under varying thermal conditions (room
temperature to 100 °C). The detection of Li»S and hexagonal FeS as the intermediate phases in
the initial lithiation and the electrochemical formation of greigite, FesS4, as a charge product in the
rechargeable reaction differ significantly from previous reports. The conditions for Fe3S4 formation
are shown to be dependent on both the temperature (~60 °C) and the availability of sulfur to drive
a FeS to FesS. transformation. Upon further cycling, FesSs transforms to a lower sulfur content
iron sulfide phase, a process which coincides with the loss of sulfur based on the new reaction
pathways established in this work. The connection between sulfur loss, capacity fade, and charge

product composition highlights the critical need to retain sulfur in the active material upon cycling.
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4.1 Introduction

With the goal of net zero carbon emissions by 2050 in the US, there has been a significant
move towards advancing fully electric and hybrid vehicles."? However, the intercalation
chemistries that currently power electric vehicles have limited capacity owing to their host-limited
redox processes.>* Further, the rising demand for lithium-ion batteries underscores the equally
critical need for finding sustainable alternatives to replace cobalt and nickel-based cathodes.>”
Conversion materials present an attractive path towards obtaining higher energy density batteries
enabled by their multi-electron redox processes. In particular, pyrite, a cubic form of FeSy,
presents a sustainable path to high energy density batteries given its high theoretical capacity
(894 mAh g™) and designation as the most abundant metal sulfide on earth.®° FeS; has been
commercialized as a primary battery cathode, where upon lithiation, pyrite undergoes an
irreversible reaction.'®'? That is, once cubic-FeS; (c-FeS,) is lithiated to 1 V, the pyrite phase is
not recovered on recharge. Therefore, the rechargeable FeS; system is starkly different from its
primary battery counterpart.’®'® While the end discharge products, Fe® and Li,S, are generally
agreed upon, the presence of multiple reactions along with the complexity of the iron-sulfur phase
diagram™ has made the identification of intermediates and charge products challenging. Even
after decades of research, there exist discrepancies in interpreting the reaction pathways of both
the initial’®'?" and subsequent cycling'®'>"® of FeS,. Despite these discrepancies, recent

10-12,15

research has focused less on reconciling the differences in the reaction pathways and more

towards improving the performance of FeS, through engineering approaches that increase the

16,17 11,15

electronic conductivity, reduce polysulfide shuttling, and minimize the Li* diffusion path.'®
20 While engineering approaches have improved performance, incomplete mechanistic insight
hinders targeted approaches to address fundamental limitations in reversibility and kinetics

inherent to the FeS; system.
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In the present work, an ionic liquid electrolyte, 1M lithium bis(fluorosulfonyl)imide (LiFSI)
in 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI), is utilized in the
electrochemical experiments for two reasons: 1) to study the FeS; system under a large
temperature range (room temperature to 100 °C) which cannot be achieved using common
organic electrolytes?' and 2) to take advantage of the lower solubility of polysulfides in ionic liquid
electrolytes' in order to reduce the influence of polysulfide shuttling. Through a suite of
characterization techniques, we establish that the intermediates formed in the first plateau of the
initial lithiation at elevated temperatures consist of two phases, Li»S and hexagonal FeS (h-FeS),
in contrast to commonly accepted but elusive Li:FeS,."*"* Based on our revised initial lithiation
reaction, we draw the connection between c-FeS, and that of h-FeS studied previously by
Goodenough.? The similar reaction pathways and charge products formed in these two systems
have received little attention despite their importance in capacity and cycling.?>*

The delithiation reaction is divided into four distinct regions. Our results provide context
for the discrepancies in charge products reported since the 1980’s (Table 4.1). The most
significant result presented here is the electrochemical formation of greigite, FesS4, as a charge
product of FeS,. We establish that its formation is dependent both on temperature and the
availability of sulfur produced in the upper conversion reaction at ~2.4 V. The loss of active sulfur
during cycling, attributed to polysulfide shuttling, is responsible for the loss of FesS4 after the first
few charge cycles, leading to a charge mechanism similar to that observed at room temperature.
Once greigite is no longer produced, the reversible formation of a nanocrystalline FeS
mackinawite on charge becomes the dominating iron sulfide phase in battery operation. The
insights presented here underscore the critical importance of sulfur retention in the active material
in addition to the dynamic nature of charge product formation in FeS,. These features are also

likely to impact the emerging interest in solid-state FeS; systems.
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Table 4.1. Survey of Charge Products Reported for FeS,

Charge Temperature Slurry Ratio Electrolyte Cell Format Technique Reference Year
Products Published

at3Vv
FeS RT 94:4:2 1M LiAsF in Two electrode in- XRD [10] 1990
(pyr:'hotlte) 60 °C FBSZPEOEC PC:EC (1 1 VO|) situ cells Mossbauer
S
t-FeS RT 60:30:10 1M LiTFSI in DOL: Coin cell XRD [12] 2020
(mackinawite) 60 °C FeS,: Super P: DME (1:1 vol) HRTEM
S PVDF
o-FeS, RT 60:20:20 0.6M LiTFSI Coin Cell FIB + HRTEM [15] 2014
(marcasite) FeSz: Acetylene PYR13TFSI
FeS Black: PVDF ) )
s 87 1M LiPF_ in

EC:DMC (1:1 vol)
o-FeS, 30-60 °C 31.25:62.5:6.25 amorphous Solid State Cell FIB + HRTEM [11] 2013
(marcasite) FeS,:Solid 77.5Li,S:22.5P S,
FeSBI7 Electrolyte:
s Carbon Black
c-FeS2 410°C Ratio not LiCl-rich molten Three electrode XRD [39] 1982
Fe S provided electrolyte custom built molten
1-x

electrolyte cell with
Li/Al Counter and
Ref electrode

FeS, 40-100 °C 80:10:10 1M LiFSI Coin Cell XRD This Work 2022
s FeS,: Super P: PYR,,TFSI XAS
t-FeSy y=0.9-1 PVDF UV-Vis

(Mackinawite)

Chapter 4.2. Experimental Methods
Materials and Electrode Preparation

As received FeS; powder (99.9%, Sigma Aldrich) was ball milled for 6 hours at 1000 rpm
using a Fritsch Pulverisette 7 Premium Line Planetary Micro Mill using a 20 mL stainless steel
Fritsch grinding bowl and 3 mm stainless steel Fritsch media. The resulting FeS, powder
contained both micron and nano sized particles. FeS (99.9%, Sigma Aldrich) and Li>S (99.9%,
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Alfa Aesar) was used as received and stored in an argon glovebox (<1 ppm Oz and <1 ppm H20).
Lithium bis(fluorosulfonyl)imide salt (99.9%, Alfa Aesar) was dried on a Schlenk line at 110 °C
overnight prior to pumping into the glovebox and mixing into 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (99.9%, Solvionic). For the FeS:Li.S (1:1 mol) composites,
equal molar amounts of Li.S and FeS powder were loaded into the ball mill jar inside the glovebox,
transferred out using an air free enclosure, and subsequently ball milled for 5 hours at 500 rpm in
a Retsch PM 100 planetary ball mill. The ball mill jar was transferred back into the glovebox for
slurry fabrication. Slurry electrodes in this study were made by mixing the active material (ball-
milled FeS,, FeS, FeS:Li>S (1:1 mol), or Li»S), Super P (Alfa Aesar), and PVDF (polyvinylidene
fluoride) Binder (Kynar Flex 2801) in an 80:10:10 ratios by weight, respectively, in N-methyl-2-
pyrrolidone (NMP, Sigma Aldrich), using a mortar and pestle to produce a homogeneous slurry.
Slurries were doctor bladed onto a carbon-coated aluminum foil current collector (MTI Corp.) FeS»
slurries were made outside the box and dried in a vacuum oven overnight at 120 °C prior to

pumping into an Argon glove box (<1 ppm O2 and <1 ppm H20, VAC) for coin cell assembly.

Materials Characterization

Scanning electron microscope (SEM; FEI Nova NanoSEM230) images were obtained
using an accelerating voltage of 10.0 kV and at a working distance of ~5 mm. X-ray Diffraction
(XRD) was performed using a PANalytical X'Pert Pro diffractometer using a Cu Ka (A= 1.5418 A)
source. Samples were sealed in Kapton inside the glovebox and transferred into a glass vial to
minimize air exposure. XRD patterns were recorded in the range of 20° <26 < 70° using a voltage
of 45 kV, and a current of 40 mA. X-ray photoelectron spectroscopy (XPS; Kratos Axis Ultra) with
a monochromatic aluminum X-ray source was performed using a voltage of 10 kV and emission
current of 10 mA on cycled electrodes. The electrodes were removed from a coincell inside the

glove box, rinsed in dimethyl carbonate (DMC), and dried in the glovebox prior to loading into an
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air-free transfer carrier. The data was processed in Casa XPS software using a peak calibration
of 284.8 eV for adventitious carbon peak and a Shirley background for the fitting. UV-Vis
spectroscopy was performed using the same setup as a previously reported.?® To characterize
sulfur and polysulfides as a function of cycling, two coin cells were charged up to 3 V (C/20, 60
°C ) for 1 or 5 cycles. The coin cells were decrimped and each component (lithium anode,
separator, and FeS; electrode) was left to sit in separate vials of 1,3-dioxolane (DOL) for 24 h to
extract adsorbed polysulfides (PS) or sulfur in each component. UV-vis sample prep and spectral
collection were conducted inside of a glovebox with <1 ppm of water and oxygen. Each UV-vis
spectrum was background subtracted for pristine DOL.

X-ray absorption spectroscopy (XAS) of the iron K edge was conducted at beam line
BL17C1 of National Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan) with ring
energy of 1.5 GeV and emission current of 300-360 mA. The data was collected from 6.9 to 7.9
keV with a 40-minute duration, with a reference spectrum of Fe foil measured simultaneously. For
the powder reference samples (FeS. and FeS), 18 mg of powder was spread onto a 1 cm x 6 cm
strip of Kapton tape to achieve an areal loading of 3 mg cm™. For cycled electrodes 10 mm
electrodes were cycled in a coin cell, disassembled, rinsed in DMC to remove ionic liquid, and
then pressed onto Kapton tape to transfer the electrode slurry off the Al current collector and onto
the tape. The area loading for each electrode was around ~1.5 mg cm™. Measurements for each
sample were performed three times, and the spectra were merged together for further analysis.
For data processing, the obtained XAS spectra were calibrated with the Fe foil reference and
analyzed by Athena using the intensity normalization and curve merging/fitting functions. The
experimental x(k) in the Extended X-ray Absorption Fine Structure (EXAFS) region was weighted
by k3 and Fourier transformed into r-space for fitting by Artemis, and the parameters are extracted

from the iron sulfide standards (FeS, FeS., and FesSas).
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Electrochemical Characterization

All electrochemical testing was conducted using two electrode 2032 coin cells (MTI Corp).
Coin cells were made using a 3/8” diameter working electrode, 2" diameter lithium counter
electrode, and a 14 pum Celgard Trilayer separator containing 50 pL of 1M Lithium
bis(fluorosulfonyl)imide (LiFSI) in 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR14TFSI) as the electrolyte. The active mass loading used
in this study were ~1-1.5 mg cm™. All electrochemical testing was performed on a Biologic VMP3.
Galvanostatic lithiation/delithiation tests were performed at a C/20 (unless specified otherwise)
based on the theoretical capacity of FeS,, 894 mAh g". Galvanostatic intermittent titration
technique (GITT) was performed using a C/20 pulse for 20 minutes followed by a 4-hour rest

period.

Chapter 4.3. Results and Discussion

Chapter 4.3.1. The Irreversible First Cycle Lithiation
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Figure 4.1. Initial lithiation of FeS; at various temperatures in 1 M LiFSI PYR14TFSI at a rate of

C/20.

The initial lithiation of c-FeS; is an irreversible reaction in that c-FeS; is not recovered
upon charge.'®"""® The crystal structure (space group: Pa-3) of c-FeS, [Fe**][S2?] is a rock salt
structure with the Fe?* cations in the Na* sites and the S,* sulfur dimers, oriented in the <111>
direction, located at the CI" sites. Typically, at room temperature, the electrochemical signature of
the initial lithiation can be described as a single plateau (~1.5 V) (Figure 4.1, blue trace). However,
at elevated temperatures (240 °C)"'? or reduced diffusion distances (thin films or
nanoparticles),”® a two plateau signature is revealed, indicating a two-step lithiation reaction
(Figure 4.1, pink trace). The most commonly cited reaction pathway ascribes the first plateau to
the formation of Li,FeS, and the second plateau to the conversion of Li;FeS; to Li,S and Fe®.'°
However, identification of the Li,FeS; phase has not been detected by X-ray diffraction (XRD), so
amorphous Li,FeS, was proposed as the intermediate.”~'%?-2° |n addition, there have been
reports of other non-lithiated intermediates including hexagonal Fe:.S**®' and, more recently,
tetragonal FeS."? From a more general perspective, the two plateau lithiation can be categorized
as anion redox in the first plateau, whereby the S-S dimer (S»*) breaks to form a sulfide (S%),
followed by cation redox in the second plateau in which the Fe?* is reduced to elemental Fe®.30-%2
The Fe® formed upon discharge has been characterized as clusters of Fe exhibiting local

disorder.3>33
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Figure 4.2. Initial Lithiation of FeS; at 60°C. a) Open circuit potential (OCP) of the initial lithiation

of FeS; (open red circles) obtained through GITT of FeS; at 60°C. The colored stars serve as

indicators for the points at which XRD and XPS were collected. b) ex-situ XRD of the initial

lithiation of FeS,. From top to bottom, the XRD scans show the mid first plateau (~1 mol Li), end

of first plateau (1.6 V), mid second plateau, and full discharge (1 V). A pristine FeS; electrode

(red) and Li>S (black) powder is provided for reference. Red circles, black squares, and yellow

diamonds represent c-FeS,, Li»S, aluminum current collector peaks, respectively. The grey

shaded region highlights the formation of a nanocrystalline h-FeS which is produced in the first

plateau and consumed in the second plateau. ¢) Ex-situ XPS of initial lithiation of FeS; at mid first

plateau, mid second plateau, and full discharge (1 V). St and Sg refer to the terminal and bridging

sulfurs, respectively, of lithium polysulfides.
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Figure 4.3. Ex-situ XRD of initial lithiation of FeS, at 100 °C in 1M LiFSI PYR4TFSI at a C-rate
of C/20. Colored circles on the lithiation profile on the right indicate approximate locations for the

ex-situ XRD scans shown on the left.

The results described here are based on the lithiation of FeS; at 60 °C, as the clear plateau
distinctions enable different intermediate species to be identified (Figure 4.2a). Ex situ XRD in the
first lithiation plateau (~0-2 mol Li) shows the emergence of a broad peak around 43°
corresponding to the highest intensity diffraction peak of hexagonal-structured FeS (h-FeS)
(Figure 4.2b; highlighted by the gray shaded region). To better elucidate the formation of h-FeS,
XRD was repeated on a cell cycled at 100 °C where the second highest intensity peak at 52.5 °
can also be observed (Figure 4.3). The broad diffraction peak indicates the nanocrystalline nature
of electrochemically formed h-FeS. To further confirm the formation of h-FeS, k3-weighted Fe

Extended X-ray Absorption Fine Structure (EXAFS) spectra extracted from X-ray absorption
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spectroscopy (XAS) for the ex-situ cycled electrode at 1.6 V was fit with the theoretical crystal h-
FeS standard (Figure 4.4) for the first two coordination shells (Fe-S and Fe-Fe). Taking into
account the nanocrystallinity of the electrochemically-formed h-FeS at 60 °C, the fit shows good
agreement (R-factor = 0.01405) between the Fe environment in the experiment and the h-FeS
standard. Upon further lithiation into the second plateau (~3-4 mol Li; Figure 4.2, orange and pink
stars), h-FeS is progressively consumed to form the final state of Fe and Li.S, as demonstrated

by the decrease of the peak at 43° (Figure 4.2b)."

(a) | (b)
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Figure 4.4. EXAFS of FeS; at 1.6V of the first lithiation fit to the first two coordination shells (Fe-
S and Fe-Fe). k3-weighted EXAFS spectrum (black) and fit (red) of h-FeS at 1.6V in a) real space

and b) k space.

The detection of a non-lithiated iron sulfide (h-FeS) intermediate suggests that in the first
plateau region, a lithium sulfide species accompanies the formation of the iron sulfide. To confirm
the formation of Li>S in the first plateau, XPS was utilized to probe the surface of the electrode.
Ex-situ XPS confirms the presence of Li>S (160.2 eV)*** in the first plateau [223 mAh/g /~1 mol
of Li] (Figure 4.2c, teal star). In addition to the presence of Li,S, an S* signal from h-FeS can also
be observed (161.2 eV)." As lithiation continues into the second plateau region (Figure 4.2c,

orange and pink stars), the relative peak ratio between Li>S (160.2 eV) and FeS (161.2 eV)
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increases as h-FeS undergoes a conversion reaction to form Li>S and Fe°. In addition to the
presence of Li>S and h-FeS, two additional sets of peaks corresponding to bridging (Sg) (163.2
eV)**3¢ and terminal (St) (161.3 eV)*>* sulfurs, commonly associated with polysulfides, were
found to provide the best fit for the XPS spectra. Though typically not expected to form during the
first lithiation, the low polysulfide species signal can be partly explained by the solubility of sulfides
in many electrolytes.'? Another possibility is that Li,S formation in the first plateau is facilitated
through polysulfide intermediates which have recently been detected during the first lithiation of

FeS, under both electrochemical and chemical lithiation conditions.?®
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Figure 4.5. Comparison of h-FeS:Li>S (1:1 mol) to FeS; and h-FeS. a) Graphic of the ball milling
process. Li>S and h-FeS powder were added in 1:1 mole stoichiometries and mixed at 500 rpm
for 5 hours. b) XRD comparison of ball milled h-FeS:Li»S (1:1 mol) electrode (gray) compared to
an FeS; electrode lithiated half way into the first plateau (purple). Orange arrows indicate peak

positions for h-FeS diffraction peaks. FeS; (black) and Li>S (blue) powder references are provided
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below. Yellow diamonds represent Al current collector diffraction peaks. c-e) 60°C initial lithiation

(black) and rechargeable galvanostatic profiles (pink) of (c) FeS,, (d) h-FeS:Li,S, and (e) h-FeS.
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Figure 4.6. Top: XRD of a ball milled (BM) FeS:Li>S (1:1 mol) electrode (purple) along with the
individual h-FeS (green) and Li>S (blue) powders. Bottom: Comparison of a ball milled composite

electrode (purple) with a hand mixed (HM) electrode (black). Li>S reference shown in blue.

The detection of h-FeS and Li;S as the intermediates formed in the first plateau raises the
question of whether a composite of the two produces an electrochemically-equivalent system to
FeS.. To address this question, composite powders were produced by ball milling h-FeS and Li>S
powders in 1:1 mole ratios (Figure 4.5a). XRD of the ball milled h-FeS:Li>S (1:1 mol) electrode
features peak positions and breadths similar to those formed electrochemically upon lithiating c-
FeS, (Figure 4.5 b). We note that ball milling of the two powders is necessary to reduce the size
of Li>S (Figure 4.6) which otherwise remains electrochemically inactive due to its low electronic

(~10° S cm™) and ionic conductivity (~107" S cm™).3” Without the initial conversion of FeS; (Figure
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4.5c black trace), the h-FeS:Li>.S system demonstrates a lower initial lithiation capacity (Figure
4.5d, black trace); however, in subsequent cycles, near identical (dis)charge curves are identified
for FeS, and the h-FeS:Li.S mixture, both featuring two conversion plateaus and a sloped
intermediate region. (Figure 4.5 c-d, pink traces). In contrast, pure h-FeS, without the additional
Li»S, exhibits a two-electron redox process and features one conversion plateau (Figure 4.5¢).
The appearance of an upper conversion plateau is exhibited by systems containing more Li>S (1
Fe: 2 LixS) as is the case with both c-FeS, and h-FeS:Li»S. In a later section, we show that this
upper redox plateau represents Li>S redox (vide infra). The ability to physically create an
electrochemically equivalent system to FeS; further supports the intermediates identified in this
work and provides future direction towards using the discharge products, Li.S and Fe, to produce

an anode-free, iron-sulfide-based battery.

In summary, our lithiation results at 60°C indicate the formation of two intermediate
species, h-FeS and Li;S, in the first plateau. While Li>S was previously thought to form only in the
second plateau, we provide evidence for its formation in the first plateau from the conversion of
c-FeS; into h-FeS and Li>S (Equation 4.1). The formation of Li>S continues in the second plateau
from the reduction of h-FeS to form Fe® and Li.S (Equation 4.2). In the context of understanding
the rechargeable FeS; system, the initial lithiation has received relatively little attention. However,
the discovery of these new intermediates in the initial lithiation process provides new insight with

regard to the rechargeable redox processes.

First plateau: FeS, + 2 Li* + 2e" — h-FeS + Li,S (Egn. 4.1)

Second plateau: h-FeS + 2 Li* + 2e” — Fe® + LixS (Eqgn. 4.2)
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Chapter 4.3.2. Delithiation of the FeS; System (Rechargeable Reaction)
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Figure 4.7. Delithiation of FeS, at 60°C. a) Galvanostatic curves of the first lithiation (gray) and
delithiation (blue) of FeS, cycled at C/20 in 1 M LiFSI PYR14TFSI. Colored stars correspond to
key points for ex-situ XRD. Regions I-IV correspond to the Fe redox plateau, Li (de)insertion, Li>»S
redox plateau, and FesS4 conversion regions, respectively. b) ex-situ XRD of initial delithiation of
FeS, in addition to a Li>S reference pattern (black). Black asterisks indicate FesS4 diffraction

peaks. Figure S6 provides an expanded view focusing on the intermediate potentials.

There is general agreement that once the Li-FeS; system has been discharged (lithiated)
to 1.0 V, c-FeS; does not reform on charging. The electrode does charge, however, discrepancies

exist regarding both the intermediates’®30-*2

and final charge products formed when the Li-FeS;
system recharges (Table 4.1)."%'2" The lack of agreement across literature conveys the
complexity of iron sulfide phases at lower temperatures which consist of various compositions,

polymorphs, amorphous and metastable phases.®'* The current literature on the charge products

for FeS, vary within the same temperature range indicating that temperature alone cannot account
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for the differences in charge products reported in the literature (Table 4.1). Our results clearly
indicate that after the first lithiation, c-FeS: is no longer formed as a charge product and that the
reversible electrochemical properties result from the formation of other iron sulfide phases. To
better identify the evolution of the iron sulfide phases, we separate the reaction pathways for the
rechargeable FeS; system into four regions which are defined by their delithiation potential ranges
(Figure 4.7): 1) Fe redox plateau [1-1.85 V], Il) Li insertion/extraction region [1.85 — 2.3 V], lll) Li.S

redox plateau [2.3 — 2.42 V], and IV) FesS4 conversion [2.42 — 3 V] (for T= 60 °C).

Chapter 4.3.2.1. Region I: Fe redox plateau [1-1.85 V]

1st Delithiation

257

Voltage (V)
N

—100 °C

—60°C
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0 0.2 04 0.6 0.8 1
Normalized Capacity

Figure 4.8. Temperature invariance of delithiation conversion potential at ~1.8 V from RT-100 °C.

A C/20 charging rate was used for each temperature.
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Figure 4.9. Region I: Iron Redox Plateau at 60 °C. a) XRD comparison of FeS, (blue) and h-FeS
(red) electrodes delithiated up to 1.85 V. Yellow diamonds represent aluminum current collector
peaks. Black circles represent Li;S diffraction peaks. b) First lithiation (black) and delithiation
(pink) of FeS; at 60 °C cycled at C/20. c) First lithiation (black) and delithiation (pink) of h-FeS at

60 °C cycled at C/20.

Region | is generally cited as the conversion of the discharge products, Li>S and Fe, into
Li.FeS, despite lack of strong evidence for its formation.' In revisiting Region |, we observe that
the Fe redox plateau features a temperature invariant (room temperature to 100°C) charging
potential (Figure 4.8), a feature commonly associated with conversion reactions.>* In addition,

the intermediate species formed in Region | is characterized by the appearance of a broad peak
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around ~49° (Figure 4.9a). Interestingly, the observation of a broad peak at ~49° was reported
previously by Goodenough while studying lithium insertion into transition metal sulfides, including
h-FeS.?? Here, in comparing the reaction pathways for h-FeS and FeS, we note that both iron
sulfides share a similarity in the delithiation potential (Figure 4.9 b-c) and product (Figure 4.9a)
formed at 1.85 V despite the fact that the overall 1-3 V electrochemical signature of FeS, (4
electron redox) differs from h-FeS (2 electron redox). That is, while the reaction pathways are not
identical, the reaction pathways in h-FeS are partly observed in FeS,. For h-FeS, increased
crystallinity is observed upon cycling, resulting in the observation of a second peak at ~30°,
corresponding closely to tetragonal FeS Mackinawite (t-FeS) (Figure 4.10). Thus, the intermediate
formed after the Fe redox plateau in both h-FeS and FeS; (Region I) best resembles a lithiated
structure similar to nanocrystalline t-FeS (LixFeS) as further discussed in the next section. In terms
of the differences between the two sulfides, the main observable distinction between FeSzand h-
FeS is the presence of Li,S after the Fe redox plateau (Region |) in FeS, The detection of Li>S
diffraction peaks (27°, 31°, and 53°) up until 2.3 V (end of Region Il) (Figure 4.7) establishes that
Li»S is only partially consumed when it reacts with Fe® in Region |. The disappearance of these
peaks above 2.3 V indicates complete consumption of Li>S in Region Ill. In summary, the
presence of LS beyond Region | contrasts with the commonly cited mechanism, where LixS
consumption is limited to Region |, and leads to the formation of Li.FeS,, neither of which are

reported in this work. Thus, the following may be written for Region | for our 60°C system.

2 LioS + Fe® — LisFeS +y LipS (unreacted) + z Li* + z e (Egn. 4.3)
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Figure 4.10. a) 60 °C cycling of FeS at C/20 for 10 cycles in 1M LiFSI PYR14TFSI. b) XRD h-FeS
charged to 3V for one (light purple) and ten cycles (dark purple). For hexagonal FeS, the charge
product on the 1 and 10" cycle is found to best resemble a nanocrystalline tetragonal FeS

mackinawite (green circle).

Chapter 4.3.2.2. Region llI: Li (De)insertion Region [1.85 - 2.3 V]

The sloped potential regime between 1.8-2.3 V (Region Il in Figure 4.7a) is commonly
referred to as the (de)intercalation region of Li.FeS,. "' However, in our work, we find no
evidence for this intermediate phase in the primary reaction or the rechargeable reaction at 60°C.
Further, while this region has received much less attention, the capacity contribution is non-
negligible and the kinetics of this specific region have yet to be established. The difficulty in
studying Region Il stems from the large voltage hysteresis which makes it challenging to isolate
without capturing the conversion reactions above (Region Ill) and below it (Region I). To separate
this region from the other two conversion reactions, a pre-cycling treatment protocol was
employed (Figure 4.12). GITT demonstrates that Region Il contributes approximately 140 mAh/g,

corresponding to roughly 0.63 e transferred.
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Figure 4.11. Region II: 60 °C (De)insertion Region Kinetics. a) GITT of the isolated region Il [1.6-
2.3 V]. Red circles indicate open circuit potential during the rest steps. b) Voltage hysteresis plot
of (de)insertion region obtained from the GITT data in part a. ¢) C-rate testing at C/20 (pink), C/10
(purple), and C/5 (blue) where C is based off of the four-electron redox capacity of FeS, (894 mAh
g"). Effective C-rates normalized to capacity of the region Il are 0.32 C, 0.64 C, and 1.28 C,
respectively. d) dQ/dV plots obtained from c-rate galvanostatic curves in part c. The (de)insertion
region features a two peak signature which can be observed at all ¢ rates. e€) 1.6-2.3 V cycling

data at C/5 (effective c-rate: 1.28 C) for 50 cycles demonstrate excellent cycle stability when
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cycled within this potential window. f) Energy efficiency of region Il as a function of C-rate. Error

bars represent the standard deviation taken from 10 cycles for each c-rate.
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Figure 4.12. Isolation of the Li (de)insertion region (Region Il). Step 1: fully lithiate down to 1 V

followed by a partial delithiation up to 2.3 V. Step 2: lithiation/delithiation in between 1.6-2.3 V.
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Figure 4.13. GITT of various voltage ranges for FeS,. Left: 1 — 2.4 V range includes the Region |

and Region Il. Middle: 1.6 — 2.4 V range captures only Region Il. Isolation of this region is shown
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in Figure 4.12. Right: 1 — 3 V range captures all the reactions. For all three graphs, red circles
represent the open circuit potential during the rest periods. GITT tests were performed at room

temperature.

0 200 400 600 800

Specific Capacity (mAh g'1)
Figure 4.14. GITT of the delithiation of FeS, at C/20 pulse for 20 minutes followed by a four-hour
rest period. The open circuit potential (OCP) is shown by the red circles and the corresponding
overpotential (light teal) is extrapolated by taking the difference between the rest potential and
C/20 applied current potential (blue circles). The yellow shaded region highlights Region Il, the

least kinetically limited region.

Further, the voltage hysteresis in this region is found to be relatively small in comparison
to the full 3 V window indicating that Region II's relative contribution to the cell voltage hysteresis
is minimal (Figure 4.13). The kinetics and rate capability of Region Il are shown in Figure 4.11a-
d. While the C-rates used in this study correspond to the full 4 electron redox capacity for FeS,
(894 mAh g™), the effective C-rate using the capacity specific to this region (140 mAh/g) translates
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to roughly 0.32 C (t~3.1 hr), 0.64 C (t~1.57 hr), and 1.28 C (t~0.78 hr) for C/20, C/10, and C/5,
respectively. The good rate capability is further supported by the lower overpotentials observed
in GITT, which identify Region Il as the least kinetically limited region (Figure 4.14). In terms of
cycle stability, at C/5 (effective C-rate: 1.28C) Region Il demonstrates excellent stability with an
average coulombic efficiency of 99.4% + 0.2% across 50 cycles (Figure 4.11e). Lastly, while the
full 3 V FeS; system suffers from a low energy efficiency (~88.7 % at C/20), Region Il alone
exhibits a much higher energy efficiency of 98.6% * 0.6%, 96.7% * 0.6%, and 94.3% + 0.4%, for

C/20, C/10, and C/5, respectively (Figure 4.11f).4

The dQ/dV signature of Region Il (Figure 4.11d) provides insight regarding the
intermediate species formed over this potential range. The two peaks observed in this region
correspond to a stepwise change in overpotential obtained from GITT measurements, suggesting
that even within Region Il, slightly different kinetics associated with each peak may exist (Figure
4.14). While detailed structural characterization of the intermediate species is outside the scope
of this work, we note two possibilities based on recent results reported in the literature. Ex-situ
XRD indicates that no new peaks occur in Region Il, denoting that no new crystalline phases form
within this potential region (Figure 4.7b). One possibility is that the intermediate phase formed in
Region | (Figure 4.9) supports lithium insertion, allowing for lithium incorporation without phase
change.®? From our previous comparison of h-FeS and FeS; (Figure 4.9), cycling h-FeS resulted
in the appearance of a second peak at ~30° which corresponds well to the diffraction peak of t-
FeS (mackinawite), a recently reported charge product of FeS; (Figure 4.10)."> Moreover, t-FeS
possesses a layered structure with a Van der Waals gap containing two possible interstitial sites
and has been reported to intercalate water molecules*', various alkylammonium ions*?, and alkali
hydroxides.** Another possibility is that the intermediate species could represent a poorly ordered

lamellar iron sulfide which bears similarity to the mackinawite structure and has recently been
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reported to reversibly intercalate solvated lithium ions.** We note that both of these structures
feature a tetrahedrally coordinated iron which is consistent with previous synchrotron studies that
characterized the Fe K-edge of the intermediate phase.** While more studies are needed to
identify the exact structure of the intermediate species, we propose that the intermediate region
involves Li insertion/extraction® into/out of a mackinawite-based structure (LixFeS) at 60°C

(Equation 4.4).

Li.FeS < x Li* + x e + t-FeS (Eqn. 4.4)

Chapter 4.3.2.3. Region lll: Li>S Redox [2.3 — 2.42 V]
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N
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Figure 4.15. Comparison of the delithiation profile of Li»S in FeS, system (red) vs Li>S-C

composite electrodes.
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Region Il (2.3 — 2.42 V) is commonly cited as the disproportionation of Li>xFeS; into an
iron sulfide (FeSxor o-FeS;) and S.'" While sulfur is also identified above 2.3 V in this work, we
attribute its formation to a separate redox mechanism. From ex-situ XRD, this region is associated
with the disappearance of Li>S peaks above 2.3 V (Figure 4.7a,b). LicS is a well-studied cathode
material whose delithiation potential is reported to vary depending on the particle size due to the
high activation overpotential originating from its low ionic and electronic conductivity.*” Studies
have shown reduced activation potentials in nano-sized Li>S around ~2.4 V,* similar to the redox
potential observed in Region Ill. In comparing the delithiation potential of nanocrystalline Li>S with
that of FeS; at 60°C (in 1M LiFSI PYR14TFSI), both systems exhibit similar potentials in addition
to the kink feature unique to Li2S delithiation (Figure 4.15). In addition, sulfur signals from UV-Vis

(Figure 4.16) above 2.3 V further confirm the formation of Sg from Li>S redox in Region Il

e

. Remove electrode

FeS, charged to 3V Sit overnight and UV VIS solution

in 1M LiFSI PYR,,TFSI DOL ==sss=) DOL —

T T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 4.16. Evidence of Sg as a Charge Product at 3V via DOL extraction UV-Vis.

A FeS; coin cell analyzed after one discharge-charge cycle at 60°C. The coin cell was
disassembled and the electrode was left to sit in DOL overnight to extract any soluble and
adsorbed polysulfide species. The UV-Vis spectrum of the resulting solution is shown on the right.

Ss signals were detected at ~275 nm.”
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Therefore, in this work, we establish that sulfur formation in Region Il at 60°C originates
from Li2S redox to form sulfur in contrast to the disproportionation of Liz«FeS; proposed in earlier
studies.'®"" Although the products formed in Region I, an iron sulfide and elemental sulfur, are
consistent with prior work (Table 4.1), the pathways that govern the formation of these species
are different. That is, the iron sulfide phase is formed from the delithiation (Region Il) of the
intermediate phase (LixFeS) formed in Region | (Equations 4.3 and 4.4) while the sulfur is formed
from Li.S redox in Region Il (Equation 4.5). The identification of Region Ill as Li.S redox plays an
integral role in properly identifying the origin of capacity loss observed in this specific region upon
cycling (vide infra).

LizS — 2 Li* + 26" + £ Ss (~2.4V) (Eqn. 4.5)

Chapter 4.3.2.4. Region IV: Fe;S4 Formation [2.42 — 3 V]
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Figure 4.17. Formation of greigite FesS4 as a charge product. a) XAS spectra of an FeS; electrode

charged up to 3 V in comparison to other iron sulfide species (Fe foil, h-FeS powder, c-FeS;
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powder). h-FeS and FeS; standards represent Fe?". The inset shows the first derivative plot. The
3 V sample is slightly shifted to the right of FeS and FeS; which can be attributed to the mixed Fe
27/3" valence of greigite FesS4b) k3-weighted Fe K edge Fourier Transform-EXAFS spectra for
an FeS; electrode charged up to 3 V (black) along with the modeled fit for FesS4 (red). FesSa
structure with colored arrows indicate the Fe-S and Fe-Fe bonds fit in the FT-EXAFS spectra. c)
XRD graph at 3 V showing temperature dependence of Fe3S4 formation from room temperature
to 100 °C. Broad FesS4 peaks can be seen starting at 40 °C and become the dominant phase by
60 °C. Yellow diamonds indicate Al current collector peaks. d) ex-situ XRD of FeS, electrodes
charged to 3 V under varying conditions at 60 °C: 1) first cycle (red), 2) third cycle (dark red), and
3) partially lithiated to 1.6 V and subsequently charged to 3 V (lavender). Yellow diamonds indicate

Al current collector peaks.
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Figure 4.18. Fe K-edge EXAFS spectrum in k-space at 3V (black) alongside fit to FesS4 standard

(red).
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Region IV (2.42 -3 V) represents a new reaction which has not been reported previously.'®"
'2 At 60°C, charging above 2.42 V results in the disappearance of mackinawite-like FeS and the
formation of FesS4 greigite (Figure 4.7b). To the best of our knowledge, this is the first report of
an electrochemically-formed Fe3Ss from FeS,. Fe3Ss is a less studied iron sulfide battery
material,*>* but it is a well-studied iron sulfide in the field of geology for its role as an intermediate
phase involved in pyrite formation on earth.®® Greigite has been reported to form geologically
from mackinawite (t-FeS) in the presence of excess sulfur and known to be an intermediate phase

848-30 More recently,

formed prior to pyrite FeS, formation under anoxic conditions (Equation 4.6).
greigite been shown to be a thermodynamically stable Fe-S phase near ambient conditions.® To
further validate the electrochemically formed FesS., the Fe valence state was compared to other
iron sulfides (FeS; and h-FeS) in XAS. As a result of the mixed Fe 2%/3" valence in the inverse-
spinel FesS4 structure, the formation of FesS4 exhibits an average Fe valence >2*. XAS of an
electrode cycled up to 3 V at 60 °C is shown in Figure 4.17a alongside reference spectra for FeS;
(Fe?"), FeS (Fe*"), and Fe foil (Fe°). At 3 V, the formation of Fe;S4 results in a peak shift to higher
energies (7112.1 eV) which helps to confirm that the average valence in the electrode is greater
than 2 (7111.9 eV) at the 3 V charge state (Figure 4.17a). Moreover, this peak energy lies at a
lower energy than that identified for Fe®*.%? Further, the EXAFS spectrum of the charge product
at 3 V provides a good fit (R-factor= 0.01268) for the Fe3S4 structure up to the third shell (Figure

4.17b, Figure 4.18).

3t-FeS + S — FesSy (>2.42V) (Eqn. 4.6)

To better understand the conditions for the formation of FesS4, varying temperature and
cycling conditions were investigated. At 60 °C, FesS4 is the dominant phase detected in XRD and

is found to be reversibly formed over a limited number of cycles (Figure 4.17c). Moreover, the
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formation of FesS, is observed even if FeS; is only partially lithiated during the first lithiation and
fully charged to 3V, indicating that formation of Li,S and Fe® is not a prerequisite for Fe;Ss
formation (Figure 4.17d). We find that the sulfur produced from the Li,S redox above 2.3 V (Region
[ll, Equation 4.5) is crucial to forming the charge product as it provides the sulfur necessary to
drive FeS (1 Fe: 1 S) to FesS4 (1 Fe: 1.33 S), as observed in geological literature under anoxic
conditions.?#84° Without the presence of the sulfur generated from Li>S in Region Ill, Fe;S4 does
not form. Therefore, we can conclude that FesS4 formation is driven by both temperature (~60°C)

and sulfur availability. The latter is further explored in the next section.

Chapter 4.3.3. Evolution of charge product formation in FeS:
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Figure 4.19. Loss of FesS4 upon cycling of FeS, at 60°C. a) FeS: cycling at C/20 for 10 cycles.
Initial lithiation is outlined in black. b) dQ/dV obtained from the first 5 cycles of the data shown in
part a. Focusing on 2.5-2.7V, the loss of FesS4 within the first 5 cycles is shown by the steady
decreasing peak around ~2.6V. c) top: XRD of an FeS; electrode after first charge at 3V. Peak
positions for FesS4 diffraction peaks are provided in black (PDF 96-900-0124). bottom: XRD of an
FeS; electrode after 10 cycles at 3V. Peak positions for t-FeS mackinawite are provided in green

(PDF 00-015-0037). Yellow diamonds represent diffraction peaks for the Al current collector.
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The ability to identify degradation mechanisms upon cycling is critical in order to effectively
address the limitations in the battery performance of FeS,. At 60°C, the greatest capacity loss in
the Li-FeS; system occurs within the first 5 cycles which is associated with the upper conversion
reactions (Region IIl & 1V) (Figure 4.19a). Further, this loss in capacity is linked directly to the
decrease in a dQ/dV peak around ~2.6 V which is attributed to FesS4 conversion (Figure 4.19b).
This mechanism is consistent with XRD data (Figure 4.7b) showing FesS4 formation to occur

above 2.42 V in addition to the absence of this dQ/dV peak at room temperature (Figure 4.20).
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Figure 4.20. dQ/dV comparison for room temperature and 60 °C. FesSs conversion reactions

highlighted in yellow region at 60 °C are absent at room temperature, where FesS4 does not form.
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The absence of this peak is not surprising since FesS4 is not formed as a charge product
at room temperature. The gradual decrease and eventual loss of the dQ/dV peak for FesSs
coincides with a loss of capacity from Region Il (Equation 4.5) indicating that less sulfur is being
formed each cycle. This loss of sulfur is facilitated by polysulfide shuttling into the electrolyte

upon cycling as detected in UV-Vis (Figure 4.21).
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Figure 4.21. Ex-situ UV-vis spectra of the separated coin cell components (anode, cathode, and
separator) soaked in DOL solvent after the (a) first and (b) fifth cycles. After the first charge (3 V)
cycle, the polysulfides are primarily localized near the cathode. However, upon further cycling,
the largest polysulfide signals originate from the separator indicative of polysulfide shuttling. Each
component was soaked in 4.0 mL of DOL (in separate vials) for 24 h before UV-vis analysis. A
blank spectrum of pure DOL was used for background subtraction in all cases. Sg and S4> signals
were observed at ~275 and ~300 nm, respectively.” For graph b, the cathode signal overlaps with

the anode (red).

Comparing the XRD of the first and tenth charge cycle, the disappearance of FesS4 and

the detection of its precursors, t-FeS (Figure 4.19c; formed in Region Il) and sulfur (formed in
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Region Ill), upon charge are observed. We note that the precursors for FesS, are also the charge

products formed at room temperature, a temperature at which FezS4 does not form (Figure 4.22).
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Figure 4.22. XRD comparison of the 1! charge (light purple) and 10" charge (dark purple) cycle
at room temperature. t-FeS mackinawite diffraction peaks are shown in green. Orange diamonds

indicate Al current collector peaks.

Compositionally, the change in the charge product reflects a loss of sulfur from FesS4 (1
Fe: 1.33 S) to FeS (1 Fe: 1 S). This is reflected in the electrochemistry by the shrinking redox
plateau in Region Il within the first few cycles indicating a loss of sulfur produced from Li,S redox.
That is, the inability to form FesS, after the first few cycles is attributed to the loss of sulfur which
inhibits the formation of a more sulfur rich FesSs from a less sulfur rich mackinawite t-FeS
precursor. Additionally, it should be noted that this initial capacity loss was observed even when
imposing a cutoff voltage to prevent the formation of FesS4 (Figure 4.23), suggesting that the loss

of sulfur plays a more significant role in the initial capacity loss than the FesS4 reaction itself.
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Figure 4.23. a) FeS; cycle stability test at 60 °C for a) 1-3 V window and b) 1-2.42 V window. For
both a) and b), the first cycle (pink) was conducted at C/20 while the subsequent cycles were
cycled at C/5 (purple, blue, green). Specific capacity as a function of cycle number for c) 1-3 V

and d) 1-2.42 V. For both c) and d), the coulombic efficiency is shown in yellow.

The results presented here underscore the importance of sulfur availability and retention
in achieving the reproducible formation of charge products and stable cycling performance. The
low polysulfide solubility of the ionic liquid used in this study enables the formation of FesSs in the
first charge. However, upon cycling, the continuous loss of sulfur through polysulfide solubility
inhibits its long-term formation and its precursors are detected upon charge instead. Comparing
FesSs to other charge products reported at 60°C (Table 4.1.), the electrolyte, and more

specifically, the relative polysulfide/sulfur solubility, is critical. For solid state electrolyte systems,
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the ability to inhibit polysulfide shuttling allows for high sulfur retention and the formation of sulfur
rich phases such as o-FeS; (1 Fe: 2 S)."" In contrast, organic solvents, such as DOL:DME, suffer
higher losses of sulfur due to polysulfide shuttling, resulting in the formation of lower sulfur content
phases such as t-FeS (1 Fe: 1 S)." The ionic liquid used in this study represents a middle ground

in terms of polysulfide/sulfur solubility resulting in the formation of FesS4 (1 Fe: 1.33 S).

a) b)
> 3 ] 1000 [yrememeremmmmmmers e,
'S 800 YT
O ~ S i
' 600 S g L
= - o 600
g & 2 S
a S 3]
400 C/20 3 400
g c/10 > 3
2 151 Q. e
@ 200 C/5 . D 200 Discharge
S Cr2 —=—Charge
2 CI20 CE
[S ) 1 - - - 0
10 20 30 40 0 200 400 600 800 20 40 60 80 100
Cycle Number Specific Capacity (mAh g") Cycle Number

Figure 4.24. Electrochemical Performance of FeSzin 1M LiFSI PYR14TFSI at 60 °C. a) C-rate
testing for FeS,. b) FeS, cycle stability test. The first cycle (pink) was conducted at C/20 and then
subsequently cycled at C/5 for a total of 100 cycles. c) Specific capacity as a function of cycle

number from data shown in b). Coulombic efficiency is shown in yellow.

The new understanding gained regarding lithiation and delithiation of FeS; provides a
basis for demonstrating stable electrochemical performance observed in the iron sulfide-based
battery. Using the ionic liquid electrolyte, testing at 60°C indicates that the reversible system
based on the charge products, t-FeS and Ss, can be cycled at rates as fast as C/2 without
significant loss of capacity (Figure 4.24a). As mentioned previously, the largest capacity losses
occur within the first few cycles which coincide with the loss of Fe3S4 and formation of t-FeS as

the charge product. However, beyond the 5th cycle, stable capacity is achieved and cycling at
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C/5 for 100 cycles demonstrates a capacity of 600 mAh g™ with an average coulombic efficiency

of 99.4% + 0.2% for cycles 6-100 (Figure 4.24 b-c).

Chapter 4.4. Conclusion

The present study has used a variety of characterization methods to determine the
products and reaction pathways involved in the rechargeable Li-FeS; system. The research
involved the use of an ionic liquid electrolyte (1M LiFSI in PYR14TFSI) to reduce the influence of
the polysulfide shuttle as well as enable operation at slightly elevated temperatures (~60°C) to
better resolve phase formation. In studying the rechargeable reaction pathway of FeS,, we
provide several new insights associated with the reactions occurring upon lithiation and
delithiation in different potential ranges. After the first lithiation, FeS, is no longer formed as a
charge product and the reversible electrochemical properties result from the formation of other
iron sulfide phases. In particular, greigite FesS, is detected as a charge product, for the first time,
establishing temperature and sulfur availability as key components for its formation. Within the
first few cycles, greigite FesS4 is no longer formed and an iron sulfide phase best resembling
tetragonal mackinawite (t-FeS) is produced. The change in charge product to a lower sulfur
content iron sulfide phase coincides with the loss of sulfur based on the new reaction pathways
established in this work. t-FeS and sulfur are identified as the long-term charge products which
demonstrate a stable capacity of ~600 mAh/g (at C/5, 60 °C). The connection between sulfur loss,
capacity fade, and charge product composition highlights the critical need to retain sulfur in the
active material upon cycling. The importance of sulfur retention, taken together with the ability to
replicate FeS; electrochemistry from the ball milling of lithium containing intermediates presented
in this research, provides a basis for linking the current work with emerging solid-state anode-free

systems.
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Chapter 5. Photopatternable Porous Separators for Micro-Electrochemical Energy
Storage Systems

The miniaturization of electrochemical energy storage systems (EES), one of the key
challenges facing the rapid expansion of the Internet of Things, has been limited by poor
performance of various energy storage components at the micron scale. In this paper, we report
the development of a unique photopatternable porous separator which overcomes the electrolyte
difficulties involving resistive losses at small dimensions. The separator is based on modifying the
chemistry of SU-8, an epoxy derived photoresist, through the addition of a miscible ionic liquid.
The ionic liquid serves as a templating agent which is selectively removed by solution methods,
leaving the SU-8 scaffold whose interconnected porosity provides ion transport from the confined
liquid electrolyte. The photopatternable separator exhibits good electrochemical, chemical,
thermal and mechanical stability during the operation of electrochemical devices in both 2D and
3D formats. For the latter, the separator demonstrated the ability to form functional conformal
coatings over 3D structures. The development of the photopatternable separator overcomes the

electrolyte issues which have limited progress in the field of micro-EES.

Chapter 5.1. Introduction

Continuous improvement in device functionality coupled with reduction of the hardware
form factor are the key enabling factors in the Internet of Things (loT) era." The miniaturization
of microelectronics sets new requirements for device components, component packages, and
fabrication technologies. One of the challenges associated with the continuous miniaturization is
related to the poor performance of energy storage components at a small scale, resulting from
their low packaged areal energy density and inadequate cyclability.** To overcome this limitation,
the application of micro-fabrication technology has enabled on-chip electrochemical energy

systems to adopt unique device structures as opposed to the conventional sandwich configuration
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that is incompatible with integrated circuits.*! These miniaturized energy storage systems are
designed to be assembled alongside silicon chip components and are often required to be
integrated into a limited footprint area. Therefore, designing the components of energy storage
systems, that is, the electrode, electrolyte, and separator, to enable chip-level integration is

essential to attaining high electrochemical performance at a small form factor.

The well-established microfabrication-based technologies, such as photolithography and
etching, have been used widely to fabricate micro-Electrochemical Energy Storage (EES)
devices."® These processes are mature technologically, able to form high-resolution patterns,
and compatible with conventional semiconductor processes. Recent advances in electrode
development have included the demonstration of three-dimensional electrode arrays,®'"! highly
porous electrode architectures,®'? and high surface area electrode scaffolds.®'*'® In contrast,
electrolyte development has encountered limitations in terms of low conductivity or interfacial
reactions which lead to unwanted resistive losses. Our previous work on incorporating mobile Li-
ions into the SU-8 matrix produced a photopatternable solid electrolyte, but its low conductivity
limited the power of electrochemical devices.!'” In the present paper, we successfully transform
the polymeric photoresist into a photopatternable, conformal, porous separator which can spatially

confine high conductivity liquid electrolytes, thus enabling higher power performance.

Polyolefin-based films, such as polypropylene (PP) or polyethylene (PE), are typically
used as the separators for non-aqueous lithium-ion battery systems due to their excellent
electrochemical stability and mechanical integrity.['® In recent years, there have been extensive
efforts at developing these separators with various functionalities, such as the abilities to suppress

[21-23] mitigate polysulfide shuttling,*!

lithium dendrite growth,[*2° improve the surface wettability,
and enhance the thermal and mechanical stabilities of the separators.?>%! While separator

advancements have primarily focused on improving properties of traditional 2D membranes used
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in standard battery formats (coin cell, pouch cell, and jelly roll), creating separators designed for
micro-EES devices has received virtually no attention despite the growing demands of the IoT
industry.l'l Current energy storage devices utilizing semiconductor processes take the form of
either planar interdigitated electrodes or three-dimensional arrays.[*®?"1 A separator for these
architectures thus needs to provide 1) spatial control to form consistent thickness 2) good
adhesion to the electrode 3) sufficient porosity to allow for facile ion transport and 4) conformal
coverage to prevent electrical shorts. Due to the unique set of requirements for micro-EES
devices, separators used in traditional battery formats are insufficient and non-transferable,

highlighting the critical need to develop new approaches suitable for on-chip EES.

In the present work, we modified the chemistry of SU-8, an epoxy based negative
photoresist, by adding a miscible ionic liquid. After photopolymerizing and post baking the
material, an appropriate solvent preferentially removes the ionic liquid component, leaving an
interconnected porous network of SU-8. The electrochemical performance of devices using
photopatterned separators is compared to traditional separators and validated in half and full cell
formats. The photopatterned porous separators possess good chemical and electrochemical
stability during battery operation in addition to maintaining stability in contact with both lithium
metal and silicon. In addition to demonstrating the operation of the photopatterned separator in
2D device formats, these SU-8 separators were also fabricated onto 3D post arrays, thus
exhibiting the ability to form a conformal coating over three-dimensional architectures. The
development of a photopatternable separator enables high conductivity to be obtained in small
dimensions, thus overcoming the resistive losses which have limited progress in the field of
miniaturized energy storage systems. Moreover, this approach is broadly applicable to systems

beyond the Li-ion batteries presented in this work.
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Chapter 5.2. Experimental Methods

Materials

1-Ethyl-3-methylimidazolium-bistrifluoromethanesulfonylimide ([EMIJ[TESI], 99.9%
purchased from Solvionic), Acetone (99.5%, purchased from Sigma-Aldrich), SU-8 3010
(purchased from MicroChem), Lithium perchlorate (LiClOs, battery grade, dry, purchased from
Sigma-Aldrich), Propylene carbonate (anhydrous, 99.7%, purchased from Sigma-Aldrich),
Lithium Iron Phosphate (200 nm, purchased from SkySprings NanoMaterials), Super P (99%+,
Alfa Aesar), Polyvinylidene fluoride (purchased from Kynar), 1-Methyl-2-pyrrolidinone
(anhydrous, 99.5%, purchased from Sigma), and highly doped silicon wafer (p-type, Boron doped,

0.001-0.005 Q cm, purchased from University Wafer) were used as received.

SU-8 Sample Preparation

The ionic liquid modified SU-8 photoresist (EMI-TFSI SU-8) was prepared by mixing 50
weight percent [EMI][TFSI] with SU-8 3010 prior to deposition. The precursor [EMI]|[TFSI}/SU-8
was spin-coated onto substrates. Samples were then soft-baked at 100 °C for 15 min for solvent
removal prior to patterning. Features were patterned using a Karl Suss MA6 Contact Aligner and
photomask. The films were then postexposure baked at 100 °C for 15 min to crosslink the
material. To obtain the porous SU-8 network, the ionic liquid phase of [EMI][TFSI}/SU-8 was
washed out via solvent exchange in a supercritical dryer. To do this, the [EMI][TFSI}/SU-8
samples were firstimmersed in acetone. The acetone is then removed through supercritical drying

with CO; at 40°C and 1,300 psi.

Characterization Methods
Nitrogen adsorption—desorption isotherms were measured at —196 °C on an accelerated

surface area and porosity analyzer (Micromeritics Instruments Corp. ASAP2020 Plus, Norcross,
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GA). Specific surface area was calculated using the Brunauer—Emmett-Teller method (BET)
based on nitrogen adsorption data in the relative pressure range 0.05-0.3 (P/Po). SEM of porous
SU-8 separators were obtained on a Nova NanoSEM230 (Thermo Fisher Scientific) with an Noran
System 7 EDX analyzer (Thermo Fisher Scientific). To reduce charging from the electron beam,
samples were sputtered with Au/Pd for 45 secs at a pressure of 150 mTorr and 40 mA current
using a Denton Desk Il Sputter. Transmission electron microscopy (TEM) of the porous
separators was obtained on a FEI Tecnai T12. Porous separator films were scraped from the
substrate, ground into a powder, suspended in ethanol (1 mg/mL), and drop cast onto the TEM
grid. Contact angle measurements were obtained on a FTA125 contact angle goniometer (First
Ten Angstroms Inc., Portsmouth, VA, USA). FTIR spectroscopy was carried out using a Jasco-
6100 with a 4 cm™" spectral resolution from 4000 to 400 cm™". The spectra were averaged over
100 scans. The modulus of the porous separators was measured using an MTS Nano Indenter
XP Instrument with a Berkovich tip. Samples were indented a depth of 1000 um across 10 different
locations and averaged. Thermogravimetric Analysis (TGA) was conducted on a Perkin Elmer
Pyris TGA. Porous separator films were scraped off the silicon wafer and were measured in air

using a ramp rate of 10 °C min™".

a-Si Electrode Fabrication and Processing

Amorphous silicon (a-Si) was deposited by electron beam physical vapor deposition (CHA
Mark 40, CHA Industries, Fremont, CA, USA) onto stainless steel current collectors with a
thickness of 30 nm. Samples were cut into 1x1 cm? squares and processed in the steps outlined

in Figure 5.1.
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Lithium Iron Phosphate (LiFePQg, LFP) Slurry Fabrication and Processing

LFP slurry electrodes were fabricated by mixing LFP, Super P carbon, and PVDF
(dissolved in N-Methyl-2-pyrrolidone) in 80:10:10 weight ratios. The slurry was doctor bladed onto
a carbon coated aluminum foil. The mass loading was around ~1 mg/cm?. Due to the porosity of
the slurry electrode, LFP samples were spin coated with [EMI][TFSI]/SU-8 solution and soft baked
for 10 minutes and repeated three times prior to UV exposure to allow for the monomer solution
to fill inside the pores and also coat the top surface of the electrode. For the slurry electrodes,
samples were directly pumped into a glovebox after the post bake procedure and solvent

exchanged in 1M LiClO4 in PC for a total of 3 times within a 24 hour period.

Silicon Post Electrode Fabrication and Processing

Silicon post arrays were fabricated using semiconductor processing techniques. Details
of the materials synthesis were described in a previous publication.!”) Briefly, a photopatterned
SiO, etch mask was formed using plasma-enhanced chemical vapor deposition (STS Multiplex
CVD) and AZ5214 photoresist (MicroChemicals). The exposed silicon was then anisotropically
etched using deep reactive-ion etching (Plasma-Therm DSE Il) to form silicon posts. The
geometry of silicon post arrays was designed to have 100 um diameter, 150 um height, and 200
pum pitch. To photopattern porous separators on the 3D posts, a two-step exposure process was
conducted. In short, the first exposure ensured that a conformal separator on the bottom layer
was polymerized while the second exposure photopatterned the side walls and top of the 3D
posts. Concerning the electrochemical testing of 3D electrodes, we previously demonstrated good
cyclability of the Si array by avoiding full lithiation.I”? The volume expansion and pulverization of
Si posts upon lithium alloying reactions were minimized by limiting the amount of lithiation to 10%,

which provides a gravimetric capacity comparable to that of graphite. Because lithium diffuses
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into silicon, the volume expansion associated with 10% lithiation is spread out over the post

diameter (100 microns) so that the effective volume increase is < 10%.

Electrochemical Characterization

Electrochemical characterizations were carried out using a Bio-Logic VMP-3 Potentiostat.
For Li-ion cells, silicon was used as a working electrode and a lithium foil was used as reference
and counter electrodes in a coin cell format. For comparison studies, amorphous silicon thin films
with photopolymerized porous separators were compared to ones containing glass fiber
separators (Whatman, 200 um thickness). The electrolyte used in this study was 1M LiCIO; in
PC. Electrochemical impedance spectroscopy (EIS) was performed between 1 MHz and 5 mHz
using a 10 mV amplitude and 0 V bias. The electrolyte/separator property was evaluated in a 2-
electrode coin cell configuration containing two stainless steel electrodes each with the separator
deposited directly. Full cell testing for planar electrodes was conducted using an LFP cathode
containing excess capacity. The Si thin film was precycled for one cycle to form the SEIl at a rate
of C/5. Charge is defined by the delithiation of LFP and lithiation of Si while discharge represents
the lithiation of LFP and delithiation of Si. 3D silicon posts were tested in a flooded three electrode

cell. The posts were tested with and without the conformal SU-8 separator.
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Chapter 5.3. Results and Discussion

Chapter 5.3.1. Fabrication of Photopatternable Porous Separators

a) ® Si Wafer Casu&wam TFSmxture©®
T - -
@( o @ l
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= e N

Figure 5.1. a) Process flow for fabricating porous SU-8 separators: 1) spin coating of the
[EMI][TFSI})/SU-8 solution 2) a pre bake at 100 °C 3) UV exposure 4) a post-bake at 100 °C 5)
acetone solvent exchange to remove the [EMI][TFSI] from the porous SU-8 matrix 6) CO»
supercritical drying to preserve microstructure. b) SEM of a photopatterned circle array on a
silicon wafer using a 50 wt% [EMI][TFSI] SU-8 solution. The diameter of each circle is 100 pm. c-
f) EDX spectral maps showing that the [EMI][TFSI] is locally confined in the polymerized SU-8

matrix.

The process for fabricating the porous SU-8 separators is shown in Figure 5.1a. The
[EMI][TFSI] and SU-8 monomer are completely miscible and were mixed to various weight
percentages of [EMI][TFSI]. Upon UV exposure, photoacid generators are activated within the
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exposed regions of the composite film, which initiates the protonation of the epoxy groups of the
SU-8 monomer. This initial crosslinking step is further propagated by the application of heat,
leading to chains of epoxy ring opening reactions that result in the formation of an ether-based
polymer network. This polymerization process can be observed optically by the transparent to
translucent transition of the film, resulting from the formation of a sub-micron-scale porous
network (Figure 5.2). Once the post-exposure bake is complete, the resulting film consists of an
interconnected, bicontinuous matrix composed of a solid SU-8 phase and an ionic liquid phase.
The non-uniform microstructures for the [EMI][TFSI)/SU-8 are consistent with the presence of
separate phases. The photopatterning capability of the SU-8 matrix is preserved with the
incorporation of 50 wt% [EMI][TFSI] as evident in Figure 5.1 b whereby each circle has a diameter
of 100 pym. Furthermore, the local sulfur and fluorine signals in Energy-dispersive X-ray
spectroscopy (EDX) confirm that the ionic liquid within the polymerized SU-8 regions can be

spatially confined (Figure 5.1 c).

A

Increasing EMI-TFSI content

4
y

30%  40% 50% 60%

Figure 5.2. Photograph of SU-8/[EMI][TFSI] films after 10 minute post exposure bake at 100 °C
as a function of [EMI][TFSI] wt%.
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Chapter 5.3.2. Removal of lonic Liquid from Crosslinked SU-8
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Figure 5.3. a) FTIR of a 50 wt% [EMI][TFSI]/SU-8 film before and after ionic liquid removal. Upon
removal of ionic liquid, the absorbance bands of the TFSI anions (red dashed lines) disappear
indicating the complete removal of ionic liquid from the porous SU-8 matrix. b-c) SEM image of
porous separator (b) before (c) and after ionic liquid removal. Upon acetone solvent exchange
and CO; supercritical drying, the porous SU-8 network is revealed. The scale bar is 10 um. d)
EDX of Figure 5.3c shows that the ionic liquid is completely removed (absence of fluorine and
sulfur signals) and only the carbon and oxygen signals from the SU-8 matrix remain. Si signals
are from the substrate and Au signals are from sputtering to minimize charging from the electron
beam. e) Elastic modulus of neat SU-8!""), 50 wt% [EMI][TFSI] porous separator, polypropylene
(PP)?% and Polytetrafluoroethylene (PTFE)®” separators measured using nanoindentation. f)
TGA profiles for a 50 wt% [EMI][TFSI] porous separator and a bulk SU-8 control. The porous

separator can withstand temperatures up to 219 °C with only 5% weight loss.
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Removal of the ionic liquid by an acetone solvent exchange, followed by CO supercritical
drying, leads to the formation of a three-dimensional porous morphology (Figure 5.3 b-c). The
supercritical drying of the liquid phase was necessary to avoid the collapse of the pore network
as the supercritical liquid loses all surface tension and can no longer exert capillary stress.
Optically, the removal of ionic liquid from the film can be observed by a translucent to opaque
transition due to scattering events throughout the microstructure. The complete removal of the
ionic liquid was confirmed by the disappearance of fluorine and sulfur signals from [EMI][TFSI]
and the retention of carbon and oxygen signals in EDX (Figure 5.3d). This can be further
confirmed by the disappearance of characteristic absorption peaks of EMI-TFSI after the solvent
treatment (Figure 5.3a). For the 50 wt% [EMI][TFSI] sample shown in Figure 5.3c, the porosity
was determined to be 59.5 + 0.8 % based on density comparisons between the porous SU-8 and
100% dense SU-8 film in Table 5.1. Porosity calculated from BET matched well with these values
and was estimated to be around 55% with a surface area of 248 + 7.2 m?/g. The porosity of the
50 wt% [EMI][TFSI)/SU-8 falls within the target porosity between 40-60 % designed for lithium-
ion battery separators,’?® and is on par with the porosity values of the commercially available

Celgard 2500 separator.!”

Table 5.1. Porosity values for 40-60 wt% [EMI][TFSI] samples (n=3).

Each sample was processed as outlined in Figure 5.1. Upon acetone solvent exchange and
supercritical drying, the samples were weighed, and the mass of the substrate was subtracted to
obtain the mass of the porous separator film. The density of the porous separator (pporous separator)
was calculated by dividing the mass of the porous separator by the volume of the separator which
was calculated by multiplying the area of the sample by the thickness values obtained in Figure

5.4. The porosity of the film was calculated by comparing the density of the porous film with the

104



density of bulk SU-8 (psu-s 3010 =1.106 g cm™). The percent error refers to the standard deviation

of porosity values obtained from 3 separate samples.

% [EMI][TFSI] Porosity [%] Error (+/-) [%]
40 41.9 0.2
50 59.5 0.8
60 69.5 1.0

50wt% EMI | (d) 60 wt % EMI

Figure 5.4. Cross Section SEM of [EMI][TFSI]/SU-8 ionogel as a function of [EMI][TFSI] wt%
a) 30 wt% [EMI][TFSI] b) 40 wt% [EMI][TFSI] c) 50 wt% [EMI][TFSI] d) 60 wt% [EMI][TFSI]. At
60 wt% the [EMI][TFSI] is the dominant phase and the smooth morphology is attributed to the

ionic liquid phase. Scale bar for each image is 30 uym. Spin coat speed is 3000 rpm. The
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thicknesses of the 30-60 wt.% [EMI][TFSI] samples are 9.91 + 0.13 ym, 9.12 +0.10 ym, 7.69 *

0.13 ym, and 5.71 £ 0.15 ym, respectively.

Electrolyte

[

Figure 5.5. Plan view SEM of a) 40 b) 50 and c) 60 wt% [EMIM][TFSI] samples spin coated onto
a silicon wafer. Scale bar is 3 um. d-f) Contact angle measurements using water as the solvent
for 40, 50, and 60 wt% [EMIM][TFSI] porous SU-8 samples demonstrating the hydrophobic
property of SU-8. The contact angle increases with increasing porosity. g-i) Contact angle

measurements using propylene carbonate (PC), the electrolyte solvent used in electrochemical

testing, for 40, 50, and 60 wt% [EMIM][TFSI], respectively.

The pore properties of SU-8 based separators can be readily tuned based on the ratio of

ionic liquid to SU-8 monomer. Varying the [EMI][TFSI] wt% in the SU-8 mixture prior to UV
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exposure resulted in large differences in pore structures for the 40-60 wt% [EMI][TFSI] range
(Figure 5.5, Figure 5.4). We note that 30 wt % [EMI][TFSI] resulted in small pores that could not
be resolved in SEM while porosity above 70 wt % [EMI][TFSI] resulted in poor mechanical integrity
due to the dominant volume fraction of the ionic liquid phase. From density measurements, the
porosity of the 40, 50, and 60 wt% [EMI][TFSI] samples were calculated to be 41.9 + 0.2 %, 59.5
1+ 0.8 %, and 69.5 + 1.0 % (Table 5.1). From SEM image analysis, the average pore sizes for 40,
50 and 60 wt% [EMI][TFSI] were approximately 33, 116, and 287 nm, respectively (Figure 5.6).
By increasing the ionic liquid wt%, the free volume in the separator is effectively increased,
resulting in larger pores and higher porosity upon ionic liquid removal (Figure 5.5). For Li-ion
battery separators, the pore size is generally targeted to be < 1 ym to help prevent lithium dendrite
penetration through the separator.l'®? In the current study, the 50 wt% [EMIM][TFSI}/SU-8
presents the best overall properties due to its high porosity, sub-micron pores, and good
mechanical integrity (vide infra). The ability to control the film thickness as a function of spin

coating speed is shown in Figure 5.7.
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Figure 5.6. Pore size distribution analysis of (a-c) 40 wt%, (b-f) 50 wt%, and (g-i) 60 wt%
[EMI][TFSI] porous separators. SEM images of the porous separators are shown in (a,d,g) while
the corresponding pore size analysis images are shown in (b,e,h). The pore size distributions are
shown in (c,f,i). The average pore sizes for 40, 50 and 60 wt% [EMI][TFSI] were approximately
33, 116, and 287 nm, respectively. The image analysis computes the local thickness of the SEM
images by evaluating the diameter of the largest sphere that fits inside the pore and contains the
voxel. The number of voxels with respective local thickness values and the corresponding pore

sizes were then obtained.
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Figure 5.7. Spin coater speed vs film thickness for 50 wt% [EMI][TFSI]. The thickness of the
photopatternable separator can be tuned as a function of spin coating speed. Moreover, it is
possible to obtain thinner films by further diluting the SU-8 prepolymer solution in cyclopentanone,
while thicker films can be obtained by using a higher viscosity SU-8 photoresist, such as SU-8

3050. Error bars correspond to the standard deviation across 5 samples.

The wetting behavior of an electrolyte on the separator has a significant effect on
electrochemical performance. When the wettability of a separator is insufficient, the pores in a
separator are not completely saturated with liquid electrolyte. Charge storage properties are
limited as Li ions do not have full access to the redox active material. In addition, impeding Li-ion
transport leads to higher cell resistance. The wetting properties of porous SU-8 separators were

evaluated through contact angle measurements (Figure 5.5). The hydrophobic properties of SU-
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8 are further enhanced in the porous SU-8 as is evident by the increasing contact angle with
increased porosity. However, the porous separator demonstrates good wetting behavior with
solvents such as propylene carbonate, and wettability is further enhanced in the higher
[EMI][TFSI] wt% samples. As the porosity of the separator increases, the observed surface
roughness of the separator also increases, improving wettability.®" While the addition of LiCIO4
salt into propylene carbonate should alter the wetting properties, prior research has shown the

changes to be quite small and will not affect the overall wetting behavior. 1*2

Chapter 5.3.3. Thermal and Mechanical Characterization of Porous Separators

The thermal and mechanical properties of separators are critical in order to withstand the
temperature excursions and physical stresses during cell assembly, operation, and under abuse
conditions. During operating conditions, the battery separator experiences mechanical
deformation due to external compression, expansion/contraction of the electrodes and local
heating associated with the electrochemical reactions. Commercial separators of polypropylene
(PP) and polyethylene (PE) demonstrate an acceptable elastic modulus near room temperature
but are known to suffer from low glass transition temperatures (165 °C and 135 °C,
respectively).*® While additional modifications, such as the incorporation of ceramic coatings?®***!
and multilayer structures,"® can help improve thermal stability and safety, it comes at the expense
of increased processing and cost. One of the well-known features of SU-8 photoresist is its
excellent thermomechanical stability upon crosslinking which is reflected by its high glass
transition temperature (~200 °C)®® and elastic modulus of 5.1 GPa.'”! Thermogravimetric
analysis (TGA) indicates that SU-8 readily withstands 200°C before it begins to undergo thermal
decomposition (Figure 5.3f) demonstrating 5% weight loss at 219 °C . The introduction of porosity
from the 50 wt% [EMI] [TFSI] addition has little effect on thermal stability. This response is not

surprising as studies of porous epoxy foams have found that introducing porosity in the polymer
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has minimal influence on the glass transition temperature.®” In contrast, porous materials, such
as aerogels, exhibit lower elastic modulus as this property scales with p®, where p is the density
of the non-porous material.®® Thus, it is not surprising that the elastic modulus determined by
nanoindentation measurements for a 50 wt% [EMI][TFSI] separator is found to be 0.5 GPa.
Nonetheless, this value is as much as 5 times higher than traditional polypropylene (PP, 0.1-0.2

GPa) and polytetrafluoroethylene (PTFE, <0.1 GPa) porous separators (Figure 5.3¢).?”

Chapter 5.3.4. Electrochemical Validation of Photopatternable Porous Separators
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Figure 5.8. a) Impedance spectra for glass fiber separator and porous SU-8 separator saturated
with a liquid electrolyte (1 M LiCIO4 in PC) along with the corresponding equivalent circuit. Inset:
Expanded view of the impedance spectra showing the high frequency Z’ intercept. b)
Galvanostatic measurements of the amorphous Si thin film half cell showing lithiation and
delithiation at C/5 (5 yA cm™). Similar galvanostatic profiles are obtained for both the SU-8 porous
separator and glass fiber separator. c) Specific capacity and coulombic efficiency of the
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amorphous Si/porous SU-8/Li metal and amorphous Si/ Glass fiber/Li metal coin cells cycled at a
C/5 rate for 25 cycles. d) Charge-discharge characteristics for the full cell of amorphous Si|porous
separator|LFP cycled at C/5 (5 yA cm™) for 25 cycles. e) Areal charge/discharge capacities and
coulombic efficiency for 25 cycles for the full cell shown in (d) above. A charge is defined as the

delithiation of LFP and lithiation of the Si.

We carried out a series of experiments designed to evaluate the effectiveness of the SU-
8 porous separator in electrochemical measurements. These experiments include
electrochemical impedance spectroscopy (EIS), cycling of lithium in Si anodes and the operation
of a full cell consisting of an amorphous silicon anode (a-Si) and LiFePO4 (LFP) cathode. The EIS
for the 50 wt% [EMI][TFSI] porous SU-8 filled with a Li-ion electrolyte (1M LiClO4 in propylene
carbonate) was conducted in a two-electrode configuration. The SU-8/50 wt% [EMI][TFSI]
precursor was deposited and processed (UV polymerization, ionic liquid removal) directly on the
stainless steel current collector. The complex impedance plot is that of a liquid electrolyte with the
high-frequency Z' intercept representing the bulk ionic resistance of liquid electrolytes (Figure
5.8a). This response is comparable to that of a glass fiber separator. When the geometry of the
given separators was considered, the ionic conductivities obtained from the porous SU-8 and

glass fiber control were consistent (o = 5:10° S cm™) and agreed well with literature values.**4%

The evaluation of the photopatternable membrane as a separator in a half-cell
configuration with an amorphous Si electrode was carried out using a 10 um thick 50 wt%
[EMI][TFSI]-based porous SU-8 separator paired with a 30 nm silicon thin film. The 30 nm thin-
film a-Si electrode has previously been demonstrated to be stable under repeated cycling, while
thicker a-Si films have been shown to pulverize due to the tensile stresses developed during
delithiation.!*’*? The fabrication of the electrode/separator structure is significantly different from

that of a traditional half-cell with a standard separator. First, the deposition of a-Si on a stainless
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steel substrate takes place, followed by spin coating the SU-8/50 wt% [EMI][TFSI] precursor
which is then processed to polymerize the SU-8 and remove the ionic liquid phase. In this way,
the porous separator is firmly attached to the a-Si electrode with its area spatially defined by the
patterning protocol. The electrochemical testing was carried out using a standard 2-electrode coin
cell configuration with lithium metal as the counter electrode and 1M LiClO, in PC electrolyte. The
room temperature Li-ion charge storage mechanism for amorphous silicon can be described as
a two-step lithiation reaction where a-Si is lithiated to form a-LixSi (x~2.5) followed by the formation
of an a-LixSi (x~3.75) phase.[*® The galvanostatic charge and discharge characteristics at a C/5
rate (5 WA cm™) are virtually identical to that of a comparable cell with a glass fiber separator
(Figure 5.8 b-c). Cycling studies demonstrate no significant differences in capacity for 25 cycles
with a gravimetric capacity over 2200 mAh g' on the 24th discharge (Figure 5.8d). The
corresponding areal capacity for the a-Si thin film was determined to be ~25 yAh cm? from a
cyclic voltammetry measurement (Figure 5.9). Cyclic voltammetry was also used to assess the
electrochemical stability of the Li|porous separator and Si|porous separator interfaces. The CV of
an a-Si|porous separator|Li cell demonstrated nearly identical peaks as the glass fiber control
(Figure 5.9 and Figure 5.10). The similarity of the glass fiber control and porous separator CVs
indicates that the peaks observed in the first cycle originate from SEI formation of the a-Si
electrode***.  The slight capacity decay observed in the silicon thin films in both separator
systems (Figure 5.8c) are the result of both surface-related side reactions and other undesirable
redox reactions occurring at the stainless-steel substrate as previously reported in a study using
the same electrolyte system and film thickness.®! Overall, the experimental measurements
establish that the porous SU-8 exhibits the most important separator properties, that of
demonstrating good ion transport properties, high chemical and electrochemical stability against
lithium metal and lithiated silicon, and preventing electrical short-circuits between the cathode and

anode. The electrochemical validation of 2D a-Si electrode with the porous SU-8 separator also
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indicates that the photopatternable separator approach can be effectively extended to crystalline

silicon electrodes, which can be processed via microfabrication techniques (vide infra).
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Figure 5.9. Cyclic voltammogram of a-Si thin film cycled at 0.1 mV s™' using a glass fiber separator
in 1M LiClO.. Beyond the initial cycle, the a-Si demonstrates good reversibility shown by the
similar CV curves for cycle 2 & 3. The areal capacity used in this study was obtained by integrating

current (mA) vs time (hr) plot for the second cycle (~25 yAh cm?).
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Figure 5.10. CV of an amorphous silicon thin film with a 50 wt% [EMI][TFSI] photopolymerized
porous separator coin cell with lithium metal counter electrode. Lithium metal is in direct contact

with the porous separator. Scan rate is 0.1 mV/s.

The photopatternable porous separator was also tested in a full cell using a-Si as a thin
film anode with a LPF cathode and cycled at C/5 (5 yA cm™) based on the capacity of the a-Si
electrode (Figure 5.9). In these experiments, both the a-Si and LFP were processed similarly to
the half-cell mentioned above, so that the porous separator was attached to each electrode. Half-
cell testing of a LFP electrode with a photopolymerized porous separator showed reversible CV
peaks with no new peaks upon cycling indicating good electrochemical stability of the
separator/LFP interface (Figure 5.11). After the first few cycles, the coulombic efficiency stabilized
and by the 25th cycle, CE was ~95% reaching an areal capacity around 24 yAh cm™. This value

is in good agreement with the areal capacity of the a-Si half-cell. These results demonstrate that
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processing the porous SU-8 separator is compatible with traditional slurry-cast electrodes and
that the resulting electrode/porous separator integration is an effective route for fabricating battery
structures. This integration distinguishes the SU-8 separator from traditional polymer separators
which constitute mobile components that are detached from the electrode. Here, the strong
adhesion and chemical inertness provided by SU-8 photoresist chemistry®® effectively integrates

the electrode and separator into a single structure.
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Figure 5.11. CV of an LFP electrode with a 50 wt% [EMI][TFSI] photopolymerized porous
separator in 3 electrode experiment with lithium counter and reference electrode at a scan rate of

0.1 mV/s.
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Figure 5.12. SEM images of (a) bare silicon array and (b) silicon array coated with the
[EMIM][TFSI] modified photopatternable SU-8 electrolyte. Each silicon post represents 100 um
diameter with 150 uym in height and 15 pm thick SU-8 layer. Inset in (b) shows close up of the
conformal separator on the Si post after photopatterning. Scale bar for the inset image is 100 ym.
c) Expanded view of the highly porous surface once the ionic liquid has been removed. The scale
bar is 50 um. d) Galvanostatic profile of the separator coated 3D silicon array with a lithium counter
and reference electrode and 1M LiClOs in propylene carbonate as an electrolyte. e) Comparison

plot of the coulombic efficiency of silicon post arrays with and without porous separator coating.
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The purpose in fabricating the planar a-Si films is to provide validation of the porous
separator in the Li-ion battery environment; the low mass loading of a-Si precludes viable
applications. However, with silicon microfabrication methods, there is the opportunity to create
non-planar configurations, such as the post array geometry investigated in the current study which
increases the areal energy density significantly. The advantages of utilizing microfabrication-
prepared silicon post arrays are that it offers highly reliable, high-throughput wafer-scale
fabrication of 3D microbattery arrays and ease of co-packaging with other integrated circuits. In
addition, the high values of gravimetric and volumetric energy densities for crystalline silicon are
such that approximately 10% lithiation of the theoretical capacity for silicon is comparable to the
gravimetric capacity of graphite and thus sufficient to operate a full cell Li-ion system. A limited
degree of lithiation also reduces volume expansion from the conversion-type phase evolution
process and allows for stable cycling of silicon without pulverization.!? In previous work, we
showed that photopatterning of nonporous SU-8 around 3D silicon posts proved to be an effective
approach in forming a conformal solid electrolyte over high-aspect-ratio structures. However, the
low ionic conductivity of nonporous SU-8 was on the order of 107 S cm™ and limited battery
performance.”’ To this end, the application of a porous SU-8 separator for nonplanar 3D
electrodes offers a unique opportunity to achieve high power and high energy micro-EES
systems. Figure 5.12a shows SEM images of silicon post arrays of 100 ym diameter, 150 ym
height, and 200 um pitch. In order to photopattern a conformal separator, a two-step exposure
process was used (Figure 5.13). After conformal coating the ionic liquid modified SU-8 (15 pm
thick) over the 3D Si arrays, the porous separator structure was developed by the acetone
treatment. Upon removal of ionic liquid, the porous morphology of the conformal separator is

revealed (Figure 5.12 b-c).
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Figure 5.13. Two-part exposure process for patterning conformal separators for Si post array.
To conformally coat the separator on the 3D Si post, a two part exposure process was employed.
The first step consists of forming a base layer to cover the bottom layer (left) followed by the

second step in which the side walls and top of the posts are patterned (right).

The charge storage properties of the separator-coated silicon post arrays were evaluated
in a half-cell configuration with a lithium counter and reference electrode and compared to an
uncoated silicon array electrode operated under the same conditions. The degree of lithiation of
these anode arrays was set to be 12 mAh cm™ in anticipation of having high-capacity cathode
materials (180 mAh g™) fill the cathode volume./"*"! Galvanostatic profiles of the 3D silicon post
arrays cycled at a current density of 1 mA cm™ are shown in Figure 5.12d. It is evident that the
silicon arrays take a few cycles to undergo the formation process, in which the stable lithiation
front is developed and the solid electrolyte interface layer is formed at the surface of
electrodes.*2484% The amorphization of the lithiation front of silicon during the formation process
is indicated by the evolution of the sloping voltage profile (Figure 5.12d). A similar trend is
observed for the uncoated silicon control sample, suggesting that this behavior is primarily coming
from the silicon working electrode rather than the porous separator. By the 6th cycle, both samples
exhibit a reversible cycling behavior with a coulombic efficiency of over 98% (Figure 5.12¢).
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Chapter 5.4. Conclusion

One critical feature which is essential for achieving miniaturized EES is to improve the
separator fabrication approaches at micron-scale while maintaining device functionality and
reliability. In the current study, we developed a photopatternable porous separator material that
can be patterned over multidimensional high-aspect-ratio structures with sub-100 ym resolution.
In this novel synthetic approach, an imidazolium-based ionic liquid was used as a templating
agent, while the epoxy-based host scaffold facilitated ion transport and provided the
photopatterning capability. The photopatterning process was demonstrated with both thin film and
slurry cast electrodes. The separator properties of the SU-8 are superior to traditional polyolefin
separators in terms of mechanical integrity (modulus of 0.5 GPa) and thermal properties (>200°C).
Although the present study was directed at 3D lithium-ion microbatteries, the separator presented
here offers opportunities in other systems beyond the one presented here. The outstanding
benefit of the SU-8 separator is its photopatterning capability which not only enables non-planar
device structures as demonstrated here for 3D lithium ion batteries but also can be adapted and
incorporated in other emerging micro electrochemical energy storage systems, such as on-chip
supercapacitors and micro fuel cells.*®®" Devices based on photopatternable porous SU-8
materials potentially offer advantages in high spatial resolution patternability, miniaturization and
the scale-up of fabrication processes. Further, porous SU-8 membranes also present
opportunities beyond energy storage applications such as microfluidics®? (i.e. separations and
analytical applications) due to their flexible processability, mechanical integrity, and versatile
surface chemistry, and biomedical applications®! for their microstructure tunability and

biocompatibility.
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Chapter 6. Concluding Remarks

While rechargeable Li batteries have certainly shaped modern-day life, the field itself
continues to grow and evolve in a number of directions and applications. From fundamental
material challenges to application-driven materials design, this dissertation considers various
promising directions and offers a broad perspective on the targets and technologies for the next
generation of batteries.

The first section of this dissertation focuses on electrochemical interfaces, regions
commonly prone to degradation. The Li metal interface is by far one of the most challenging
interfaces due to the combined effect of the inevitable solid electrolyte interphase in addition to
the age-old problem of Li dendrites upon repeated plating/stripping. The revisitation of Li metal
after years of dormancy highlights the necessity of Li metal anodes in next generation high energy
density batteries. This is particularly significant for emerging solid-state batteries whereby Li metal
is required to access higher energy densities. The revival of Li metal batteries furthermore opens
up a new era of Li metal research to re-address the safety and performance challenges from new
perspectives and characterization techniques. In chapter 3, Li dendrites are revisited from the
lens of interfacial coatings layers which serve as Li transport layers and confine Li deposition
underneath the coating to effectively mitigate dendrite formation at the coating surface. While
coatings have been previously studied, the mechanism of Li plating underneath coating layers
has received far less attention and thus is less understood. Li-Sn coatings are fabricated through
a solution-based approach resulting in microns thick coatings containing mixed nanocrystalline
Li-Sn intermetallic and amorphous phases. Electrochemical analysis is used to better understand
the kinetics of Li plating/stripping and the larger exchange current exhibited in the coated systems
highlights the enhanced charge transfer kinetics relative to bare Li. Furthermore, the ability to tune
the deposition location as a function of current density provides insights on the limitations and

conditions required for plating underneath. Lastly, the use of state-of-the-art characterization
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techniques such as Cryo-FIB SEM reveals the morphologies of lithium deposits above and below
the coating layers, highlighting its dual role as a transport layer at lower current and nucleation
substrate at higher currents. Further, the results from this work emphasize the under recognized
importance of high exchange currents, fast Li transport through coatings, and provides the
framework for designing future coating systems. The insights drawn from studying coatings on
lithium interfaces also provides new opportunities to explore other challenging interfaces such as
those on Na metal.

The fundamental mechanism of charge storage presents additional challenges, especially
as one moves away from simple intercalation chemistries. The rapid rise of interest in conversion
electrodes highlights the attractive appeal of multi-electron redox as a means to obtain higher
specific capacities and thus higher energy densities. However, in order to access such high
capacities, the issues of capacity fade and other loss mechanisms must be better understood in
order to improve and make them competitive as commercial electrodes. The growing demand for
higher energy density rechargeable batteries has placed the spotlight on FeSz which can provide
energy density as a commercialized primary battery cathode but with limited reversibility
demonstrated. While capacity fade in rechargeable FeS, has been a known problem for decades,
the lack of congruency in the reaction pathways responsible for rechargeable FeS, has impeded
in providing targeted solutions. Therefore, the work in Chapter 4 of this dissertation focuses on
revisiting the reaction pathways in order to address he discrepancies and identify the key
contributors to capacity loss. We highlight the formation of a new charge product (FesSs) at
elevated temperatures and furthermore use its detection as a way to better understand the
electrochemical reaction pathways of rechargeable FeS,. From better understanding the reaction
pathways to form FesSs, we establish a new electrochemical reaction pathway for FeS..
Furthermore, the capacity losses observed in rechargeable FeS; are identified to 1) affect the

charge product that can be formed and 2) shown to originate primarily from sulfur loss in the active
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material. Based on the latter point, future work should be directed towards studying FeS: in
electrolyte systems with little to no polysulfide and sulfur solubility (i.e. solid state electrolyte) as
a means to circumvent capacity fade and maintain sulfur-rich charge products during
electrochemical cycling. Lastly, in studying (de)lithiation of FeS; at elevated temperatures, the
reaction pathways established in this work help bridge the gap in discrepancies in the products
and intermediates reported over the past few decades while providing new insights on how to
address the problems of capacity fade.

The last part of this dissertation switches the focus towards the challenges associated with
miniaturization of batteries and more specifically the pursuit of on-chip battery systems. While
batteries currently remain as external plug-and-play components of small devices, the integration
of the battery onto the device as an on-chip battery provides a promising direction to address the
bottlenecks in scaling down for next generation batteries. However, reducing the device and
power source footprint provides its own set of unique challenges and opportunities to develop
new materials and processes compatible with the semiconductor processing techniques used to
make the devices themselves. For miniaturized electrochemical energy storage systems, spatially
controlled and well-defined geometries and structures for electrode materials have been
successfully demonstrated using photolithographic techniques. However, the limitation iin the
device is often the electrolyte and more specifically the lack of a high ionic conductivity
photopatternable solid state electrolyte which ultimately places limitations on high power
applications. In Chapter 5 of this dissertation, a SU-8 photoresist is transformed it into a
photopatternable porous separator with the use of an ionic liquid templating agent that is
selectively removed after polymerization. The resulting porous separators demonstrate good
adhesion, thermal, and mechanical properties making them suitable as on-chip separators. By
infiltrating the porous separator with high ionic conductivity liquid electrolytes, fast ion transport

can be achieved as shown through a series of electrochemical validation studies. The ability to
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photopattern onto planar, porous, and three-dimensional architectures highlights the versatility of
photoresist-based separators which can be extended to other electrolyte systems beyond the one
presented in this particular work. Furthermore, the ability to conformally photopattern porous
separators onto three dimensional architectures provides the basis for achieving high energy and
high power density for on-chip batteries. Building off the research presented here, future work
should focus on incorporating a slurry cathode into the three dimensional Si array and realize a

truly 3D microbattery with high energy and high power performance.
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