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Chaptlentdoduct-Db me h sNahmoanhat er i al

and El ectrochemical Energy Stor a

1.1 LowDimensional Nanomaterials (LDNMs): From 2D to 0D

The development and use of nanomaterials, i.e. materials with at least one
spatial dimension within the nanoscale range (<100 nm), ggeatt interest in both
academic and industrial research due to unforetold opportunities from a fundamental
science standpoint as well as the potential to enhance devalg@erformance through
the use of nanoscale materials compared to their bulk cpanter Due to the
boundless extent of nanoscale materials, classifications based on dimensionality are
often used; for instance, ledimensonal nanomaterials (LDNMSs) is an umbrella term
that includes multiple categories of nanoscale materials includioglitwensional
(2D), onedimensional (1D), and zemimensional (OD). Specifically, the structural
features of LDNMs tend to induce sidependent effects that can lead to unique
properties that drastically differ from their bulk 3D counterparts. For iosfan
graphene, an atomically thin counterpart o
due to the material és unique structural, r
properties. In particular, monolayer graphene is a semimetal with both a laigje ch
carrier mobility (~10*cm? VAs) and tivityg (upt@5B300 BVomK)dairaom
temperature as well as impressive mechanical streggtho ungoés modul us of
and optical propertiés’ (transmittance as high as ~97%). Since the advent of graphene
by Novoselov and Geifrin 2004, this naturallpccurringcarbonbased 2D material

has spurred a plethora of fundamental studies and technological advancements not
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limited to (opto)electronics and energiprage devices. Notably, graphite is the most
common commercial lithiuron battery (LIB) anode material and other carbased
materials (e.g. 1D CNTSs) typically act as conductive additives in conventional
electrode architectures. Caasiently, carbotbased LDNMs are one of the most
promising material directions for energglated applications and beyond due to the
extensive array of carbon allotropes (e.g. 2D graphene and graphene oxide, 1D CNTs
and CNFs, and 0D fullerenes and even cadracasuated naoparticles), where each
offers fascinating morphologies and distinct structural, electronic, mechanical, optical
and chemical characteristics.

For practical applications in the fields of electronics, energy, among others,
LDNMs require assembly into maawale (3D) architectures through scalable
manufacturing methods. Unfortunately, laigmale manufacturing tends to
compromise the superior stdependent properties of LDNMs when these materials
are formed into device level structures. For instance, actieée monolayer of
graphene is considered the fAstrongeéest mat er
due to itssp2bonded hexagonal lattice structure however, the stacking of graphene
sheets, the presence of defects, and the specific processing procedure (e.g. CVD
transfer process) induces inevitable wrinkles and other inhomogeneities that lower the
mechanical stregth and stiffness of 3D graphebased structurés. Regardlesshe

pursuit of LDNMs and structural designs are an avenue for researchers and
2



industrialists alike to potentially meet future requirements of LIBs for portable and
consumer electronics, transportation, and lacge energy systems designed to store

intermittent renewable energy sources such as solar and wind power for later use.

1.2 Electrochemical Energy Storage Systems: LithiomBatteries (LIBs) & Beyond

Since Sony successfully commercialized a rechargeable cell, LIBs have become
the most prominentrergy storage technology in nearly every aspect of our lives.
Conventional LIBs are referred to as secondary batteries, which are rechargeable, and
consist of two electrodes (i.e. negative and positive) with differing electrochemical
potentials. Typical LB cathode and anode materiadse intercalatiorbased (i.e. the
host material can reversibly insert/remove guest ions such)asithiated compounds
(e.g. lithium cobalt oxide or LCO) and graphite, respectively. An ionically conductive
yet electrically inswdting material, known as an electrolyte, connects the anode and
cathode materials together. During operation, Li ions travel between the electrodes
while electronssimultaneouslytravel through the external circuit to power various
practical devices. Notthat the main requirements of LIBs are high energy density,
high power density, and long cycle life however intrinsic material limitations and
electrolyte stability i1issues (especially v
higher voltages) lower ovdtacell performance. Comguently, researchers have

explored alternatives in terms of materials as well as more advanced battery



chemistries, such as lithivoxygen batteries (kD2 or LOBS),in an attempt t@ttain
hi gher performance metrics and meet soci et
In contrast to conventional LIBs, LOBs rely on surféesed reactions instead
of intercalating guest ions. Specifically, LOBs cycle via-ghase reactions of
oxygenated species, where pure oxygen gas enters the cathode side of the cell and
combines with Li to form lithium peroxide (L4O2) on the porous cathode (typically
carbonbased) during the discharge process, which is also known as the oxygen
reduction reactio (ORR). Upon charging or the oxygen evolution reaction (OER),
Li2O2 decomposes back into the aforementioned constituents. However, the OER
process often requires catalytically active nanoparticles to facilitate this reaction by
lowering the energy barridéor electrochemical decomposition, which has been shown
to also lower the cell overpotential and enhance reversibility for extended LOB
operation. In this way, the 0D nanocatalysts (i.e. nanopatrticles, typically noble metals)
enhance the overall electroabytic activity and reaction kinetics of the air cathode.
Note that LOB cells (typically composed of a porous caithased cathode against a
Li metal anode) are reported to have a theoretical specific energy ~10 times higher than
conventional LIBs. Howevedue to the infancy of LOBs and its many challenges (e.g.
electrolyte stability, among others), the current achievable energy density and
cyclability is limited and thus, this energy storage technology exists only in benchtop

research settings.



1.3 Thess Scope and Objectives

The primary aim of this Ph.D. research revolves around identifying material
structureproperty relationships of novel LDNMs and their assembled electrode/device
architectures by probing battery operation at the nanoscale and/angtthro
electrochemical performance evaluationklids or LOBs. Specifically, this thesis can
be broken into three parts related to the development of novel materials, innovative
electrode/device architectures and subsequent processing techniques or atimymbina
thereof, which are key aspects to understand and promote future improvéonents
energy storage systems (LIBs and beyond): (1) employing advanced characterization
techniques (such as situ/operanddAFM) to study alkalimetatlion battery operation
at the nanoscale using a planar microscale battery platform coupled with a liquid
electrochemical cell; (2) development of nanoporous cabased materials and
alternative additivdree electrode processing techniques [dry/cold pressing, extrusion
based 3Dprinting] for LIBs and beyond; (3) synthetic development of multimetallic
solid solution nanoparticles for catalytic and energy applications (such as LOBS).

In its entirety, this thesis encompasses exploratory studies with materials that
reduce in dimensiwality as the chapters proceed (exfoliation of bulk crystals into 2D
flakes in ChapteR; nanoporou2D sheets in Chapters53 use of 1D carbon supports
in Chapter 6; and OD nanoparticles in Chapters 6 and 7). The scale of processing (device

level to eletrode and material levels) also evolves throughout this thesis: design and
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fabrication of planar microbatteries (Chapter 2); assembling dry pressed and 3D printed
electrode architectures (Chapter§)3and synthetic processing of novel nanoparticle
compodgions/structures on carbdmsed supports (Chapters7p Within the

subsequent six chapters, the following research objectives will be pursued:

Q) Develop a planar device platform to probe alkaétation battery (NIB and
LIB) operation at the nanodegstructural/morphological evolution, SEI formation and
nanomechanics) using situ/operandcAFM and molybdenum disulfide (Mepas a

model intercalation material

(2) Synthesize 2D carbemased nanomaterials (holey graphene, holey graphene
oxide) with nanosized holes to promote (mass and) ionic transport within LOB

cathodes

3) Develop/employ alternative electrode processing techniques (dry/cold pressing,
extrusionbased 3D printing) to create unique electrode architectures (mixed,
layered/stacked, andierarchically porous 3D structures) for electrochemical energy

storage systems (LIBs, LOBS)



(4) Understand how various electrode architectures and levels of porosity
(nanoscale, microscale, macroscale) influence overall electrochemical performance in

LOBs

(5) Develop an ultrafast synthetic technique (i.e. carbothermal shock or CTS) that
enables universality (compositional diversity of nanoparticles, including traditionally
immiscible elemental combinations) and kinetic control over nanoparticle formatio
size/dispersion and structure (solid solution or pisagmrated structures) on (1D)

carbon supports

(6) Employ CTS to fabricate multimetallic solid solution nanoparticles (up to 4
elements) for use as oxygen electrocatalysts in LOBs; evaluate viiallo
(electrochemical and structural) stability of these novel nanocatalysts on different

carbon supports
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In this chapter, a microscale battery comprised of mechanieaflyliated
molybdenum disulfide (Mo$ flakes with copper connections and a sodium metal
reference was created and investigated as an intercalation modehwssingpperando
atomic force microscopy in a dry room environment. While an ethylene carbonate
based electrolyte with a low vapor pressure allowed topographical observations in an
open cell configuration, the planar microbattery was used to condusitu
measurements to understand the structural changes and the concomitant solid
electrolyte interpase (SEI) formation at the nanoscéde both Na and Libased
battery systemawith a model Mo$ electrode For the first time, topographical
observations demonstrated permanent wrinkling of Mel&ctrodes upon sodiation,
which corroborates thareviousy proposed chargdischarge reaction mechanis8tl
formation also occurred on both flake edges and planes at voltages before sodium
intercalatiorand brce spectroscopy measurements provided quantitiiithickness
data.The use of advanced techniqussch asn situ/operanddAFM, with this newly
developed planar battery configuration can elucidate the electrochecyidaig
behavior of numerous electregéectrolyte systems, particularly for alkatietation

batteries

ana



2.1 Background Sodiumion Bateries (NIBs) & Advanced Characterization

Techniques

Sodiumion batteries (NIBs) have been increasingly investigated as potential
low-cost energy storage alternatives due to t
compared with lithium. A range ofextrode anode materials have been investigated,
including various types of carbdtf, tin®> 8 and red phosphortis While many
concepts can be transplanted from lithiton studies in sodiuAon research, the
electrochemistry of sodiwion turns out to & quite different in many aspects, which
require unique design of electrode structures, new electrolyte compositions, etc.
Compared with the lithium ion, the sodium ion is larger by approximately 39% in
radius, which can lead to more severe electrode wlwinanges and slower
charge/discharge kineti®s'® ° Molybdenum disulfide (Mog is one of the most
stable and versatile members of the metal sulfides and is a particularly attractive high
capacityintercalation host for sodium due to its dichalcogenide structure and large
interlayer spacing?*. MoS; is composed of layers of molybdenum atoms coordinated
to six sulfur atoms and has an interlayer spacing of approximately 6.2 A compared to
the 335 A spacing of graphite, a structural analog which is the most common
commercial lithiumion battery (LIB) anod&3!. As an anode material for LIBs, M@S
has a highaversible capacity and good cycling stabffi§’. Due to the laminar nature

of MoS bonded by weak van der Waals forces and its inherent interlayer spacing, this
9



metal sulfide can accommodate other metal cations in addition to Ifhitiit
present, few studies of Me8&s a sodium intercalation host for room temperature NIBs
have been conducted. Park et?akecently reported the electrochemical properties of
MoS: asan intercalation host for room temperature NIBs and suggested-stapo
reaction mechanism where distortion of the Me®ucture occurs in the low plateau
region due to induced microstrains rfroinsertion of 1.1 Na ionsHowever, no
topographical obseations of the passivation layer or the surface of sodiatecc MoS
electrodes have yet been made.

One key unknown in the Na/MeSystem is whether the MeSurface develops
a solid electrolyte interphase (SEI) in response to cathodic polarization during the
sodiation process. The SEl is a thin layer of composite materials formed on the anode
due to electrolyte decomposition at low cell potentials. Electrolyte solvents and salts
are reductively decomposed by the anode to form the SEI during the initial chargin
phase, which consumes electrolyte and alkali metal ions during its forfiafitve
formation of an SEI therefore results in an irreversible capacity loss during the initial
charge cycle. The SEI layer plays an important role in battery performance by
stabilizing the reactive interface between the active electrode and the liquid electroly
and its performance directly affects battery properties suchuksndoic efficiency,
reversibility, and rate capability. However, investigating this fragile and reactive layer

in its natural environment is difficulin situ/operandocharacterizatiortools can
10



provide enhanced knowledge of individual electrode particles at the nanoscale,
especially the structural evolution of electrode materials during the process of
intercalation/dantercalation and passivation, which can lead to crucial information
related to battery performance and failure mechanisms.

In situ transmission electron microscopy (TEM) has been widely used to
investigate battery anodes, including silicon nanowiras well as tin nanowires and
nanoparticle§. While TEM is a powerful tool that can accurately describe changes in
electrode materials, electrolytes usedlac®on microscopy differ significantly from
those currently used in practidadtteries ananay not accurately represent electrode
electrolyte interface behavior. Solid state nanobatteries with silicon nanowires have
been fabricated for fundamental elede investigations recentfy In situ
investigation®> 4 including X-Ray, Raman, neutron scattering and scanning probe
microscopy can also be used to investigate battery electrode surfaces.

In this study, a planar microscale battery with an open cell configuration was
designed to investigate Mo®r NIB anods. MoS flakes were used as anodes, while
Na metal served as a reference electrode. The planar microscale battery was comprised
of mechanically exfoliated twdimensional (2D) MoSflakes and copperonnections
and was constructed and analyzed in a drgmnoenvironment. An atomic force
microscope (AFM) coupled with a liquid electrochemical cell was used to image the

MoS; electrode surface in real time to observe the live insertion/extraction of sodium
11



ions and the SEI formation during cycling. SEI thickhegs also evaluated using
guantitative force spectroscopy measurements. AFM analysis of battery materials in a
planar configuration under electrolyte, in a dry room environment, can be used to

investigate a range of other electraglectrolyte systems falkali metal ion batteries.

2.2 Experimental Methods

2.2.1 ScotciTapeMethodi MechanicaExfoliation of 2D Materials

Mechanically exfoliated MoSlakes were pressed onto a clean glass slide using
t he @AScot c h, whichpvasdorigimaiy develdped by Professors Geim and
NovoseloUniversity of Manchester, England) to isolate high quality graphene sheets.
Note that the weak owtf-plane van der Waals forces holding 2D materials (graphene,
layered chalcogenides, hexagonal boron nitride, among others) together can be
exploited by efoliation-based methods to create atomically thin sheets for fundamental
studies as well as the fabrication of unique planar devices. After mechanical exfoliation
and deposition of Maofonto thecleanglass slide, the 2D flakes (thickness >10 pm
from thebulk Mo crystal) were diminished further by blade to the desired thickness

of (tens to) hundreds of nanometers under an optical micrascope
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2.2.2 Fabrication of Planar Batteries

Once the MoSflakes are cleaved to the desired thickness on the glassaseps
electrical connects (copper, Cu) must be applied. Accordingly, a shadow mask
technigue was applied before the Cu film deposition (thickness of ~50 nm), where the
masks were strategically applied over portions of the Mafes using a microscope.
Thermal evaporation was performed using a Metra Thermal Evaporator lagtied
UMD6s FablLab to provide electrical connect
battery platform (exfoliated 2D materials on glass with Cu connects) was coupled with

an openliquid electrochemical cell for advanced characterization.

2.2.3In situ/operanddAtomic Force Microscopy (AFM) Setup

AFM experiments were conducted in a dry room (T ~ 204ewF -40°C) to
avoid excessive water dissolution into the electrolyte and glewoxidation of the
reference electrode (Na or Li metal). A liquid electrochemical cell was utilized for
situ/operandoAFM experiments (5500 AFM/SPM; Agilent Technologies, Chandler,
AZ). A sodium (or lithium) metal reference electrode was cut intareow ribbon,
attached to a thin wire, and placed around the circumference of the electrochemical
chamber to allow the AFM probe to reach the sample surface without hitting the

reference electrode. The dry sample was then placed in the Right¢ 2-1).
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Figure 2-1. In situ/operandocAFM setup located in a dry room (T ~ 20°Cyed ~ -
40°C) at the Army Research Laboratory (ARL) in Adelphi, MD. The box enclosing the
Agilent 5500 has bungee cords to provide a shock proof condition for better scanning

stability and image quality.
Silicon nitride (SiN4; DNP-10; Bruker, Camarillo, CA) probes with a nominal

tip radius of 20 nm were used and calibrated for cantilever stiffness on the glass
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portions of the dry sample prior to addition of the liquid electrolfter calibration,

the electrolyte (1.75M NaCldn EC or 1.75M LiCIQ in EC for Na and Li systems,
respectively) was added dropwise to the electrochemical cell until a multimeter
registered a stable OCV. The MaSectrode was controlled in potentiostadde with

a rate of 5 mV/s from OCV to the cutoff voltage (i.e. 0.4 V and 1.0 V vs Np/NEM
scanning was performed during the initial potestiatic scan in order to image the
nucleation and formation of the SEI. The Mofas then held at the cutoff vage

while additional AFM scans were performed. Force spectroscopy was performed by
the AFM on surfaces that had not been scanned for topography. The AFM tip
significantly interacts with the surface
material duringie process of a topographical scan. Therefore, only pristine surfaces
were used for force spectroscopy measurements, avoiding the potential for measuring

surfaces altered by topographical AFM scans.

2.2.4 Electrolyteselection for AFMProbe Stability

Electrolyte solvents were chosen based on their ability to solvate Na€lO
well as their SEI forming ability. The loosely bound sheet structure of2N®S
isostructural with graphite, which made EC a logical solvent choice. A salt
concentratiorof 1.75M of NaClQ allowed the EGbased electrolytes to remain liquid

at the test temperature of 20°C in the dry room. Perchlorate (MdQGDO4) salts
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(instead of fluorinated salts such as NaBRd LiPF) were selected to avoid HF
damage to the 316 @tdess steel sample stage. Similarly, 1.75M LiCI® EC was

used in the Mo&lithium system, which also remained liquid at 20°C.

2.3 Results and Discussion

Figure 2-2 shows a schematic of the situ/operandoAFM setup with the
planar microscale batterThe microbattery consists of mechanically exfoliated MoS
flakes pressed onto a glass slide. The 2D flakes were then cleaved under an optical
microscope to the desired thickness of tens to hundreds of nanometers before the
thermally evaporated copperyfilm was strategically deposited with shadow masks
to create electrical connections with the Me&ctrode [Figure 2-3). The purpose of
this planar microscale battery was to aliovgitu/in operandmbservation of the MaS
surface during sodiation. The complete electrochemical system included the microscale
Mo battery with a thin film Cu current collector, a Na metal reference electrode, all
submerged in an electrolyte composed of 1.75M Na@i@thylene carbonate (EC).
A photograph of the liquid electrochemical cell and an optical image of the electrically

connected Mogflakes are shown iRigure 2-3b and 2-3c, respectively.
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In situ AFM of Microbattery in Dry Room
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Figure 2-2. A schematic of the planar microscale battegigned and employed for
in situ/opeandoAFM measurements a liquid electrolyte and dry room environment.
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MoS,

Figure 2-3. (&) A schematic of the sample fabrication process to create a planar
microbattery platform with exfoliated Ma3lakes and Cu connections. (b) A digital
image of the planar microscale batteryupled witha liquid electrochemical cell,
which is used to amuctin situ/operandcdAFM measurements. (c) An optical image

of Mo flakes partially coated by the thermally evapordtegD nm thick)Cu film.

EC is a universal cosolvent in commercial lithium ion electrolyte formulations.
As a single solvent, lias been shown to be the main contributor to SEI formation since
EC is a favored solvation member fof ft Neat EGbased electrolytes with graphite
anodes are known to closely simulate what occurs in actual LIBs with good cycling

18



performance, which is typically attributed to the formation of stable anod@ &l

has also been used to minimize solvent evaporationt@nurovide AFM probe
stability*!. MoS: is a 2D material analogous to graphitéiich suggests that a neat-£C
based electrolyte will havensilar effects regarding the formation of stable anode SEI
for the Na/MoS3 microbattery due to the similar intercalation potentials of Na and Li.
Hence, an SEI lar was expected to form on Mefsom the reductive composition of
the ECGbased electrolyte.

Figure 2-4 shows the topographical differences between pristine 2N08
sodiated Mo%at a cutoff potential of 0.4 V vs Na/Narhe former image shows the
characteristic topography of Me3akes Figure 2-4a). Multiple flake edges were
observedvithout any noticeable distortions on the flake plateaus. Line profiles across
the step edges (solid line) as well as along the plateau of the pristindddti&d line)
are shown irfFigure 2-4b and 2-4c. Note that there is little variation in height adpn
the plateau surface before sodium insertion/extraction. The topography of the MoS
flakes after sodiation is more variable, where obviouskiing is observed for the
MoS: flakes Figure 2-4d). Sodiation as well as lithiation causes 2D materials such as
MoS: and graphite to volumetrically expand due to the accommodation of alkali metal
ions. This intercalation process introduces strain on the host material, which varies
between sodium and lithium systems due to differences in cationic radius and

thermodyamic stability. For instance, graphite cannot accommodate vii
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conventional carbonatgased electrolytes due to the electrochemically irreversible
nature of the intercalation process and thermodynamic instability of binagyagaite
intercalation cmmpounds (GICs). Above a threshold strain, the electrode material
attempts to compensate for these insertion/extraction forces by relaxing itself through
surface distortion (i.e. the formation of wrinkles). Zhu éfalnce described a similar
structural wrinkling phenomenon due to the mechanical stresses associated with the
large volume change obdiated tincoated wood fiberPark et af? also reported on

the expansion of the iatlayer along the-aexis of MoS due to electrochemical sodium

ion insertion, which causes distortiontbé material by microstrains.
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Figure 2-4.n situAFM images and line profiles{@) before and (d) after passivation
for the Na/MoS planar microbattery for the OCV to 0.4V easlhe scans were in
contact mode as the tip moved downward. Line profiles were taken across both the
pristine (b) flake edges, solid line in (a), and (c) plateau, dashed line in (a), as well as
the sodiated Mofe) flake edges, solid line in (d), and ffateau, dashed line in (d).

To quantitatively characterize the structural changes, line profiles were again
taken across the flake edges and along the plateau for the sodiateftalMeEsSEigure

2-4e and 2-4f). Figure 2-4f shows the peaks and valleys along the plateau. Height and
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full width at half maximum (FWHM) values were extrapolated from this line profile to
characterize the observed wrinkles. The height of these wrinkles varied between 7 nm
to 36 nm with an average igat of 22.7 nm + 8.6 nm. The average FWHM for the
wrinkles were 345.4 nm £ 81.4 nm. The surface roughness of the sodiated and pristine
MoS; flakes was measured using WSxM SPM data analysis soffiv@ihe average
surface roughness values for pristine and sodiatect Me& 84.3 nm + 7.6 nm and
138.1 nm £ 27.2 nnmiespectively. The significant difference in surface roughness
cannot be solely attributed to the wrinkling effect. Increased surface roughness was
attributed to SEI formation on the Mp&lectrode during the initial sodiation process.

By topographical olesvation, the wrinkling effect seems to continue alafigthe

MoS: flake plateaus, not just along opkteau(Figure 2-4d). This is further evident

in Figure 2-5, which shows a 3D rendering Bigure 2-4d and a zoomed out (10 pm

X 10 pm) scan of the steturally wrinkled MoS flakes. Mechanistically, a
strain/deformation gradient from the flake edges to the center of the flake (where the
flake thickness significantlyncreasesand strain is minimal) is expected as*Na
intercalats at the edge of the MaSlakes.Figure 2-5 demonstrates that wrinkling is
indeed more pronounced at the flake edges relative to the center of the flake however,
wrinkles are still present at both areas for the Na system. Even after multiple AFM
scans, the observed wrinkles remawhich suggests that these structural features are

also not attributed to the passivation layer.
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Figure 2-5. (a) 3D rendering of Figura-4d, showing wrinkles across the Moffakes

at the 0.4V cutoff potential .aift$t)AFMoomed o
image of the same area with wrinkled Mdlakes. Structurally wrinkling (shown by

the ridges in the 3D rendering and red/orange lines on the flake plateaus in the zoomed

out 2D scan) occurs on both the flake edges as well as towards theafehe MoS

flake for the Na system.

0 nm

The distortion of sodiated Ma3s confirmed byin situ AFM topographical
observations and quantitative measurements of the wrinkles. After the planar
microbattery was cycled, the distorted Me8ucture does natompletely recover to
the previous pristine condition. The same conclusions drawn with the priasent
situ/operandcAFM study and that by Park etZlfrom irreversible structural changes
suggest the following twstep charge/discharge reaction mechanism of the Na/MoS
cel: (1)xNa+ MoSY NMoS(x O 0.5, no)amdi2d5NHa+of Mo S
NaMoSY NMoS( 0.5 O y < 1. 1) Thenew topographiaain o f M ¢

observations of the Ma@S planar microbattery reinforced this suggested
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charge/discharge mechanism due to thempeent wrinkling of the Mosflake
surfaces upon sodiation at low voltagagUre 2-4d). Note that continuing to even
lower potentials (below 0.4 V vs Na/Nas known in literature to cause a conversion
reaction where sulfdbased species form.

In order to differentiate the contributions to surface features from SEI
formation and Mosphase changes due to sodiatiorsituexperiments were repeated
with the cutoff voltage raised to 1.0 V vs Na/lNehere sodiation has not extensively
occurred Figure 2-6a to 2-6¢ exhibit the pristine Mo&flakes before electrochemical
cycling and the corresponding line profiles of the flake edges and pl&igate 2-6d
shows the live formation of an SEI on Md&/ the EGNaCIOQs electrolyte during this
process, which is rather similar to that observed on HOPG in litbmaining
system&!, as well as lithiated M. A coating of SEI became apparent to the upward
scanning AFM tip as the surface potential became increasingly negative, with SEI
material appearing around 1.5 V vs Na/Nawards the bottom of the image. As the
scan continued in the upward directitime voltage decreased until reaching the\1.0
cut-off voltage. The detectable SEI coverage indicates that reduction reactions indeed
take place on the electrochemically active Me@&face however, no wrinkling occurs.

In Figure 2-6¢ and 2-6f, the absencef wrinkling is supported by the observation of

rough features with very short length scales, on the order-20 Xtn. Therefore, the
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roughness ifrigure 2-6e and 2-6f is considered as contribution only from SEI material

coating the MoSsurface.
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Figure 2-6. In situAFM images and line profiles{@ before and (d) after passivation

for the Na/MoS planar microbattery with 1.0 V cutoff. The tip scanning direction is
upward from the bottom of the image in both 4a and 4d with the scans doneaict cont
mode. Initial SEI formation occurred at I\6vs. Na/Na. Line profiles were taken
across both the pristine (b) flake edges, solid line in (a), and (c) plateau, dashed line in
(@), as well as the passivated Md8) flake edges, solid line in (d), a(@ plateau,
dashed line in (d).
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For the lithium system, no wrinkling occurred even at low potentiatute
2-7). However, SEI material appeared around 1.8 V vs L#kithe AFM tip scanned
in the downward direction. Previous studies by ofié¥ave shown that nereversible
reactions occur below 1.1 V vs. Lifldue tothe formation opolysulfides AFM scans
at potentials below 1.1 V showed significant alteration of the Ma8ace likely due
to the formation of both SEl and Mp8 ecomposi ti on product s. U
optical microscope, the flake surface appeared black and the appagal images did
not reveal any structural wrinkling, unlike the wrinkling observed in the sodium

system.

Figure 2-7.InsituAFM i mages (8 em x 8 em) before (a)
the Li/MoS planar microbattery. Unlike the sodium systehe &bsence of structural
wrinkling confirms lithium intercalation does not induce considerable microstrains.
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Topographical AFM scans in contact mode confirm the presence of a
passivation layer on the MeSubstrateKigure 2-8). Figure 2-8a shows that soft SEI
material can be removed by the AFM tip. The same behavior was observed for the
lithium system. However, the silicon nitride tip used to probe the topography of MoS
was not able to remove the (hard) portion of the SEI material clofiee sodiated (or
lithiated) electrode surface. This situation is analogous to numerous $tufdiésof
lithium electrolytes on graphite anodes, where a silicon nitride tip on -anlogulus
(0.12 N/m) cantilever could not penetrate or remove the lower passivation layer with
had/saltlike character.As an analog to graphite, similar SEI composition was
expected for sodiated MaSlue to the comparable intercalation potentials of Li and Na
as well as the use of EC as the single solvent in our electrolyte mixture. A topographical
scan of sodiated MaeSvith deliberate removal of the soft portion of the SEI wased
by taking multiple scans of a 10 em x 10 ¢
Xx15 em scan t o r eRigara P-8a)t Higare 28b is a line ghofilar ea (
across the repeatedly scanned area, which delineates the AFM cleared area. There is a
height wvariation of approximately 20 nm be
15 em scanned areas, although this wvariati
unremoved (possibly hard/sdikke) SEIF® due to tipsample interactions as described

previously! 4445

27



640 nmb

50
40
£ 30
5
o 20
T
10 |
0 2 4 6 8 10 12 14
Length (pm)
0nm
Figure2-8. (a) Zoomed out 15 insimARMinbageofdh® t opogr a
passivation layer of a sodiated MaS| ect rode. A 10 em x 10 e&m

scanned in contact mode to remove the passivation layer. (b) A line profile across the
repeatedly scanned area illustrates the height variation of the SEI.

Force spectroscopy provides more accurate quavditmeasurements on the
SEI thickness for sodiated M@ he measurements were taken on-scanned Mos
flake areas to avoid measuring the thickness of Adftdred surfaces. Force
displacement curves were taken using the AFM and extrapolated usingoen cust
MATLAB script to obtain SEI thickness data with accompanying uncertdhingyire
2-9 shows a typical forcelisplacement curve along with the approximation of a hard
surface with no SEI coverage. The tip begins to deflect upon contact with soft SEI, and
the force increases nonlinearly until the tip interacts with material stiff enough to

deflect the cantilever. Thickness is calculated as the difference between the calculated
28



hard interaction distance and the distance at which the tip registers witlp thiethe

SEI. Multiple force curves were obtained from various undisturbed portions on the
sodiated (and lithiated) MaSamples. The SEI thickness ranged between 8 nm and 54
nm corresponding to an average thickness of 20.4 nm £ 10.9 nm, significantlgrthin
than the 102 nm + 119 nm thickness observed by Crescé'doalithiated graphite.

For the Mo&-lithium system, the SEhickness ranged between 22 nm and 154 nm

with an average thickness of 61.8 nm £ 29.8 nm.
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Figure 2-9. Forcedisplacement curve with MATLAB extrapolated line of best fit
(shown in red).
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The combination of the MaeSsubstrate and NaClOelectrolyte could
potentially be |l ess reducing towards EC,
compared to graphite. As an alternate hypothesis, the combination of EC, Na, and the
MoS: electrode could form an electrically insulating layer more readily than the
EC/Li/graphite system, limiting the growth of additional SEI material and resulting in
a thinner observed SEI. Further investigation is needed to accept or reject either

hypothesis.

2.4 Summary

In summary,in situ/operandcAFM was used to analyze Me@s a sodim
electrode for the first time. A planar microscale battery was designed to candiigt
measurements and understand the topographical changes odiio§ cycling when
coupled with a liquid electrochemical cell. AFM topographical scans and surface
roughness measurements demonstrated permanent structural wrinkling of the sodiated
MoS: flakes at low voltage (0.4V vs. Na/Nai.e. the second step of sodium
intercalation where y=1.1 in NdoS2) the wrinkles had an average height of 22.7 nm
+ 8.6 nmand FWHM of 345.4 nm + 81.4 nm. On the other hand, SEI on the MoS
electrodes appeared around 1.5 V before the wrinkling effect was induced by sodiation.
In the MoS-lithium system, a potential of 1.8 V induced SEI formation and no

structural wrinkling wa®bserved at any potential. Force spectroscopy measurements
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yielded an average SEI thickness for the sodiated:MteEgtrode of 20.4 nm + 10.9

nm and the lithiated MoRlectrode of 61.8 nm + 29.8 nm. Timesitu/operanddAFM
technique and planar microbetty design reported in this study can be applied to
investigate SEI properties and formation for numerous electladtrolyte systems

for alkali-metation batteries. Additional fundamental science studies on SEI properties
could yield information regardg how to control the interfacial reactions and improve
rechargeable battery performance by designing both electrode and electrolyte materials

in present and future electrochemical energy systems.

The resultgeportedin this chapter have been publishédcey, SD; Cresce, A;
Russell, SM; Dai, J; Bao, W; Xu,;Klu, L. Atomic Force Microscopy Studies on
Molybdenum Disulfide Flakes as Soditlon Anodes, Nano Letters2015, 15 (2),

10181024.
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In this chapter, LIB electrodes are fabricated using a novel and scalable dry
processing technique without the use of binders, solvents, or other additives at room
temperature for the first time. Typical LIB electrodes are slurry coated on a current
colledor by mixing battery components (active material, conductive additive, binder)
together yet, this standard wet processing technique is erargyimeintensive due
to the additional solvent/binder removal/recycle steps; these additives also pose
envirormental concerns and have the potential to induce unwarranted side reactions
during electrochemical cycling. Accordingly, mechanically robust LIB electrodes
composed of only electrochemically active materials (active battery material and
conductive additiveare ideal for full electrode utilization and advantageous in terms
of ecofriendly largescale manufacturing. To accomplish this, a compressible and
conductive material (i.e. holey graphene or hG) is developed, combined with inherently
incompressible b&try powders (e.g. lithium iron phosphate or LFP) into a pressing
die, and subjected to the desired hydraulic pressure at room temperature to form robust,
freestanding LIB electrode3he compositd.IB electrodes fabricated with different
processing paraners (e.g. hydraulic pressure) are evaluated structurally and

electrochemically using a model cathode system: LFP. This work successfully
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demonstrates this alternative fabrication technique (dry processing; i.e. dry/cold
pressing or compression molding)r fecalable LIB production, where a range of
incompressible active battery materials (LFP, LCO, NMC, LMO, and LTO) and

compressible hG are combined into addiiree and mechanically robust electrodes.

3.1 Background Conventional Slurry Process vs Dryd3s Method

Due to eveiincreasing energy demands, there is both a societal and
technological push towards longasting and more energyense electrochemical
energy storage devices for portable electronics and electric vehicles. However, these
storage deands tend to exceed the capabilities of commercial LIBs. From a
manufacturing standpoint, inexpensive (yet enafgygse) materials and less energy
and timeconsuming processes are desired to lower overall production cost and meet
desired cost targets (®h). The adoption of green policies and initiatives also pushes
industrial partners towards more efti@ndly manufacturing processes.

Nevertheless, commercial LIB battery electrodes aretoaibll manufactured
through wet processing techniques (i.aurryl method), where the active battery
powder, conductive carbon powder, and insulating inactive binding agent(s) are
rigorously mixed in a highly toxic solvent (NMP), cast onto metallic current collectors
and then dried thoroughlyFigure 3-1a). Solvent gaporation (and NMP recovery

systems) are costly industrial processing steps for commercial electrode fabrication and
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are required to avoid potential environmental pollution. These additives and current
collector also account for a considerable percerdfitie total electrode weight, which
limits the active mass loading and thus, the achievable energy density of the cell.
Degradation of binding agents (from air moisture) during manufacturing can ultimately
lead to electrode delamination from the curreallector; during electrochemical
operation, binders can also induce unwarranted side reacBatl.factors are
detrimental to overall battery performance at the cell level. Therefore, a room
temperature electrode manufacturing process that eliminatesistheof inactive
components (binders, toxic solvents) through a dry processing technique is optimal.
To explore the viability of dry processing, we propose an alternative electrode
fabrication method (i.e. dry/cold pressing or compression molding), wbelse
electrochemically active powders (cathode/anode material and conductive carbon) are
employed without the use of high temperature or4mesuming drying steps as well
as binders, solvents or other inactive materials/additivggie 3-1b). Due to tle
incompressibility of active battery powders, a compressible yet conductive material is
required to compression mold active components into a mechanically robust battery
electrode. In this way, we introduce a novel nanoporous carbon allotrope, referred to
as holey graphene (hG), which features nanonsei@e througtholes that allow gas

molecules to escape under an applied pressure. The porous nature of hG enables
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compressibility and the formation of mechanically robust pressed structures, unlike
conventonal nonporous carbon materials that trap gas molecules.

By dry mixing and cold pressing the active battery material with compressible
hG, freestanding composite LIB electrodes are readily formed and evaluated
structurally and electrochemically using adebcathode material: LFP. This work
successfully demonstrates this alternative electrode fabrication technique (dry
processing; i.e. dry/cold pressing or compression molding) for scalable/universal LIB
production, where a wide range of incompressibleasg{LFP, LCO, NMC, LMO)

and anode materials (LTO) are employed.

a Slur Process Solventevaporation F !
) 777 Active battery :
Applied heat N material
Requires: = :
1. Binders/additives e N
Binder
2. Solvents
3. Energy input ® !
. Conductive |
(thermal post-processing) additive
b Dry Pressing Process Advantages: Binderless, solventless, time and energy efficient
4
Active battery

material

) 1 2
o R

Load active battery material
and holey Graphene into
pressing die

holey Graphene

Apply hydraulic pressure Result:
to powder mixture Freestanding, mechanically robust composite electrode

Figure 3-1. Schematic representations of the (a) conventional slurry process compared
to the proposed (b) dry/cold pressing process to fabricate LIB electrodes. The latter
employs a compregble hG powder to fabricate mechanically robust LIB electrodes at
room temperature without binders or solvents.

35



3.2 Experimental Methods

3.2.1 Synthesis of 2D Holey Graphene (hG)

hG was prepared by a previously reported catadystsolventfree procedur¥
developed in our (UMD and NASA LaR@boratoriegFigure 3-2). Approximately
330 mg of commercial graphene powder (MorVorbeck Materials; ade, reduced
070; lot, BK-77x) was placed in an alumina boat and heated in air using areaoded
tube furnace (OTHA 200X, MTI Corporation) with a 10°C/min ramp rate. Ther-X)
graphene material was held isothermally at 430°C for 10 h and the corblaressi
nanoporous carbon powder (i.e. hG showthim inset inFigure 3-2b) was obtained
directly upon cooling. Note that scalable (gram level) batch sizes oFigGré 3-3)
are possible since the batch size is only limited by the size of the aluming bodt(s

the tube furnace itself.
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Figure 3-2. Onestep air oxidation procedure used to convert commercial graphene
powder into a compressible and nanoporous carbon allotrope: holey graphene or hG.
(a) Commercial (VoiX) graphene powder loaded into alumbwats and covered with

foil. (b) Openended tube furnace located at NASA LaRC during the 430°C isothermal
hold. Note that the NASA LaRC tube furnace is calibrated so that a 440°C set
temperature is equivalent to 430°C. The inset shows some hG powdeedlatmectly

upon cooling.

Holey Graphene
0 grams

Figure 3-3. (a-b) hG powder produced from scalable (gti@wvel) synthesis batches.
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3.2.2 Dry Press Method to Fabricate LIB Electrodes

The electrode active material chosen to demonstrate this process, lithium iron
phosphate(LFP), was purchased from MTI CorporatioRigure 3-4). Additional
commercial cathode active materials (LCO, LMO, NMith Ni:Mn:Co =1:1:1) were
also purchased from MTI Corporation while the anode active material (LTO) was
obtained from Aldrich ChemistryTo fabricate the composite electrodes using the
proposed dry/cold pressing proc€ssqual amounts of each constituent material (hG
and the active LIB powders) must first be uniformly mixed using an agate mortar and
pestle (for a few minutes) or a tatdp bench mixer (60 seconds). The powder mixture
is then added directly into the stainleteel die between two aluminum (Abil
cutouts to prevent adherence to the die. Using a hydraulic press, the assembled die is
subjected to the desired pressui@ @00 or 500 MP&pr 10 min at roortemperature
Following application of the hydraulic pressure, the composite film is removed from
the Alfoil cutouts to obtain a freestanding electrode for LIB cell asserbly.steps

of the asdescribed dry procesgjriechnique are shown kigure 3-5.
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Figure 3-4. (a-c) SEM images of the commercial (carbooated) LFP powder, with
characteristic particle diameters on the order of tens to hundreds of nanometers. Some
micronsized particles/agglomerates are alsc@né

Figure 3-5. Dry processing technique, where (a) compressible hG powder is combined
with incompressible active material (e.g. LFP), (b) homogeneously mixed and (c)
loaded into a steel die sandwiched between Al foil cutouts. (d) The die is placed in a
hydraulic press ahthe desired pressure is applied at room temperatufe. T{ee
composite hG:LFP electrode after dry pressing, where Al foil is peeled off to create a
freestanding electrode (see inset).
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3.2.3 Material Characterization

A Horiba Jobin Yvon LabRam ARAMIRaman spectrometer with a 532 nm
excitation source was employed to obtain the spectra for the hG powder and the
composite electrode films. A Bruker D8 Advance SystemraX Diffraction system
with a Cu KU radiation sour paternsfostheused t o
commercial LIB powders and composite electrodes. Transmission electron microscopy
(TEM) were acquired using a Hitachi55S2 00 yel d emi ssi on micros
characterization. Tepiew and crossectional scanning electron microscop¥9
images of the dry pressed composite electrodes were completed using a Hitachi SU
5200 fieldemission microscope in the AIM Lab at UMD. The corresponding EDS
maps were obtained using a Bruker Quantax EDS attached to the Hitactl SU

system.

3.2.4 LIB Assembh\& Electrochemical Tests

All electrochemical evaluations were completed in CR2032 coin cells using
LFP:hG composite cathodes. The cells were assembled in-flfedrglovebox in a
conventional haitell configuration against lithium (Limetal, with the electrolyte
being 1M lithium hexafluorophosphate (Li§)An ethylene carbonate:ethyl methyl
carbonate in a 3:7 volume ratio (EC:EMC 3nidh 10% FEC additiveTo ensure the

complete separation of the high mésading cathode and the me t a | , both an
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glass fiber separator and an 5/ 806 Celgard
assembling the cells. Since the composite electrode films were thick (>150 um), rather
than using conventional spacuwutwasasedts pr i ngs
maintain sufficient contact between the battery components. After assembly, all cells

rested within the glovebox overnight for at least 12 hours before testindnalfoells
werethentested under cycling and rate specific testing T using a Biologic
batterytestemwith a setoltage range of 2.6 to 3\ vs Li/Li*. Note thawoltages lower

than 2.6 V cause an irreversible FéfFaxidation/redox formation reaction, which can

degrade cell performanaehile voltagesabove3.7 V desnot addany meaningful

capacity®.

3.3 Results and Discussion

To dry press incompressible powders into mechanically robust battery
electrodes, a compressible material (e.g. hG) is integral. hG is a nanoporous carbon
allotrope®to graphene, a renowned material due to its unique structural characteristics
and chemical properties. By heating commercial graphene powder (e-¥) Woan
openended tube furnae a highly compressible powdérwith throughplane
nanoholes can be obtained from the nonporous carbon predtigae 3-6 shows

characteristic TEM images of the precursor-Xographene material, where nanoholes
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are absent on the micr@ized flakes. During this scalable/facile -akidation
proces$” °° the defects (point defects and vacancies) on the-XYgraphene basal
planes act as reaction sites in the hot air environment to create holes that are through
the graphene sheet thickness. With this mecéonger hold times yield larger hole
sizes, and typically smaller hole densities due to hole mertfefibe asprepared hG

at a 10h hold time was selected in this work due to its average/predominant hole size
of 5-10 nm, its moderat@ole desity, and most importantly, its ability to be dry
conmpressed into robust structutésThe nanosized througdioles decorating the hG

flakes, as shown ifrigure 3-7, induce a unique property that conventional carbon

materials do not possess: congsibility.

Figure 3-6. Characteristic TEM images of the commercial (Wrgraphene powder.
No nanosized holes are present on the misiped flakes.
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Figure 3-7. (a-c) TEM images of the compressible hG powder, where nanosized holes
decorate the flakes. The inset of (c) shows the hole diameter distribution for hG, with
predominantly 510 nm holes.

To evaluate the proposed dry processing technique and the rasustribe
pressed LIB electrodes, a model cathode material (LFP) was combined with two
different materials (compressible hG, nonporous -Xomraphene) to create
freestanding LIB electrodes. LFP is a watlidied LIB cathode mater?aP* known for
its high power capability, high thermal stability and flat voltage plateau at 3.4 V vs
Li/Li *. Therefore, LFP acts as a good reference and is employed as the model active
battery material for the proposed dry pressed LIB study, urtiatesiotherwise.

Figure 3-8 is a digital image of each dry pressed composite cathode (hG:LFP,
Vor-X:LFP). To fabricate these dry pressed composites, the carbon allotrope and the
active battery material are first homogenously mixed in a set weight ratio (i.e. 1:1). The
dry mixed compnents are then loaded into a stainigte®l pressing die between two
precut Al foil cutouts and placed in a hydraulic press, where a predetermined pressure

is applied (20, 200, or 500 MPa). Afterwards, the foil cutouts are removed from the

43



pressed eleatde to obtain the freestanding composite electrode. In this case, the
hG:LFP and VoiX:LFP cathodes were pressed at a substantial hydraulic pressure (500
MPa) to compare the compressibility of the grapHeased powders and their ability

to form robust eletrodes Figure 3-8). By inspection, powders begin to break off from

the VorX:LFP cathode during foil removal and subsequent handling, which is
problematic for cell assembly. However, the hG:LFP cathode can be handled with ease
without material loss. Notthat the robustness of the hG:LFP cathode is attributed to
the inherent nanoporosity of the hG powder, where the hG flakes act as both the
Acompressi bl e matri xo and Aconducti ve
Accordingly, all composite electrodeeported hereafter are composed of the

nanoporous carbon allotrope: hG.

hG:LFP Vor-X:LFP

,'mr,n-m,uu,mll'mq‘iin{mqnn\ir
O tom 2 3 4

Figure 3-8. Digital image of LFP combined with (left) compressible, nanoporous hG
and (right) nonporous VeX graphene in a 1:1 weight ratio. The hG:LFP composite
cathode has enharttenechanical stability due to the inherent nanoporosity of the hG
powder.
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To verify whether h@ased composite electrodes can be fabricated at low
hydraulic pressures, an LFP:hG cathode was pressed at 20F\gBee (3-9a). Note
that 20 MPa matches the applied pressure for scalabkonall manufacturing.
Remarkably, a 1:1 LFP:hG cathode can be successfully fabricated and mechanically
robust even at this scalable processing pressure, which shows promise for dry/cold
pressing for largescale electrode manufactuririigure 3-9b schematically depicts an
assembly linanspired version of the proposed dry processing technique for LIB
electrode fabrication. From a manufacturing perspective, the dry powders can be easily
mixed in large batches and dispensed into a present mold on a conveyor belt. Similar
to compression molding, a hydraulic press applies the desired force necessary to form
mechanically robust structures. After removing the mold, the pressed freestanding
electrale can be used directly for largelume cell manufacturing. In short, a scalable
processing method that also enables control over electrode thickness (by tuning
hydraulic pressure) is benefitifor commercial LIB productiongspecially since

thicknesste ds t o scale with the electrodeos
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Figure 3-9. (a) Digital image of a freestanding LFP:hG cathode (1.5 cm in diameter)
pressed at a rotb-roll manufacturing pressure of 20 MPa. (b) Schematic
representation of the proposed dry/cold pressiethod to showcase potential towards
largescale LIB electrode fabrication.

For practicality and to achieve high enexgnse LIBs, electrodes with high
mass loadings (mg/cinare advantageous. Typically, higher mass loadings describe
ultrathick electrdes (thickness on the order of 100s of microns), where kinetic
limitations begin to dominate and delamination from the current collector may occur,
which affects overall electrochemical performance. Accordingly, considerations
regarding mass loading (>10gfan?) and minimizing electrode thickness (preferably
<200 em) were taken into account in this
weight ratios and total mass loadings were explored using a moderate hydraulic
pressure of 200 MParable 3-1). These two garameters were varied to determine
whether freestanding LFP:hG cathodes could be successfully fabricated with a 1.5 cm

diameter stainless steel die. By using a relatively large die size (diameter: 1.5 cm), there

are some limitations in terms of how muchkcompressible LFP powder can be
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mechanically pressed using various amounts of compressible hG. Too little hG does
not fill the entire die diameter well enough to form a composite film that can withstand
the removal of the two Al foil cutouts. Also, too muchkP relative to hG does not
allow the hG to form a webtacked compressed structure when pressure is applied to
the film using a hydraulic press. Based on this evaluation, dry pressed (LFP:hG)
electrodes with a 1:1 weight ratio and a mass loading of rhg/6nt (20 mg total
electrode weight) were chosen and employed throughout this work, unless stated

otherwise.

Table 3-1. Various mass loadings of freestanding, dry pressed LFP:hG cathodes &
ability to be pressed at 200 MPa using a 1.5 mm diameter @id ¢orresponds to
unsuccessful freestanding electrodes where some material was removed with the Al
cutouts; the green box denotes the mass loading and ratio pursued in this work).

LFP:hG wt ratio Total Mass (mg) Mass Loading (mg/cm?) Freestanding?
1:1 10 id o
20 11.6 Yes
50 289 Yes
31 20 11.6 No
50 28.9 Yes
80 46.2 Yes
4:1 50 28.9 No
80 46.2 Yes
100 57.7 Yes

To verify that structural changes of the dry material components arelnoed
during the pressing method, composite LFP:hG cathodes pressed at 500 MPa were
characterized vix-ray and spectroscopy techniquéggyure 3-10a shows an XRD

pattern of the composite cathode in reference to the commercial LFP powder and the
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crystaline triphylite phase (PDF 83092). The uncompressed LFP powder and the
composite cathode spectra match very well with negligible peak shifts, which proves
that no structural changes of the LFP material occurred even after being subjected to
500 MPa. Accatingly, no structural changes should occur at lower applied pressures
(<500 MPa). Note that the peak at ~26° corresponds to some graphitic carbon regions
(PDF 00001-0640) present within the hG powder, which is inherited from the
commercially synthesized or-X graphene powder. Raman spectroscopy can
determine the amount of disorder (i.e. D and G peak intensity ratd @rwithin hG

before and after dry pressing at 500 MPay(re 3-10b). Based on the defect level
(Iof/lg), the uncompressed hG powder @he composite cathode are nearly identical
(1.26 vs 1.18), which confirms that the dry processing technique does not alter the
compressible matrix material (hG). Therefore, the XRD and Raman results confirmed
that the dry/cold pressing process does naigadstructural changes in either of the

pressing materials (LFP or hG).
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Figure 3-10. (a) XRD pattern and (b) Raman spectra forfreestanding LFP:hG
cathode pressed 800 MPacompared to the uncompressed commercial LFP and hG
powders No structural changes and negligible defect level variation occur within the
dry pressed composite cathode even at such a high hydraulic pressure.

To investigate the spatidistribution of pressing material components and the
effect of hydraulic pressure on overall electrode morphology, composite LFP:hG
cathodes (1:1, 11.6 mg/érwere fabricated at three different hydraulic pressures (20,
200, and 500 MPa) and studied usmigroscopy and elemental mapping techniques.
Figure 3-11 shows SEM top view and crasection images with corresponding EDS
maps for electrodes fabricated at each applied pressure. The top view ifggess(
3-11a,e,) for all pressed cathodes show samy uniform LFP and hG distributions,
which is expected from the homogeneous dry mixing step of the two powdery
components before loading into the pressing die. The electrodesesms also

exhibit comparable morphologies, where electrode thicknessases with decreasing
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hydraulic pressure={gures 311b.f,j). Specifically, the 20 MPa cathode is ultrathick
(=340 um) and approximately twice the thickness of the 200 MPa5irY) and 500

MPa cathodes 60 um). To probe the homogeneity (and elemedtsiribution) of

the pressed cathodes, EDS was performed on each of theseotissis Figures 3
11c,g,k). These EDS overlay maps indicate that LFP is uniformly distributed
throughout the entire thickness of each pressed cathode, regardless of hydraulic
pressure. The individual elemental maps, where blue, red, green and yellow represent
carbon (C), oxygen (O), phosphorus (P) and iron (Fe), respectively, provide a similar
perspective in terms of homogeneously distributed powdery compoifégiises 3
11d,h,l). Similar to conventional slurfipgased processing, it is evident that the proposed
dry/cold pressing electrode fabrication method also enables uniform material
distributions throughout the entire electrode thickness, which is advantageous for

electrochenical performance.
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Figure 3-11. (a,e,i) Topview and (b,f,j) SEM crossections for freestanding LFP:hG
cathode pressed at 20 (top row), 200 (middle row), and 500 MPa (bottom row). (c,g,k)
EDS overlays of each pressed LFP:hG composite cathode avtitl) (individual
elemental maps for carbon (blue), oxygen (red), phosphorus (green), and iron (yellow)
respectively. Regardless of hydraulic pressure, each dry pressed cathode shows
homogeneously mixed LFP and hG powders throughout the entire thiclksess
expected, the lowest hydraulic pressure (20 MPa) produced the thickest electrode (~340
pm) while the highest hydraulic pressure (500 MPa) is less than half the
aforementioned thickness (~160 pum).

To determine the effect of hydraulic pressure on elebtrmical performance,
the dry pressed LFP:hG composite cathodes were tested in CR2032 cells against a Li
metal reference with a conventional LIB electrolyte formulation: 1M LiREC:EMC
(3:7) with 10% FEC additive. First, galvanostatic cycling of treeasbled half cells
was performed at 0.2C within a set voltage window-@#®V). Figure 3-12 shows the

chargedischarge characteristics for dry pressed LFP:hG cathodes at the two hydraulic

pressure extremes: 20 MPa and 500 MPa. As expected, both ceilbét e¢ké
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characteristic (~3.%/) voltage plateau for LFP over all 50 cycles. Notably, both dry

pressed LFP:hG cathode cells show similar capacity retention within experimental

error and reach >160 mAh/g for at least the first 10 cycles. To further iratestig

whether or not a pressure dependence exists, all dry pressed LFP:hG cathodes were
subjected to a rate dependence test, where the apptagd @as increased sequentially

every 5 cycles as follows: 0.2C, 0.5C, 1C, 2C, 3C, 5C, 10C, then back td-0g2@(

3-13) . Note that LFP is not known as a higl
intrinsically low electronic conductivity however, some previous reports in litePature

employ a hdbwed LFP capable of exceptionally highapaci ty retenti on
Figure 3-13 shows the rate capability of each addiivee LFP:hG cathode pressed at

20 (red), 200 (purple), and 500 MPa (green). Regardless of the applied pressure, all
three pressed LlBathodes achieve similar reversible capacity values at the tested C

rates, especially at low to midi@tes. As the Qateincrease$ O 2 C finaly metlirns

to the initial 0.2C condition, the same capacity trend continues within experimental

error for ech dry pressed LFP:hG cathode. Therefore, hydraulic pressure does not

influencethe overall cyclability and rate capability of the dry pressed LFP:hG cathodes.
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Figure 3-12. Voltage profiles for LFP:hG cathodes pressed at (a) 20 MPa and (b) 500
MPa.Both dry pressed cathodes show >160 mAh/g for at least 10 cycles
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Figure 3-13. Rate performance of each dry pressed LFP:hG cathode (20, 200, 500
MPa) tested at a range of current densities: 0.2C up to 10C. Overall, all composite
cathodes regardless of the hydraulic pressure show similar rate capability since the
reversible capacitiegt each current density are within experimental error. This result
shows that the electrochemical performance of dry pressed LFP:hG cathodes is not
pressure dependent.
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This is a unique finding that goes against conventional wisdom, at least at first
glarce. Specifically, the applied hydraulic pressure controls the overall thickness of the
dry pressed electrodes with an inverse relationship (smaller pressure = thicker
electrode). Thicker LIB electrodes tend to have kinetic limitations, which should
significantly decrease the reversible capacity at higiat€s however, based on the
aforementioned electrochemical results, the cycling/rate performance is essentially
independent of hydraulic pressure. To understand this, we took each LFP:hG cathode
and subjead them to electrolyte swelling tegEgure 3-14). We noticed that even
during cell assembly, all LFP:hG cathodes (20, 200, and 500 MPa) swell when
electrolyte is added, which inevitably changes the overall electrode thickness within
the coin cell configration regardless of the applied hydraulic pressure. Therefore, the
swelling effect present for each dry pressed electrode counteracts the proposed

hydraulic pressure (and thickness) dependence.

Dry Pressed LFP:hG Cathode After adding electrolyte

Figure 3-14. Digital image showing the dry pressed LFB:lcathode (1.5 cm in
diameter) before (left) and after (right) adding electrolyte, which explains why there is
not a thickness (i.e. hydraulic pressure) dependence on LIB performance since all
composite electrodes swell in the presence of organic eldetroly

54



Lastly, to be a viable LIB electrode fabrication technique, the dry pressing
process must be able to form mechanically robust yet structurally unchanged structures
with any active battery material (cathode or anode). To demonstrate universality of the
dry pressing method, electrodes were fabricated at 500 MPa using numerous
commercial active battery powders: LICOQRCO), LiMn204 (LMO), LINIMNnCoO:2
(NMC), and LiTisO12 (LTO). Figure 3-15 are SEM images of each commercial
powder, with characteristic paste diameters typically in the microscale regime. To
fabricate the composite cathodes or anodes, the respective active battery powder was
combined with compressible hG using the same dry press method in a set 1:1 weight
ratio and mass loading (11.6 mgRmFigure 3-16 shows the crossections and
elemental overlays of each composite cathode or gmedsed at 500 MP&imilar to
the dry pressed LFP:hG cathode, each composite electrode shows similar
morphological features and a uniform elemental distribution throughout the entire
electrode thickness, as shown by the microscopy and individual elemental maps. Even
thoughthe particle size between the active components differs, mechanically robust
composite electrodes can be readily fabricated using the nanoporous carbon allotrope
(hG). To prove no structural changes occur for the active materials after exposure to
500 MPa XRD patterns were taken for each pressed composite electrode and compared
to the corresponding referendadure 3-17). The reference peaks match well with the

pressed composite electrodes, which is indicative of no structural changes being
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induced fromthe scalable dry press method. Therefore, this adeite room
temperature dry processing technique shows no foreseeable limitations in terms of
cathode and anode materials and can likely be adopted for next generation active

materials in order to cremmechanically robust electrodes for LIBs and beyond.

Figure 3-15. SEM images of the commercial LIB active materials: (a) LCO, (b) LMO,
(c) NMC, and (d) LTO.
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Figure 3-16. (a,d,g,j) SEM crossections for freestanding composite cathqaessed

at 500 MPa to prove universality for the dry pressing process. (b,e,h,k) EDS overlays
of each pressed LFP:hG composite cathode with (c,f,i,l) individual elemental maps
corresponding to the respective constituent elements for LCO (top row), LM@h@sec
row), NMC (third row), and LTO (bottom row).
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Figure 3-17. XRD patterns of composite LIB electrodes with (a) LCO, (b) LMO, (c)

NMC, and (d) LTO, respectively. No structural changes are induced after pressing each
LIB electrode at 500 MPa.
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3.4 Summary

In summary, a novel and scalable dry processing technique (i.e. dry/cold
pressing) was successfully employed to fabricate composite electrodes composed of
compressible hG and conventional battery active materials (LFP, NMC, LCO, LMO,
LTO) without the usefdinders, solvents or other additives at room temperature. From
a manufacturing point of view, large batch sizes of the chosen active LIB material and
the hG powder would be homogeneously mixed in the desired weight ratio, dispensed
into a mold (nearly andimension) onto a conveyor belt, and subsequently pressed at
a specific hydraulic pressure to achieve freestanding LIB electrodes with controlled
thickness at high throughput. Compared to conventional wet processing (i.e. slurry
method), this alternativery processing technique is advantageous in terms of material
requirements (no current collectors, binders, solvents, or inactive componemnts), eco
friendliness (no toxic solvents such as NMP), and overall cost of LIB production,
especially in terms of theequired energy and time input (no extending solvent
removal/recovery steps during industrial processing) since pressing occurs at room
temperature.

Using LFP as a model cathode active material, freestanding structures are
prepared with various appligatessures (20, 200, 500 MPa) to validate the capabilities
of the dry/cold pressing method. When pressed with a scalable processing pressure (20

MPa) or even a substantial hydraulic pressure (500 MPa), the active material within the
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pressed composite eleatie undergoes no structural changes, as confirmetiay

and spectroscopy techniques. The spatial distribution of active battery materials (LFP,
among others) throughout the entire electrode thickness was elucidated via EDS, which
confirmed homogeneityThe pressed LFP:hG cathodes were further characterized
electrochemically via galvanostatic cycling and rate tests, where characteristic LFP
voltage profiles and reversible capacities are demonstrated. Regardless of hydraulic
pressure, the composite LFP:hgathodes exhibit similar overall electrochemical
performance (cyclability and rate capability) within experimental error, which can be
explained by the inherent swelling of the electrodes when organic electrolyte is added.
Future studies with nexgeneratbon battery materials or additional beyond LIB
chemistries warrant exploration to further demonstrate the viability of this dry
processing technique as a universal and environmentally conscious electrode

fabrication method.

The resultseportedn this chapter havget to bepublished
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Chaptbry 4PrCeastshedddehi t eotubLées hium
Oxygen Batteries (LOBs)

In this chapter, a nanoporous and compressible carbon nanomaterial, referred
to ashG, is synthesized directly from comnogéal graphene powder using a scalable,
onestep air oxidation procedure and employed to fabricate unique, ultrathick electrode
architectures (mixed, layered/stacked) through an alternative processing technique:
dry/cold pressing or compression molding.fBsther decoration of hG with nanosized
catalysts via a solveiftee procedure, the nanohybrid H#@sed material becomes
incompressible yet offers enhanced electrocatalytic activity, which is advantageous for
reversible Lioxygen battery (LOB) operatiom this work, we report a rapid, enefrgy
saving and green (dry press) method to process controllably porous carbon products
(i.,e. compressible hG & incompressible catalystorated hG nanohybrids) into
additivefree, ultrathick and high mass loading mixed atacked (sandwich, double
decker) electrode architectures using a hydraulic press at room temperature. These dry
pressed hébased electrode architectures are the first of their kind and successfully
demonstrated asOB cathodes, which shows the promiseboth a new electrode

fabrication technique and unconventional electrode designs for energy storage devices.
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4.1 Background Ultrathick Electrodes

In general, the development of novel materials, innovative device architectures
and scalable processingchniques or a combination thereof have promoted
considerable advancements in a wide range of applications. In the field of energy
storage, conventional battery electrode architectures are typically prepared by mixing
an active material with conductive atiNkes, binders and solvents, or the use of often
complex and costly deposition, growth and assembly techniques to create practical
devices. However, the processing steps required are botcdins@ming and energy
intensive, and the array of additives diggose environmental concerns as well as
present challenges in terms of charge storage (such as insulating polymer binders).
More unconventional energy storage architect§fésby printable approaches or in
ultrathick/3D configurations, have recently emerged that offer new avenues for
electrode fabrication without compromising electrochempaiformance. Notably,
ultrathick electrodes can, in principle, store more energy but usually lack mechanical
integrity without the use of additives or binders, and suffer from slow charge/mass
transport due to long, tortuous pathwiy&2 Therefore, an electrode fabrication
method that is quick, efficient and capable of producing mechanically robust
electrodes, without the use of binders, solvents or additig of great importance to

the advancement of battery performance. In this way, dry/cold pressing or compression
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molding warrants further exploration and consideration as a viable manufacturing
alternative for LIBs and more advanced battery chemistries.

To enable dry pressing of mechanically robust films/electrodes, compressible
materials (e.g. hG) are necessary. During collaborative efforts with NASA Langley
Research Center (LaRC), we developed a catabysti solvenfree methotf to
synthesze a nanoporous carbon allotrope (hG) directly from commercial graphene
powder in a scalable manner. Specifically, by heating graphene powder in an open
ended tube furnace, a highly compressible 2D carbon nanomaterial can be created with
controlled porogy. Furthermore, hG exhibits an array ofglane nanosized holes that
are through the atomic thickness of the graphene sheets and are well distributed across
the lateral sheet surface; also, through subsequent processing parameters (temperature,
heating dration) during the controlled air oxidation of graphene, the level of
nanopoosity (i.e. average hole diameter and hole surface density) can bé&’téhéd
%5 For lithiumvion batteries and supercapacifér8® 67 hG has exhibited advantages
due to facile ion transport throughe electrd e 6 s t.hi M&kmeswser , due
hierarchical porous structure, this mesoporous carbon material is highly compressible
and readily moldable by hydraulic pressure into various architegtucesike
conventional incompressible graphene materials with intact sheets. Consequently, our
laboratories have dry pressed neat/pure hG powder abiast electrodes for use in

LOBs™ %8 and supercapacitd¥sdue to the promise of impravj electrochemical
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performance from facile mass/ionic transport through less tortuous pathways. Note that
hG can also incorporate a range of fillers (e.g. nanosized catalysts) which decorate the
hG basal planes and impart additional functionality. Inwlaig, dry pressing functional

yet incompressible h®ased materials with compressible hG can expand the library of
electrode architecture designs to include layered/stacked configurations (e.g. sandwich
and doubledecker) that have great potential in a &mj energy storage devices,
particularlyLOBs. Additionally, the results of this study are indicative of the versatility
and novelty of hG as a compressible carbon nanomaterial which, unlike conventional
incompressible (graphene) materials, promotes daldea dry press electrode

fabrication method.

4.2 Experimental Methods

4.2.1 Preparation of Catalyst/hG Nanohybrids

The catalyst nanoparticlecorated hG nanohybrid (10 mol% catalyst loading)
was prepared viamdhae astool EigoteetsSbise agprapaned
hG and precursor metal salt (e.g. nickel (Il) acetylacetonate) with measured weight
ratio were manually mixed via a mortar and pestle at room temperature before being
ball milled (SPEX SamplePrep 8000D Dual Mixer/Mill) for 1 min. The homogeneous

mixture was transferred to an aluminum pan and heated in a nitrogen duerMB
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Electric A-5245Q Inert Gas Oven) at 350°C (1 h ramp from room temperature
followed by a 3 h isothermal hold at 350°C). The collected product was the catalyst/hG

nanohybrid.

Figure 4-1. A Mrardh eat 0 pr o c e s s-detomtecchG@)ahG powdent al y st
combined with rckel (I1) acetylacetonate in a ball milling container. (b) Heergy

ball mill loaded with the aforementioned container and a counterweight to create a
homogenously mixed precursor salt/hG mixture. (c) Nitrogen oven used to create the
catalyst/hG nanohyrid powder by thermally reducing the desired precursor salt/hG

mixture.

4.2.2 Material Characterization
Transmission electron microscopy (TEM) and cyesstional scanning
electron microscopy (SEM) images were acquired using a Hita&d#08 field
emission microscope equipped with an energy dispersive spectrometer (EDS). A
Thermo Nicolet Almega dispersive Ran spectrometer with a 532 nm excitation
source was used to obtain Raman spectra for thebas@&d materials. -Xay
photoelectron spectroscopy (XPS) studies were performed on a high sensitivity Kratos
AXIS 165 spectrometer. A Rigaku SmartLabray Diffracb met er wi t h a Cu

radiation source was employed foirXy diffraction analyses. BET surface area values
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and total pore volumes were obtained from nitrogen adsorgdésarption isotherms
collected using a Quantachrome Nova 2200e Surface Area and PerAraiyzer

system.

4.2.3 LOB Cathode Fabrication via Dry Pressing

The asprepared hG and catalyst/hG nanohybrid materials were pressed into
various cathode architectures (mixed, sandwich, and daagleer) using a dry
pressing die (MTI Corporation; Mod@&Q-Die-15D) and a hydraulic press (Carver
Hydraulic Unit Model #3925) at room temperaturgg(re 4-2). 15 mm stainless steel
(SS) mesh disks were used to sandwich thdas§zd materials during the dry pressing
method and act as both support structuresedisas gas diffusion layers. All cathodes
consisted of 50wt% of hG and 50wt% of the catalyst/hG nanohybrid (i.e. a 1:1 weight
ratio). Each architecture consisted of 20 mg of total material unless stated otherwise.
For mixed cathodes, the hG and catahGthanohybrid materials were mixed together
via a mortar and pestle before filling the 15 mm diameter die. The sandwich and double
decker cathodes consisted of alternating layers gfrgsared hG and catalyst/hG
nanohybrid materials. Note that the sandwaad the doubteecker architectures have
a total of 3 and 5 layers, respectively. Once the materials are filled into the die between
2 SS disks in their respective architectures, the die is pressed with 200 MPa for 10 min

at ambient temperature via a hgdlic press. The 15 mm diameter dry pressed
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electrodes (total loading of ~11 mg/nwere directly obtained from the die and tested

as LOB cathodes

Figure 4-2. (a) Mortar and pestle with 1:1 (by weight) hG:catalyst/hG nanohybrid

powders beforena n u a | mi xing. (b) Powder | oaded pre
hydraulic press. Note that 200 MPa was applied to the die for 10 min for all dry pressed

LOB cathode architectures reported in this chapter/work. (c) Dry pressed LOB cathode

with all correspading mixing and pressing equipment.

4.2.4 LOB Assembly &lectrochemical Tests

All CR2032 cells were assembled in an arfiied glovebox against a metallic
lithium (Li) counter/reference electrode (MTI Corporation,-E-LiC25) and tested
using 1.0 M lithium bis(trifluoromethane)sulfonimide (LITFSI; Sigr#ddrich,
99.95%) in tetraethylene glycol dimethyl ether (TEGDME; Sighla d r i ¢ h , 09 9 %)
electrolyte Figure 4-3a). An 18mm diameter glass fiber membrane acted as the
separator between the Li metal athy pressed cathode; a spring was also placed
between the dry pressed electrode and air cap. The assembled cells were placed in a

custom, akutight box attached to a pure oxygen gas cylinder, which was purged for at
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least 20 min before electrochemical maasents Figure 4-3b). Electrochemical
tests were conducted on arci@annel MTI Battery Analyzer. The 402 cells were
cycled under controlled dischargharge depths of 500 mAhigon( O4 mARt/ ¢ m

a current density of 0.2 mA/éfrom 2-4.5V. The dee discharge performance of the

mixed, sandwich and doubtiecker electrodes was also tested at 0.2 mA/cm

Figure 4-3. (a) Argontfilled glovebox used to construct LOB cells at NASA LaRC. (b)
Custom, antight box with 8channel electrochemical testingge at NASA LaRC.
The box was purged with pure Quring electrochemical testing of the assembled LOB
cells (see inset).

4.3 Results and Discussion

hG was prepared by a scalable techrfigd®where the heating rate, hold time,
and temperature control the size and density of the nanosized holes. Commercial
graphene powder was heated to 430°C in air at a lgeatie of ~10°C/min for various
hold times.Similar to the previous Chapteasprepared hG at a 10h hold time was
selected for architecture fabrication due to its average hole size0afi&, its moderate

hole density, surface area of 60G/gnand mostmportantly, its ability to be dry
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compressed into a robust electrodéus, thismaterial was used as the model hG
material and acted as the dry press matrix for all reported ultrathick architectures
herein.
To increase the electrocatalytic activity of th&, nanosized catalysts are
empl oyed to decorate the material 6-s sur f ac
decorated hG sheets enhance overall electrocatalytic activity, which is especially
important for reversibleLOB operation, while maintaining botcharge (ions,
electrons) and mass transport (oxygen and other involved species) due to the presence
of nanosized holé$’*. Note that. OBs, which cycle via reactions of gashase oxygen
and Li" at the air cathode’8, utilize various electrocaigsts such as noble met&t&3
(Ru, Ir, Pt, among othersihd metal oxid€$§ 8491 (NiO, CwOs, MNOz, RuQ, among
others) to improve oxyan reduction (ORR) and oxygen evolution reaction (OER)
kinetics. Previous repoffs8have shown that NiO can act as a{owstLOB catalyst
with enhanced cyclality and stability over deep cycle depths as well as the ability to
suppress parasitic side reactions. Thus, the 10 mol% nickel/nickel oxide eatalyst
decorated hG nanohybrid (Ni:C = 1:10 mol/mol) was synthesized by homogeneously
dry mixing (i.e. ball miling) hG with a Ni metal precursor metal salt [nickel (Il)
acetylacetonate] followed by a heating procedure to induce thermal decomposition of
thesa®® The synthesi ze d-EnmettTellaryBET)iswlfdcsareBr unau e |

was determined to be 2202 using the typical nitrogen adsorptidesorption
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method. Note that the synthesizedb&ed materials cdoe functionalized with nearly

any metal or metal oxide material by dry mixing hG with a specific precursor metal
salt followed by a heat treatment procedure to induce thermal decomposition- The as
prepared hG and catalyst/hG nanohybrid materials weregorégs various ultrathick
architectures (mixed, sandwich, and doudbdeker) using a die and hydraulic press at
room temperature. Nitrogen f{Nadsorptiordesorption isotherms for the powder
samples (hG and catalyst/hG nanohybrid) and dry pressed edrohitectures
(mixed, sandwich and doubtiecker) are shown ikigure 4-4. The derived BET
surface area values and total pore volume reveal that the stacked (sandwich and double
decker) architectures composed of thin hG and catalyst/hG layers haveraNarg

uptake and pore volume than the mixed architecitablé 4-1).
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Figure 4-4. Nitrogen (N\) adsorptiordesorption isotherms for the (a) powder samples
(hG and catalyst/hG nanohybrid) and (b) dry pressed electrode architectures (mixed,
sandwich and doubldecker).

Table 4-1. BET surface area and total pore volume forthgsed powders (hG and
catalyst/hG nanohybrid) and dry pressed electrode architectures (mixed, sandwich and
doubledecker) using a 9 mm bulbless cell.

Mixed Sandwich Double-decker Catalyst Holey
Nanohybrid Graphene (hG)
Surface Area 177 224 244 136 (220) 372 (600)
(m?/g)
Total Pore 0.365 0.496 0.670 0.456 (0.466) 1.663 (1.906)
Volume (cc/g)

Note: values in parentheses were measured with a conventional bulb cell

The structure of hG and the nanopartidezorated hG mehybrid were
examined by SEM and TEM-{gure 4-5a to 4-5c). The 510 nm througkholes are
evenly distributed on the hG sheefsgire 4-5a). After mixing and heating the hG

and the precursor metal salt, nanoparticles (average diameter of 19.6 nm = 8.6 nm;
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range from 845 nm) uniformly cover the hG basal planeg(ire 4-5b). EDS mapping
was used to determine the elemental composition of this nanohybrid mateyiak(
4-5¢). Ni and O appeared to match well with the positions of the catalyst nanoparticles

suggesting that the nanoparticles consist of nickel metal and/or mixed nickel oxide

phases.
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Figure 4-5. Characterization of hG and the 10 mol% catalyst/hG nanohybrid (Ni:C =
1:10 mol/mol). SEM of (a) hG with-20 nm througkholes and (b) the nickel/nicke

oxide nanopartickelecorated hG nanohybrid. Scale bars in (a) and (b) are 100 nm and
250 nm, respectively. (c) TEM/EDS provides elemental analysis of the nanohybrid. (d)
Raman spectra for hG and the nanohybrid denote the amount of disorder in the carbon
based materials. (e) XPS spectra and (f) XRD pattern for the nanohybrid demonstrates
a mixture of nickel and nickel oxide phases. NiO (200) is the majority phase present in
the nanohybrid.

Raman, XPS, and XRD were used to identify the chemical compositid

crystalline phases of the catalyst/hG nanohybrid material. The Raman spectra showed
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the change of graphitic degree for both-b&ed material$-{gure 4-5d). Both hG and
the nanohybrid exhibited the characteristic D and G bands centered at ~1'3&0ctm
~1590 cmt with D-to-G ratios of ~1.1. The nanohybrid spectra displayed a disorder
induced NiO 1P band at ~570 ¢nwith relatively large intensity, which suggests a
lower degree of crystallinif§. The phases present in the nanohybrid were elucidated
by the XPS and XRD dat&igure 4-5e and 4-5f). Nickel is amultivalent element
(Ni?* and Nf*) and both forms were present in the synthesized nanohybrid material
producing mixed nickel oxide phases (NiO anddd). Note that NiO is the majority
phase in the nanohybrid due to more prominent XRD pdagsire 4-5f). An XRD
peak for Ni (200) was also present suggesting that the temperature used for thermal
decomposition (350°C) of the precursor metal salt is high enough to induce partial
decomposition of mixed nickel oxide phases into metallic niékel

The dry press method relies on compressible materials that aesl pfaa die
and compression molded into nearly any shape using a hydraulic pressprégaasd
hG powder can be easily compressed into an electrode at room temperature without
any additives. By combining compressible hG with other active materialaneey
hi gh mass | oading el ect rdcandsr readily fattricated | oadi n
into various architectures such as mixed, sandwich, and ddebker as illustrated in
Figure 4-6a. The latter two types can be achieved by sequentially loadifeyedit

powdery components into the pressing die prior to compredsiguaré 4-6b).
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Figure 4-6. (a) Schematic of the scalable dry press method used to create stacked
(doubledecker and sandwich) and mixed holey graphene (hG) architectures.
Nanosizedhbes t hrough the basal planes of hG f a
into mechanically robust carbdrased architectures. (b) Digital images depicting the

dry press process from starting materials (hG and catalyst/hG nanohybrid) to the final

15 mmdiameter dry pressed electrode. The scale bar in (b) is 5 mm.

In this work, the catalyst/hG nanohybrid is an incompressible material and thus,
could not be solely compression molded into an ultrathick and mechanically robust
electrode via the dry pressthod. This is likely due to the ball milling procedure, also
a compressiofbased process, that irreversibly grinds the nanohybrid material into a
very fine powder. In contrast, the compressible hG acts as a dry press matrix and
structural support to creatfunctional and unique electrode architectures when
combined with the incompressible catalyst/hG nanohybrid. Besides structural support,

hG serves as a functional component within the electrode architectures due to its high
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surface area (~600 #g) and ado facilitates the formation and decomposition of
discharge products despite its lower activity compared to the aforementioned
catalyst/hG nanohybrid material. In addition, due to the nanosized thhmleg and

the layered configuration of the hG sheegscbmpression, the tortuosity of the dry
pressed electrode architectures is expected to reduce, which enhances overall (mass and
ionic) transport.

To demonstrate the excellent scalability of the dry press method and the hG
based electrodestructures, each mixed and stacked (sandwich, dalddker)
architecture was produced by mixing or sequentially stacking 10 mg of eacase@
material (hG and the catalyst/hG nanohybrid) into their respective electrode designs
(Figure 4-7ato 4-7c). Themixed architecture was created by manually mixing hG and
the catalyst/hG nanohybrid via a mortar and pestle in a 50:50 weight ratio (or 1:1 ratio).
Figure 4-7a shows a crossectional view of a mixed cathode architecture (total of 20
mg or ~11 mg/cr) thickness of ~120 pm) with associated EDS mapping for C, O and
Ni. The ultrathick electrode is homogeneous due to the even distribution of Ni
throughout the entire cathode. In a qualitative manner, C, O and Ni signals are apparent
throughout the entire cathedhicknesswhich indicates the presence of mixed nickel
oxide phases as well as a significant amount of oxygen species expected to be present

within the synthesized h@ased materiald
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One major advantage of this dry press method is the ability to stack different
electrode materials together and create mechanically robust stacked (sandwich, double
decker) architectures. Each stacked (sandwich, daldulker) architecture was
produced by sequentially layering 10 mg of hG and catalyst/hG nanohybrid materials
(Figure 4-7b and 4-7¢). Figure 4-7b is a crosssectional SEM image for the sandwich
cathode architecture (total of 30 mg or ~17 md{dinickness of ~165 pum) consisting
of two layers of hG with one layer of catalyst/hG nanohybrid in the center. In this
manner, the hG can act as the ORR material while the catalyst/hG nanohybrid has
enhanced electrocatalytic activity and functions as an OER material due to the nickel
oxide nanopartc | es decorating the flakebds surface
evident from the EDS mappingifure 4-7b). A concentrated Ncontaining layer is
present in the center of the dry pressed cathode verifying the sandwich architecture. A
further examp of a dry pressedlOB cathode architecture is the doublecker
structure Figure 4-7c). The doubledecker architecture (total of 50 mg or >28 mgfcm
thickness of ~310 um) consists of three layers of hG on the top, middle, and bottom
portions of the catbde which holds two layers of catalyst/hG nanohybrid together.
These dual nanohybrid layers are apparent from the concentrated Ni b&imgis e
4-7c. Note that the secondary electron (SE) imagé-igure 4-7c shows a more
compact structure compared te tmixed and sandwich architectures showRigure

4-7a and 4-7b, respectively. This is likely due to the higher mass loading for the
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doubledecker architecture as well as the structure possessing more thin compressible
hG layers. As the materials are @ed into electrodes via a hydraulic press, the cathode
with higher mass loading and an excess amount of thin layers can be compressed into
an even more compact structure. This demonstrates that functional ultrathick electrodes
with very high mass loadingsan be readily fabricated with the proposed dry press

method.

Figure 4-7. Structure of the mixed and stacked hG electrode architectures. Cross
sectional SEM/EDS images of (a) mixed, (b) sandwich, and (c) doelcker dry
pressed electrode architectur€be mixed architecture shown consists of 10 mg of hG
and 10 mg of catalyst/hG nanohybrid material, which coincides with the mass of the
testedLOB cathodes. Both hG and catalyst/hG nanohybrid layers are 10 mg in the
stacked (sandwich and douldlecker) architectures to verify the proposed structures.
The scale bars in (a) and (b) are 250 um while (c) is 500 pum.

For LOB demonstratios; each of the 3 mm diameter electrode architectures

were fabricated by molding 20 mg of Hfased materials (i.e. hG and catalyst/hG
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nanohybrid) using 200 MPa of force in a hydraulic présgure 4-8a depicts a dry
pressed hébased cathode in a top and side view. [&® cathodes were assembled

and tested in CR2032 coin cells against a lithium metal counter/reference electrode.
Before the electrochemical measurements, the cells were placed on a coin cell testing
board inside a custom, gight box. The custom box witlkdded cells was purged with

pure Q for at least 20 min before initiating any electrochemical test. Each architecture
(mixed, sandwich, and doubtkecker) was cycled under controlled dischazhgarge
depths of 500 mAhigrmonat a current density of 0.2 ni&r?. The equivalent areal
cycling depths for these ultrathick electrodes exceeded 4 mAhighich is
comparable to the requiremetitbor both hybrid electric vehicles (HEV) and electric
vehicles (EV). The results showed that the ultrathick mixed and stacked (sandwich,
doubledecker) architectures (total loading of ~11 mgfcoan be successfully cycled

with similar electrochmical performanceRigure 4-8b to 4-8d). The advantage of the
stacked (sandwich and douldlecker) electrode architectures is the ability to
manipulate catalyst placement within our binderless dry pressed electrodes, while
maintaining comparable cycling fermance to the mixed architecture. In comparison,
mostLOBs in the literaturé " "8 %employ mass loading levels not exceeding 1
mg/cn? with typical areal cycling depths less than 1 mAHchhis demonstrates the
cycling capability and the excellent scalability of ultrathick, high mass loading dry

pressed héhased_OB architectures.
78



b so

45

Voltage (V)
¢ w
in

25¢

0 100 200 300 400 500

Capacity (mAh/g)
C 50 T T d 50— T : : :
sl Sandwich 45_Douhle-dcckcr
g 4.0 Cycle 1 8 401
Cycle2 @
$ 351 Gee3 | 235
1 Cyele 5 —
S 30r Gees 1 = 30f
2.5¢ S 2.5 — ]
20 T T T : : 204 L " . N .
0 100 200 300 400 500 0 100 200 300 400 500
Capacity (mAh/g) Capacity (mAh/g)

Figure 4-8. (a) Digital image of a dry pressed hG electrode. Inset is a side view of the
15 mm diameter eléwde. Electrochemical performance of dry pressed hG
architectures cycled under a controlled dischatggrge capacity of 500 mAhkgonat

0.2 mA/cnt: (b) mixed, (c) sandwich and (d) doualecker. The scale bar in (a) is 5
mm.

The electrochemical penrimance of the dry pressed cathode architectures was
further studied with electrochemical impedance spectroscopy (EIS) measurements. The
Nyquist plots (normalized by the electrode area) for each architecture before cycling
and after the initial discharge ducharge steps are shownFigure 4-9. As expected,
the charge transfer resistance increases when the electrodes are in the discharge state

due to the formation of insulating discharge products [preferably lithium peroxide

(Li202)]. Upon charging, the ingating LOz is decomposed due to the catalyst/hG
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nanohybrid sheets causing the resistance to significantly decrease. Notably, in the
charge state, both stacked electrode architectures (sandwich,-deukés) exhibited
smaller semicircles than the mixextchitecture, indicating lower chargransfer
resistances. This may be due to the thin compressible hG layers within the stacked

architectures providing enhanced mechanical stability and aiding mass/ionic transport.
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Figure 4-9. Nyquist plots of the (anixed, (b) sandwich and (c) doukdecker cathode
architectures before cycling (in black) as well as after the first discharge (in blue) and
charge (in red), respectivelythe stacked (sandwich, doukdecker) architectures
possess a lower chargfansfer resistance upon charging, which suggests
enhancements in mass and ionic transport induced by electrode design.

The deep discharge performance of the mixed and stacked (sandwich; double
decker) electrode architectures was also tested at 0.2 rhARigure 4-10). The
capacity of both stacked electrode architectures surpassed the mixed architecture under
the initial full discharge conditioéble 4-2). Specifically, the mixed architecture
exhibited ~2,840 mAhigmon(~42 mAh in total capacity or23.8 mAh/cni in areal
capacity) while the sandwich and doubecker electrode architectures showed

capacities of ~5,570 mAh/gbon(~51 mAh or ~28.9 mAh/cfand ~4,645 mAh/grmon
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(~74 mAh or ~42 mAh/cR), respectively. All electrode architectures discharged for
nearly 120 hours or longer in the CR2032 coin cell setup: mixed (118 h), sandwich
(145 h) and doubtdecker (207 h). The higher capacities exhibited by the stacBBd
cathodearchitectures may ee from improved porosityand higher surface area
(Figure 4-4, Table 4-1), which enhances overall mass/ionic transpastwell aghe
favorable distribution of discharge products within the air electrbdes the layered

catalyst placement
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Figure 4-10.Deep discharge performance of the mixed and stacked (sandwich,-double
decker) electrode architectures tested at 0.2 mA/cFhe stacked architectures
exhibited higher capacities than the mixed architecture under the full discharge
condition.
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Table 4-2. Deep discharge performance metrics for each dry pressed LOB cathode
architecture (mixed, sandwich and doutieeker) tested at 0.2 mA/ém

Mixed Sandwich Double-decker
Discharge Capacity (mAh/Q.aron) ~2840 ~5570 ~4645
Areal Capacity (mAh/cm?) 23.8 28.9 42
Total Capacity (mAh) ~42 ~51 ~74
Energy Density (Wh/kQ.arbon) 2258 5402 4248
Deep Discharge Time (h) 118 145 207

Since all the dry pressed cathodes tested have high mass loadings (~11 mg/cm
in total), an investigatio of whether the entirety of these architectures are accessible
to oxygen, LT and electrons was conducted. For the mixed architecture, hG and the
catalystdecorated nanohybrid materials are evenly distributed throughout the entirety
of the cathode so oxgg should be able to locate catalyst sites more readily and
promote L{O2 decomposition upon charging. However, for the stacked architectures
(sandwich and doubldecker), the catalystecorated nanohybrid layers are
sandwiched between hG layers so whether oxygen reaches the inner nanohybrid layers

is less straightforward andquires further investigation.

Accordingly, the stacked architectures were cycled under controlled discharge
charge depths and disassembled at the discharge (and charge) state for further
characterization via SEM, TEM and XRBigure 4-11ato 4-11b showsSEM images
of material taken from the center of a disassembled sandwich architecture in the

discharge state. The presence afkiis denoted by red arrows. These sphericaDi.i
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particles are approximately hundreds of nanometers in diameter, which isteains

with previousLOB studie$® % Since L;Oz is insulating, SEM displays these particles

as brighter regions.
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Figure 4-11. (a-b) SEM images of a disassembled sandwich architecture in the
discharge state. ~1 um size@d@z particles are shown by red arrows. Scale bars in (a)
and (b) are 5 um and 2 um, respectively. XRD patterns for (c) inner and (d) outer
portions of a disassemblsdndwich in the discharge state. The solid circle, square and
triangle denote D2, LIOH and LeCOs, respectively. The results indicate mass and

ionic transport occurs throughout each portion of the dry pressed hG electrode. The
discharge products are gaminantly LeO2 and LiOH.
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Material from the inner and outer portions of a dry pressed sandwich cathode
after the initial discharge was further characterized by XRBufe 4-11c to 4-11d).

The precise catalyst placement within the sandwaicthitecture was confirmed by
strong NiO peaks identified solely in the inner portion of the electrode. The XRD
patterns show predominantly20- and lithium hydroxide (LiIOH) peaks, indicated by
solid circles and squares, respectively. Thus, both innepats electrode portions
facilitate the formation of discharge products, which proves that mass and ionic
transport occurs throughout the entirety of the ultrathick and high mass loading stacked
cathode architectures. The inner electrode portion alsa Basall lithium carbonate
(Li2COs) peak, which may indicate slight electrolyte decomposition during the
discharge proce&s%

SEM and TEM images show different degrees aPtidecomposition for a
disassembled sandwich architecture in the partially charged Bigteg 4-12). The
images on the left show full 2®. decomposition since no 40 particles are found on
the hG sheet. Catalyst nanopatrticles are only seen on these hG sheets. However, the
microscopy images in the middle and the right show minor and part@k Li
decomposibn, respectively, and the catalyst nanoparticles are not readily observed.
The lack of catalyst nanoparticles on all hG sheets causes insulathghrticles to
buildup on the air cathode. This may explain why the charge process for the dry pressed

hG-based electrodes becomes limited after extended cycles. Additionally, a similar dry
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pressed sandwich cathode architecture was prepared with a more electrocatalytically
active Rubased catalyst which exhibited enhanced cyclability and even lower
overpotentils (Figure 4-13). Therefore, a more uniform distribution of efficient
catalyst species on all hG sheets could further improve the reversibility of the

ORR/OER process for the proposed dry presge cathode architectures.

y s — ‘ —
Figure 4-12.SEM and TEM images showing different degrees gbtdecomposition
for a disassembled sandwich architecture in the partially charged sthjeP@ation
where the catalyst nanoparticles help facilitate the full decomposition 26k. Li
Microscopy imageshowing both (a&l) minor and () partial LizO2 decomposition.
Scale bars: (@) 150 nm, (c) 2.5 um, (d) 1 um andf{e250 nm.
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Figure 4-13. (a) Cycling performance of a dry pressedbased hG 102 cathode in

a sandwich architecture (hG/RG/hG ina 1:2:1 weight ratio) tested under a
controlled dischargeharge capacity of 500 mAhégi at 0.2 mA/cr (equivalent to a
tot al reversible capacity of 5.6 mAh) .
overpotential during the first 9 cycles. (bEM image and (c) XRD pattern of the
Ru/hG nanohybrid (10 mol% catalyst loading or Ru:C = 1:10 mol/mol) which was
synthesized using a similar approach described for tHeabked hG nanohybrid using
ruthenium (Ill) acetylacetonate as the metal precursor.stake bar in (b) is 25 nm.
The red lines and asterisk (*) in (c) denotegh#ern for metallic Ru (ICDD# 06663)

and peaks from the quartz substrate, respectively.

4.4 Summary

The scalable, bindeand solvenfree dry press method (proposed in Ckapt
3) was employed to create ultrathick (approximately-320 um), high mass loading
(~11 to >28 mg/crhin total) hGbased architectures for LOBs. hG is shown to be a
matrix material that can incorporate additives (such as catalyst nanoparticles, among
others) to enhance its properties and can be dirpotigsed without the use of binders
into both mesoporous mixed and stacked (sandwich and ddebker) electrode

architectures, unlike conventional graphene with intact sheets. The motivation of these
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electrode architectures (mixed, sandwich and dodleleker) stems from manipulating
catalyst placement and the ability to compress porous hG into ultrathick, high mass
loading and binderless electrodes without compromising electrochemical performance.
The fadle dry press method compresses and layers the hG sheets into a mechanically
robust hGbased electrode that remains conducive for mass (oxygen) and iofic (Li
transport. Specifically, in all dry presse
holes andhe layered sheet arrangement (achieved by compression moldibgseG
materials into a robust pellet) allow.@ penetrate throughout the electrode more
readily. Even though the stacked (sandwich and deddxt&er) architectures have
catalystdecorated nanohybrid layers sandwiched between hG layers, these ultrathick
cathodes remain accessible to oxygen. Basatie@microscopy and XRD results for
stacked architectures in the discharge state, both the inner and outer electrode portions
facilitate the formation of discharge products, which proves that mass and ionic
transport occurs throughout the entirety of theathick and high mass loading stacked
electrode architectures.

The novel mixed and stacked (sandwich and dedbtker) hGLOB cathode
architectures (total loading of ~11 mgA)mvere successfully cycled at equivalent
depths of 500 mAhigron(or >4 mAh/cn3) at 0.2 mA/criin a single CR2032 cell.

EIS measurements eluded to a lower chargesfer resistance for both stacked

electrode architectures (sandwich, doutbdeker) upon charging, which further
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suggests enhanced mass and ionic trangphurted by electrode design. Additionally,

the stacked electrode architectures (sandwich, dealdalker) exhibited higher
capacities than the mixed architecture under the full discharge condition at 0.23nA/cm
To the best of our knowledge, these are fir& binderless and solventles©B
cathodes using both additieee material synthesis procedures and a dry electrode
fabrication method with precise catalyst placement. The reported dry press method
meets the demands for a rapid, green and ereffgyent procedure to process
graphene materials on a largeale and offers a new avenue towards high performance
energy storage devices enabled by advanced electrode designs. Further studies at
NASA LaRC are underway to better understand and optimize dsgquteair cathode
architectures by improving catalyst placement and testing additional catalytic systems

(e.g. Ru, among others).

The resultgeportedn this chapter have been publishedcey SD; Walsh, ED Hitz,
E; Dai, J;Connell, JW Hu, L; Lin, Y. Highly compressible, binderless and ultrathick

holey graphendased electrode architecturBenoEnergy 2017, 31, 386-392
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Chapté&8D Printed, Hi erarchi cal
Cat hodes

In this chapter, hG will be employed not for its compressibility, but as a
precursor material to enable another alternative electrode processing technique:
extrusionbased 3D printing. To create an additfuee ink, a green solvent, such as
water, is ideh This means that the surface characteristics for the dispersed material
needs to correspond to hydrophilicity, not hydrophobicity, to form a stable aqueous
printing ink. In this work, hydrophobic hG is transformed into hydrophilic holey
graphene oxide (@O) using purely oxidative processes. The oxygemtaining
functional groups present on the 2D hGO sheets enable stable ink dispersions with
water without the presence of other additives. Through extrisiead 3D printing,
fine hGO filaments can be cdnscted into complex 3D architectures, such as stacked
mesh structures, with multiple levels of porosity (nanoscale, microscale and
macroscale), which are advantageous for{pigiformance energy storage devices (i.e.
LOBs) that rely on interfacial reactis to promote full activsite utilization. To
elucidate the benefit of (hano)porosity and structwatigscious designs, the additive
free freestanding architectures are demonstrated as the first 3D printed LOB cathodes
and characterized alongside 3Dnpeid GObased materials without nanoporosity as

well as nanoporous 2D vacuum filtrated films composed of hGO. This work offers
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insight into the synergistic effect between 2D nanomaterials, hierarchical porosity and
overall structural design as well as gremise of a freeform generation for high energy

density battery systems, suchL£3Bs.

5.1 Background Additive Manufacturing for Electrochemical Energy Storage

Systems

Additive manufacturing (AM) techniques, such as 3D printing, have garnered
much attation in the scalable development of functional components and structures
for a range of applications including enetgy® electronics®, biomediciné® 1%tas
well as highperformance composites for automotive and aircraft manufactfiing
Extrusionbased 3D printing is an inexpensive and simple fabrication method that relies
on highly concentrated supporting media and a thwé® motion stage to create
complex structural forms layday-layer®. Among the numerous supporting media
materials, graphene oxide (GO) has been shown to possess unique rheological
properties® 1%when dispersed in high concentrations in a green solvent such as water,
which is advantageous for scalable and-fiemdly 3D printing method$ 19 107
However, the predominant applications of 3D printed GO have been mainly limited to
supercapacitot&®!12 and lithiumion batterie®® 13 114 To the best of my knowledge,
3D printable GO inks have not been applied to higher energy density battery

technologies, especiallyOBs.
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Herein, extrusiofbased printing was employed to susfaby create complex
hierarchical porous structures, which were demonstrated as the first 3D j@Bed
cathodes. An additiveee and aqueous carbbased ink was produced by oxidizing
hG to create a nanoporous, hydrophilic GO material known as hadehemre oxide
(hGO). By adding hGO to a green solvent (i.e. water) at high concentrations (~100 mg
mL™Y), a printable hGO ink with she#inning behavior can be produced and extruded
into complex 3D architectures such as stacked mesh structures. Thentd pGO
mesh possesses multiple | evels of porosity
pathways for electrolyte and oxygen gas to enhance oug€dlperformance. The
results demonstrate the promise of 3D printing towards the fabrication and
improvementof advanced energy storage devices as well as the importance of

hierarchical porous electrode designs.

5.2 Experimental Methods

5.2.1 Scalable Synthesis of hG

The hG starting material was prepared by a facilestep oxidation procedure
developed in our laboratories. Approximately 1.5 g of commercial graphene powder
(Vor-X, Vorbeck Materials; grade, reduced 070; lot,-BRx) was placed in an alumina

boat and heated to 430°C at 10°C ™in an operended tube furnace (OTR200X,
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MTI Corporation). After a 10h hold at 430°C, them®pared hG (bulk density of ~6

mg cm®) was obtained and used directly to synthesize hGO via fjghéde oxidation.

5.2.2 Synthesis of 2D Holey Graphene Oxide (hGO) & Nonporous GO Materials
The highly nanoporaihGO (bulk density of 130 mg cthwas synthesized
using an abbreviated version of the modifi
phase oxidation procedure, referred to as t
in this work*>for the first time with experimental stepssin inFigure 5-1. First, the
asprepared hG (400 mg), sodium nitrate (200 mg; >99.0% NaNO3, Sigma Aldrich)
and sulfuric acid (60 mL) were added to a 100 mL flask inside a cold water bath and
magnetically stirred for 15 mins. ~600 mg of potassium permatgd8.4 g in total;
KMnOa, low in mercury, ACS, 99.0% min Alfa Aesar) was added to the solution every
5 mins before transferring the flask to a ~38°C bath. After a 5 h reaction, the flask was
left to cool in a cold water bath for 15 mins. Hydrogen pemx80%) was then added
to the solution in 0.2 mL increments until the residual KMm@s neutralized. The
dark brown solution was centrifuged (3088m for 15 mins) a couple times with
deionized (DI) water as well as a mixture of hydrochloric acid anddddérvAdditional
DI centrifuging steps were performed until all the acid was removed from the final hGO

product. The hGO material was then freeze dried (Labconco FreeZone 2.5 Benchtop
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Freeze Dry System) overnight and directly used to prepare adftérand aqueous

3D printable inks.

Simplified Hummer’s Method — Synthesis of hGO

o

After H,SO, + 15 mins reacting in 1h reacting in 3h reacting in Completéd 5h
reaction

400mg hG +
NaNO;

KMnO, addition ~38°C bath ~38°C bath

After H,0, addition Flask solution + Dl water ~ After 15! After 3 wash & Completed Final product (hGO) after
before centrifuging wash step centrifuge steps wash steps freeze drying process

Figure 5-1. Digital images showing the experimental steps used to synthesize hGO
powder directly from hG using an abbreviated process, referred to as the simplified
Hummer 6s met hod.

Note thattheae f or ement i oned si mplified Hummer 6s
guantities of hGO (>1 g) by increasing the batch size and subsequent chemical
guantities Figure 5-2). Additionally, the GO from VoiX graphene material was

synthesi zed usi ngmethddaesmibedip this wdtRuhoweeer, 6 s

the GO from natural graphite was prepared
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method, which includes mechanical exfoliation of the starting material, graphite,

followed by liquidphase oxidation.
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After 5h reaction After H,0, & After initial H,O After HCI After completed lable gram level product
& before H,0, before wash steps wash steps wash steps all wash steps (hGO) after freeze drying process

Figure 52. Synthetic steps to crematscalable hGO batches using the simplified
Hummer 6s met hod.

5.2.3 Ink Preparation & 3D Printing Procedure

An additivefree and highly concentrated hGO ink (=100 mgnlwas
prepared by adding DI water to the freelzeed hGO material. The hGO slurry sva
mixed thoroughly with a mortar and pestle before placing the ink into a syringe tube
with a 203.2 em tip diameter for the print

an airpowered fluid dispenser (DSP501N, Fisnar) and used to print trilayer hGO mes
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structures on glass slides with a line spacing of 0.8 mm. Note that the nozzle pressure
and move speed were altered to achieve optimal printing of the hGO mesh structures.
After 3D printing, the electrodes were freeze dried in a Labconco dre@shb

Benchtop Freeze Dry System to remove the agueous solvent and retain the printed

structure.

5.2.4 Material Characterization

Transmission electron microscopy (TEM) and HRTEM images were acquired
using a JEM 2100 LaBand a JEM 2100 field emission WESTEM microscope,
respectively. Scanning electron microscopy (SEM) was conducted on both a Hitachi
SU-70 field emission microscope equipped with an energy dispersive spectrometer
(EDS) and a TESCAN XEIA3 field emission microscope. A Horiba Jobin Yvon
LabRam ARAMIS Raman spectrometer with a 532 nm excitation source was used to
obtain the spectra for hG, all Gléased powders and discharged/chargéds©
meshes. Fourier transform infrared spectroscopy (FTIR) measurements were
conducted on a Thermo Nicolet @&/8pectrometer with a DTGS/KBr detector and
diamond ATR. Rheological characterization was performed on a TA Instruments AR
2000 stressontrolled rheometer. All steagghear and dynamic rheological tests were
performed utilizing a 20 mm stainless steelaflat plate fixture at 25°C. Dynamic

stress sweeps were performed at a constant angular frequency of 6.28Drathsnic
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frequency sweeps were done at a constant strain amplitude within the linear viscoelastic
regime of each sample.-pay photoelectrospectroscopy (XPS) was conducted using

a PHI 5000 Versaprobe Ill scanning XPS microprobe (ULWVAA4I, Inc.).

5.2.5 Fabrication of Vacuum Filtrated & Printed Mesh LOB Cathodes

Vacuum filtrated (VF) hGO films were created by bath sonicating (2.5 h) and
ultrasonicating (5 min at 35% amplitude) an hGO solution before pouring into a
conventional filtration setup. A vacuum pump filtered out the solution to create a
homogeneous hGO film. After removing the PVDF membrane, the freestanding hGO
film was dried tloroughly overnight. The 3D printed Gltéased meshes were fabricated
using the aforementioned printing proceduse2.3 Ink Preparation & 3D Printing
Procedure). Afterwards, a thermal reduction procedure was employed to fab@éate
cathodeauising all the forementioned G&ased structures (3D printed meshes & VF
films). The 3D printed (& VF) structures were placed in a clesed quartz tube
furnace Figure 5-3). The tube furnace was then purged at room temperature (RT) with
a 100 mL min* argon (Ar) flow br 20 mins before thermal reduction at 1000°C (2°C
mint ramp to 1000°C followed by a 2 h isothermal hold). The reduced (3D printed
mesh & VF) structures were stored in a 105°C vacuum oven overnight before cell

assembly.
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Figure 5-3. (ab) Tube furnacelmat ed wi t hi n Pr of . Huds | ab u
structures, such as (c) 3D printed meshes, inside a quartz boat. Carbon blocks were
placed on top of the quartz boat to protect the structures during the thermal reduction
procedure undeanargonatmosyere

5.2.6 LOB Assembl Electrochemical Testing

All CR2032 cells were assembled in anflled glovebox with the thermally
reduced cathode structures against a metallic lithium (Li) foil counter/reference
electrode and tested using 1.0 M lithium trifloromethane)sulfonimide (LiTFSI;
SigmaAldrich, 99.95%) in dimethyl sulfoxide (DMSO; Sigrmfal dr i ¢ h, 09 9 %)
electrolyte (1200 eL per cell). A 5/80 dia

separator between the Li foland d@0a s e d c¢ at h o dra ¢utowt betwée 0 N
the cathode and air cap acted as an oxygen diffusion layer, current collector, and spacer.

The assembled cells were placed in a custorjgdit jar with molecular sieves and
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purged with pure oxygen for at least 10 min before electrodaémeasurements
(Figure 5-4d). The electrochemical tests were conducted on a LAND2001A
Battery Testing Systenti{gure 5-4b). The LOB cells were cycled under controlled
dischargecharge depths of 1 mAh chat a current density of 0.1 mA ¢ifrom 2-4.5

V. The deep discharge performance of all-B&3ed cathodesasalso tested at 0.1

mA cnt?. Note that similar cell assembly and electrochemical testing was performed

on the vacuum filtrated (VF}mGO films for comparison purposes.

For purging pure
O, into jar

et
Sf

Figure 5-4. (a) Custom, a#ight jar used to test LOB cells. Molecular sieves are used
to Adry outo the jar and the LOB cell
with petroleumbased putty (from China) before being purged with purga3 (b)
Electrochemical setup (LANHE system) to test the LOB cells.
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5.2.7 Ruthenium Catalyst Loading Procedure

The thermally reduced 3D printed electrodes were soaked for am8mg
mL-! Ru®* solution using ruthenium (l11) chloride hydrate (99.9% PGa4is, Ru 38%
min, Alfa Aesar) and absolute, anhydrous ethanol. After soaking, an aqueous 0.4 mg
mL* sodium borohydride (NaB#isolution was prepared and slowly dropped onto the
3D printed electrodes to induce chemical reduction until no further bulbldes
generated Kigure 5-5). The samples were then dried at 105°C in a vacuum oven

overnight.

3D printed meshes (during and after) soaking in RuCly/ethanol solution Chemical reduction using NaBH;

Figure 55. Digital images showing the experimental steps used to load Ru
nanoparticles on thermally reduced 3D printed mesh electrodes

5.2.8 PostCharacterizeion of Disassembled LOBs

LOB cells in the discharge and charge states (at a curtailed depth of 1 mAh cm
2y were carefully disassembled in anflled glovebox and tested using microscopic
and spectroscopic techniques to determine the type of dischatjeets. Note that all

postcharacterization techniques were conducted witlh. @ cathodes attached to Ni
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metal foam. SEM (Hitachi SWO0 field emission microscope) and Raman (Horiba Jobin

Yvon LabRam ARAMIS Raman spectrometer) samples were carefullgdseald

transferred to the respective chambers for characterization. A Bruker C2 Discover
system with a Cu KU r adi arayidifraction XRD)c e wa s
analyses. Before transferring to the XRD system, the disassembled cathode was placed

on the sample stage in an-filed glovebox and encapsulated with Kapton tape for

protection.

5.3 Results and Discussion

Due to a facile onstep oxidation treatment, commercial graphene powder can
be transformed into a highly poronanomaterial (hG), where both the hole size and
density can be carefully controlled by the synthesis condftiéROur previous works
have shown that the porous nature of th@mpared hG from a singktep controlled
air oxidation process has been advantageous for a range of energy storage devices
including LIBs®’, LOBs* 63.88and LiCO; batterie$!'® as well as supercapacittr<®
due toimproved accessible surface area and less tortuousoimiuction pathways.
Alternatively processed holey graph&ré?® and hG compositéd have also been
employed in similar electrochemical systems with impressive performance due to rapid

charge transport and overall enhancements in diffusion kinetics. In this study, hG was
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selected as the carbon precuiteoproduce a highly porous GO material, referred to as
hGO, that can be madnto an aqueous and additifiree ink for extrusiorbased 3D
printing. The scheme shown kiigure 5-6 displays the hGO synthesis process and ink
formulation to create hierarchidalporous mesh architectures via AM. The extrusion
printed mesh architectures offer trimodal porosity (macroscale, microscale, and
nanoscale) due to the inherently nanoporous hGO material (tens of nansizeder
throughholes) as well as the macroscale 1BBsh design (tenths of millimeter square
pores) with lyophilizatioinduced microscale pores (tens of microns)

" Synthesis of Nanoporous GO for 3D Printing Advanced Architectures '.'
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Figure 5-6. Schematic representation of the processes used to synthesize hGO, a highly
porous 2D nanomaterial, as well as create an aquenluadilitivefree 3D printable

hGO ink for extruding complex 3D architectures with hierarchical porosity
(macroscal eYnanoscale).
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The size of the synthesized porous 2D nanomaterials (hG and hGO) can be
elucidated by transmission electron microscopy (TEMypures 57a and 5-7b
displays the sheet structure and hole sizes of the starting hG material via TEM. The hG
sheets are extremely thin (#5Slayers or ~2 nm average thickness) with large lateral
dimensions exceeding several microfg(re 5-7a). Figure 5-7b exhibits an array of
nanosized througholes that encompass the entire hG flake surface. Statistical
analyses on numerous hG flake locations indicated an average hole diameter of 5.9 nm
with a predominant range between 2 and 8 nm (insEigare 5-7b). The graphitic
degree of the agrepared hG can be divulged by Raman spectroséaguré 5-7¢).

Similar to conventional graphene, hG exhibits D and G bands centered at ~1342 cm
and ~1580 cm, respectively. The intensity ratio between the D and G baedd/Ic

or sp3/sp2 ratio) for hG is ~1.30, which is slightly smaller than the starting intact
graphene due to the selective removal of some defective carbon via air oxfdation
Fourier transform infrared specscopy (FTIR) was used to identify the extent of
oxygen functional groups on the hG sheé&igure 5-7d shows that hG has some
oxygencontaining functional groups that decorate the sheets and hole perimeters, as
confirmed previousH/: *2 However, the amount of functional groups introduced by the
air oxidation preparation procedure is not sufficient enough to inteotiydrophilic

behavior. Therefore, to create an aqueous 3D printable ink with hG, additional chemical
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energy and enable hydrophilicity.
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Figure 5-7. Characterization of highly porous 2D nanomaterials:hG and hGO.

TEM images showing (a) hG flakes with micron lateral dimensions as well as
predominantly (b) 8 nm holes through the sheet thickness. Inset in (b) shows the hole
size distribution for hG. (c) Raman spectfate carborbased materials, where the
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In/lc ratio indicates that hGO is less disordered than hG. (d) FTIR of both 2D
nanomaterials. Numerous oxygeontaining functional groups are present in the
synthesized hGO material, which verifies oxidation indudsd the simplified

Hummer 6s met hod as wel | af$Midrdsoopy magesof i al 0s |
micronsized hGO sheets with2b nm througkholes. The hole size distribution for

hGO is wider than hG, as shown by the inset in (f).

A facile method to induce hydrophilicity in graphene is to use the-kvelivn
modi fi ed Hu nite ere@te GOn &ypitally doulk graphite is broken down

into thinner graphene sheets by mechanicalhods and undergoes oxidation by

chemical means to create GO. Herei n, we a
deemed the simplified Hummerds method, to
its bulk counterpart. Due itnpltiHe esy Htuhmansir
met hodo, the | ateral size of the hGO fl ake

substantially increase in size due to the oxidation of defective Bitpgré 5-7eto 5-

7f andFigure 5-8). Note that it is expected that the defecin@O flake edges also

diminish on the order of nanometers, which is simply insignificant compared to the few

micron lateral sheet dimensions. The insdtigure 5-7f displays a wider distribution

of throughhole diameters for hGO (4 to 25 nmdmpared to hG (~2 to 14 nm).

Specifically, the predominant hole sizes for hGO range between 6 and 18 nm with a

mean hole diameter of 12.5 nm. Raman spectroscopy shows thaipitepaed hGO

is less disorderedificd 0. 94) t han t heThislowarbticiratiay h G mat

likely stems from the removal of more defective carbon during the oxidation process
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of hG into hGO. The FTIR results demonstrate that the synthesis conditions induce
complete oxidation due to the extent of oxygemtaining functinal groups (carboxy,
epoxy, alkoxy, aromatics, among others) present on the hGO sheets/hole perimeters.
Therefore, unlike the starting hG material, the highly porous hGO material is

hydrophilic.

Figure 5-8. TEM images of the highly porous hGO materiathi(a-b) large lateral

sheet dimensions and increased hole sizes compared to the starting hG material. The
holes shown in (c) and (d) are approximately 13.7 nm and 25 nm, respectively, which
illustrates the hole diameter distribution of the hGO flakes.
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The hydrophilic behavior of hGO enables stable dispersions in water. To create
a 3D printable ink, the rheological properties of the material need to be tuned. Suitable
inks must possess high viscosity and paste elilgetharacter atest butmust exhbit
shearthinning behavior to enable the ink to be extruded through fine nozzles. Previous
report$® 104 4have shown that highly concentrated GO dispersions in water exhibit
the appropriate rheology to print fifieatures and enable complex 3D architectures.
Functionalization of GO suspensions with responsive polymers and other additives
(binders, viscosifiers, among others) has also been advantageous in terms of controlling
and improving both ink composition ami$coelasticity?® 124 Figure 5-9adepicts the
process to create an additifree 3D printable ink from the ggepared hGO powder
and a few mL of water (#0). By mixing hGO and kD at high concentrations (~100
mg mL?), a suitable ink is developed for extrusion printing, as shov#igiare 5-9b.
Rheological tests were conducted at ambient temperature to elucidate the properties of
the agueous and additifeee hGO ink Figure 5-9c to 59¢). Figure 5-9c shows the
apparent viscosity as a function of shear rate. At low staes, the visity
approaches infinity, indicating that the ink acts as a solid at low shear or at rest (i.e. the
material is a Bingham plastic with a yield stress). This is further borne out by the
oscillatory frequency sweep results showrFigure 5-9d. Here, the elstic/storage
modul us GO6 and the viscous/loss modul us

frequency. Both modul i are independent
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orderofmagni tude higher than Go, i ndasticat i ng t |
solid. The frequencindependence of the moduli means that the sample does not relax

at long timescales, which suggests that the hGO sheets that compose the ink are
connected into a sampépanning colloidal network. The connections between the

shees are likely weak physical bonds (e.g. van der Waals interactions), which can be

broken once the imposed shear exceeds the yield stress. At this point, the sample flows,

exhibiting sheathinning in steady shear (i.e. the viscosity decreases as the afeear r

increases)Kigure 59¢) . An esti mat e yaarbe obtamedyromeahd st r e
oscillatory stress sweepigure 59¢) , whi ch i s a plot of G& an
amplitude (at a constant frequency of 6.283r9ds At | ow snstaneasds es, GO

hi gher than GO0, yp=utb50adt Paa s(tdroetstse darloiunned) ,0 G¢
eventually falls below Go. This meyans that
whereas it f | ows NdteitHatehe atredsds gppliedidg extousione
are orders of ma,ciiowinguhd ek tb flog th@ugh thehnazale
(Figure 5-9b). Once the applied stress is removed (i.e. when the ink is deposited on the
surface), it regains its solitke character.
For extrusiorbased B printing, the aqueous hGO ink was loaded into a syringe
with a 203. 2 Figune 50h) gnd dispeaserkirttodime lines in a lajpgr
layer arrangement on a glass substrate by adjusting the compressed air pressure and

printing rate Figure 5-9f to 5-9g). Due to the viscoelastic behavior of the ink, multiple
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extruded hGO layers can be stacked together to create complex 3D printed architectures
such as mesh structurdsdure 5-9h to 59i). After the desired structure is printed, an
overnight freee drying or lyophilization process is employed to remove the remaining
water and preserve the 3D printed architecture. The hGO mesh (0.6 cm x 0.6 cm)
consists of six printed zigzag structures (0.8 mm line spacing) stacked on top of each
other to create tilayer mesh structur&igure 5-9his a topdown optical microscopy
image of the freezdried hGO mesh with extrusigerinted lines and columns. This 3D
printed hGO architecture is inherently macroporous due to the open mesh structure with
<0.5 mm wide gquare pores.

Directly after lyophilization, the detailed structure and porosity of the hGO
mesh were also studied via scanning electron microscopy (Stdliré 5-9i to 5-9I).
Figure 5-9i is a crosssectional SEM image of the trilayer hGO mesh structikenta
directly after the printing and lyophilization procedures without further modification.
Tens of microrsized pores decorate the printed mesh layers which are likely
introduced due to the freeze drying procedure. In this way, it is evident that the 3D
printed hGO mesh possesses microscale poroBiguie 5-9j to 5-9I). Due to the
nanoporous nature of the hGO sheets, the 3D printed hGO mesh displays trimodal
porosity: 425 nm througkholes on hGO sheets, lyophilizatiorduced tens of micren
sizedporedbn the printed filaments and <500 em

design. Additionally, as the viscoelastic hGO ink is dispensed through the syringe, the
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hGO sheets become oriented in a layered fashion along the extruding difggtine.

5-91 displays the stacked hGO sheet configuration within the printed filaments.

- Binderless & additive-fiee 3D printable ink

- Hydrophilic hGO in H,0 (~100 mg/mL)
— Homogeneously mix the ink with
mortar & pestle and load into syringe
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Figure 5-9. Extrusion-based 3D printed ink properties and hierarchically porous

hGO mesh architecture.(a) Scheme showing the components (hGO, water) used to
create the aqueous and @ié-free 3D printable ink. (b) Digital image of the agueous
hGO ink loaded into a printing syringe -€¢ Rheological properties of the hGO ink
showing that the ink is solitke at rest (i.e. has a yield stress) and exhibits shear
thinning behavior wh increasing shear. An estimate of the yield stress is obtained from
the data in (d)fly ~ 500 Pa. (f) Digital image showing the process of 3D printing
complex 3D architectures lidgy-line. (g) Isometric view of the printed hGO mesh (0.8
mm line spacing) after lyophilization. (h) Optical image showing adimpn view of

the freeze dried hGhe s h st ructur e. -BCrasksectiopad$EMi s 500
images of the hierarchically porous 3D printed hGO mesh structure: hGO sheets are
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nanoporous (€25 nm holes), lyophilization creates tens of miestwed pores on the
printed filamentsandther i nt ed mesh structure possesses
that the hGO sheets are layered along the extruding direction due to the printing
procedure, as shown in (l). Scale bars in
em and 10 ¢eyn, respective

Hierarchically porous 3D architectures are promising in a wide range of
applications, especially energy storage devices (batteries, supercapacitors) that rely on
facile ionic/mass transport and interfacial reactions to function. To demonstrate the
unique porosity attained in the 3D printed structure, the meshes were employed as
advanced battery electrodes. Specifically, the hierarchically porous 3D printed hGO
mesh has an ideal structure fddBs where surface reactions with galsase oxygen
facilitatereversible ORR/OER: 13 In this way, the trporous nature of the hGO mesh
should allow oxygen and electrolyte to access the entire printed structure, which opens
up mass and ionic transfer pathways within the 3D pribteB cathodeto enhance

overall electrochemical performance. To the best of our knowledge, this is the first time

a 3D printed cathode has been demonstrated for LOBs.
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Figure 5-10. Electrochemical performance & posicharacterization of 3D printed

LOB cathodes comprised of hierarchically porous +hGO mesh architectures(a)

Deep discharge performance of tRHRGO mesh, which demonstrates the hierarchical
porosity of the 3D printed mesh cathode. Note that the specific capacity reported in (a)
is mAh glsamge Not MAh gcarnon (b) Controlled dischargeharge cycling depths (1
mAh cni?) for the rFhGO mesh at 0.1 mA cfn SEM images of disassembleti@O

mesh cathodes in the (c) discharge and (d) charge state. Spherical Z0pakiicles
completely covertte rhGO mesh during the discharge process. Due to the absence of
catalyst, some kO: particles remain embedded between the layeile@Q® sheets

upon recharging. Scale bars in (c) and (d) are 5 um. (e) XRD and (f) Raman spectra of
r-hGO mesh cathodes itg discharge and charge state, which verifies the main
discharge product is $®>.

To verify the aforementioned hypothesis, the hGO mesh structures were
thermally reduced at 1000°C in an ar¢gfdled tube furnace for use a€OB cathodes.
The rFhGO mesh.OB cathodes were then assembled into CR2032 coin cells against a

lithium metal counter/reference electrode and placed into a custme, sealed
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electrochemical setup prior to oxygen gas purgigExperimental Methodskigure
5-10adisplays the deep disarge grformance of the 3D printeehlGO mesh tested at

0.1 mA cn? with a remarkable areal capacity of 13.3 mAh%f4.8 mAh in total
capacity or ~3879 mAh3. Note that previous repott§*?®in literature on porous
carbon and G@asedLOB cathodes range in performance (from ~600 mAhta
>10,000 mAh d; areal capacity is/pically not reported) based on the type of cathode
material/structure and specific processing conditions. For comparison, vacuum filtrated
(VF) films using the same synthesized hGO material (with identical areal dimensions)
were fabricated, dried, thernhakeduced, assembled and then tested in CR2032 coin
cells under the same current dendiigure 5-11 shows the morphology and structure

of the dense VF-hGO films, where the nature of the filtration process affects the
porosity induced by the (freezejythg procedure. In this case, the full discharge areal
capacity was a mere 0.21 mAhé1x0.03 mAh in total capacity or ~92 mAnhgdue

to the filmés 2D struct urbased reattions fequiccee ver el y
for LOB operation Figure 5-12). This significant capacity difference (by a factor
exceeding 63 and 42 in terms of mAh-€and mAh ¢, respectively) demonstrates

the architectural advantage of thet@O mesh fabricated by the extrusiomsed 3D
printing procedure and subsequent pssagy steps (i.e. lyophilization). SEM images

of the dense VF-hGO film show a lack of microsized (and macroscale) pores which

reduces the cathodeds accessible surface a
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the attainable capacity under the fubaharge conditionHigure 5-11). The cycling
performance of the 3D printedhGO mesh and VF-mGO film cathodes under
controlled dischargeharge depths of 1 mAh ctrare shown inFigure 5-10b and

Figure 5-12, respectively. The-hGO mesh cycles for apprimately 13 cycles at 0.1

mA cmi? before reaching the upper voltage limit of 4.5V however, the-W6® film

does not complete even one full cycle under the same testing conditions. Therefore, the
hierarchical porosity of the 3D printed mesh architectsii@dvantageous in terms of

enhancind-OB performance including capacity retention and cyclability.

113



Figure 5-11. (a) Digital image of a vacuum filtrated (VF) hGO film after being cut to
size with a razor blade. (b) Cressctional SEM image of the VFhiGO film with a
thickness of ~20 um. SEM images displaying the (c) morphology and (d) hole sizes of
the nanoporous M r-hGO films used asOB cathodes. Note that the filtration process
results in a dense film with a relatively small amount of water trapped within the
structure and thus, the (freeze) drying process does not provide a similar level/density
of microsized pres compared to the 3D printed meBig(re 5-9).
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Figure 5-12. (a) Full discharge performance of a VAR@GO film at 0.1 mA crs.
Compared to the 3D printed mesh, the difference is a factor of >63 and >42 in terms of
areal capacity (mAh cr) and spedic capacity (mAh ¢fsampid. This clearly suggests

that the micro/macroporosity provided by 3D printing (and the subsequent drying
process) is the most critical in terms of capacity improvement of the air cathodes. (b)
Cycling performance of a VRGO fim, which shows extremely limited capacity
retention at the same current density. Note that additional control experiments were
performed with different drying processes (freeze drying or oven drying before thermal
reduction) however, there were negligildffects on the overall electrochemical
performance (full discharge capacity and cyclability) of the VF film cathodes. This is
due to the filmés 2D structure and the
remaining within the VF film), which limit the accessible surface area (7&from

the BJH method) necessary for ORR/OER reactions to occur and further proves that
3D structures are advantageous in terms of improvi@i) performance.

The 3D printed GO mesh cathodes in the discharge e@marge states (at a
curtailed depth of 1 mAh ci) were disassembled and characterized further by
microscopy, spectroscopy, andrXy techniques to verify the main discharge product:
lithium peroxide (L#O2). Figures 510c and 5-10d display SEM images ofhe

discharged and charged-h&O cathodes, respectively. It was previously

115



demonstrateéid that the discharge products, such a®b,i preferentially form near the

surface adjacent to ther/axygen side due to the oxygen diffusion gradient within

dense and thick h®ased dry compressed air cathodes. Here, it appears that during

di schar ge, spheri cal 1 em particles ar e l
electrode thickness, which sugtgemore efficient oxygen diffusion within the porous

3D mesh architecturé-igure 5-109. Upon recharging, the flakes that comprise the r

hGO mesh become visible; however, some particles remain embedded between the
layered hGO sheetBigure 5-10d). Tocomf i rm t he i dentity of the
and Raman spectroscopy were employed on both discharged and cHaBf@anesh
cathodesKigure 5-10eand5-10f). Note that all postharacterization techniques were

conducted on -hGO meshes with the attachédi metal foam and thus, peak

identification for Ni [PDF 03065-2865] was included in the following XRD spectra.

Unlike the chargedh GO me s h, the discharged cathode ¢
& 32.6A, whi c hO:[PBF 00894407 ]aFigure ®106o The Raman

spectra shown irFigure 5-10f also confirms LiO2 formation and decomposition

during the discharge and charge processes, respectively. In the discharge state, multiple

peaks for LiO2 as well as lithium carbonate @30Os) and the lihium salt anion (TFSI

) are observed. Upon recharging, both thegOkiand LeCOs peaks disappear while

some leftover salt remained on each 3D printed cathode. Therefore, the main discharge

product for the 3D printedmmGO mesH.OB cathodes is confirmed &$20-.
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To further enhance the material s6 el ect

reversible ORR/OER® 129 nanosized catalysts were introduced on the 3D printed r
hGO mesh surface. Previously, ruthenibased (Ru) nanocatalysts have been shown
to exhibit excellenOER performance in LOB4 8% 91 130, 131The kthGO mesh was
first soaked in a precursor Ru salt solution followed by chemical reducsioig u
aqueous sodium borohydride to achieve a catalgsbrated architecturgigure 5-13
illustrates that approximately 10 nm nanoparticles uniformly decoratent@©rmesh
after the unoptimized catalyst loading procedure. Elemental mapping aagt X
phaoelectron spectroscopy (XPS) confirmed the composition of the metallic Ru
nanoparticles as well as the relatively low Ru loading (9.6wt%) for the 3D printed
mesh, respectivelyF{gure 5-14). Notably, the microscale porosity of thReaGO mesh

is preservedafter the Ru catalyst loading procedurigire 5-13). With Ru
nanocatalyst, the 3D printed mesh exhibited improved cyclability by-fado

compared to the neahiGO meshKigure 5-15).
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150nm *

Figure 5-13. SEM images of the RuliGO mesh with ~10 nm particldecorating the
flake surface and entire mesh structure. Note that thelHB{r mesh even after the Ru
catalyst |l oading procedure retains the mes|

(b).
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Figure 5-14. (a) SEM/EDS of the 3D printedhGO mesh aér uniformly loading
metallic Ru nanoparticles. XPS compositional analysis of the 3D printeehB@r

mesh. (b) The full XPS spectra and (c) a higher resolution XPS scan of the C 1s peak,
which shows four peaks instead of the typical three peaks for GOfolith peak is
centered around 281 eV (purple), which corresponds to theJRuT3ee inset in (b) is

a higher resolution spectra of the characteristic Ru 3p peak around 462 eV, which
verifies the presence of metallic Ru nanoparticles within the-IiR&60 mesh. The
atomic percentages for C, O, and Ru are shown in (b), which were used to confirm the
relatively low Ru loading (9.6wt%) for the 3D printed mesh.
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Figure 5-15. Controlled dischargeharge cycling depth (1 mAh c¢hat 0.1 mA crif)

for a Ru-decorated 3D printedhGO mesh. With unoptimized catalyst loading, the

Ru/rrhGO mesh displayed twice the cyclability of tReGO mesh.

To further illustrate the importance of hierarchical porosity, trilayer meshes
were extrusion printed using different dfased materials: GO from natural graphite
powder as well as GO synthesized from the starting-Rjagraphene typically used
to createhG. The three Gdased materials (hGO, GO from VErgraphene, GO from
natural graphite) were first synthesized through liephdse oxidation using the
simplified or modified Hummer Biguremg6a hod (5.
andFigure 5-8 both corfirm the presence of tens of nanometred througtholes on
the hGO flakes. However, no nanosized holes can be observed for both thenGO

Vor-X graphene and GO from natural graphite even at higher TEM magnifications,

which confirms that the synthegisocesses do not induce porosity when the starting
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materials (VofX graphene, natural graphite) are porous Figure 5-16band5-16¢
Figures 517 and 5-18). Raman and FTIR spectra demonstrate that allb@szd
materials reported in this work have a $anievel of disorder and contain oxygen
containing functional groups that decorate the basal pl&igsé 5-19). XPS results
further confirm that each GBased powder has a similar level of oxidation based on
the atomic percentages of carbon and oxy§egure 5-20). In this case, all Gdased
materials are hydrophilic and suitable for aqueous ink dispersions. Additionally, the
rheological properties of the additieee GObased inks are largely comparable to
those of the hGO inkHigure 5-21), i.e. all three inks show gdike (yield stress)
behavior. Note that the yield stresses for GO from-Xayraphene and GO from
natural graphite inks exceed the hGO ink potentially due to the lack of nanoporosity in
these samples. However, the ink viscositiesgtt Bhearates are identical for the three
materials, which confirms the extrudability and printability of all the aforementioned

inks.

Figure 5-16. TEM images of (a) hGO, (b) GO from \&rgraphene and (c) GO from
natural graphite flakes. Unlike hGO, thoGO from VorX graphene and GO from
natural graphite flakes do not possess nanosized thitalghb.
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