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Abstract
Lithium-ion batteries have had a dramatic impact on the development of technology over the last
few decades, enabling new developments like the revolution in mobile devices. However, meeting the
needs of today’s technological frontiers, such as electric vehicles and grid-scale energy storage, will
require radical new battery designs. Although many factors contribute to the viability of new designs,
surface features are often a critical component. With that in mind, the work herein delves into analysis
and control of surface features in two promising battery systems: lithium-sulfur batteries and phosphorous
anodes for sodium-ion batteries. Lithium-sulfur batteries often suffer from mediocre capacity, poor
cycling stability, low efficiency, and high self-discharge caused by the dissolution and diffusion of
lithium polysulfides and their side-reactions with the lithium anode. Two approaches for controlling this
behavior are thus presented. In Chapter 2, mesoporous nitrogen-doped carbon is shown to have
dramatically enhanced ability to adsorb lithium polysulfides compared with undoped mesoporous carbon;
this was found to significantly improve both the cyclability and the capacity of the battery. In Chapter 3,
a new electrolyte additive, bis(2,2,2-trifluoroethyl) ether, is shown to help form a more robust anode
solid-electrolyte interphase (SEI) and thus to mitigate self-discharge over prolonged a rest at an elevated
temperature. Phosphorus anodes, in contrast, experience severe volume change (~300%) with cycling,
leading to particle fracture and SEI instability. Fluoroethylene carbonate has been shown to be a good
electrolyte additive for mitigating the capacity fading caused by these effects. In Chapter 4, the changes
in the SEI growth and composition brought about by FEC are investigated in detail by impedance
spectroscopy, electron microscopy, and spectroscopic techniques. In addition, it is shown that severe
sodium metal deposition can occur on phosphorus electrodes cycled in FEC-free electrolyte. Put together,
this work adds to the knowledge of surface behavior in promising battery systems and identifies new
directions for future research.
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CHAPTER 1: Background on Relevant Topics
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An Introduction to Lithium-Ion Batteries
Lithium batteries were first introduced in the 1960s and 1970s as primary batteries.1
Rechargeable lithium batteries became possible in 1978 with the development of intercalation-based
cathode materials, which (in principle) allowed for long-term reversible cycling.1,2 However, such cells
ran up against significant safety concerns due to their use of lithium metal anodes – lithium plating was
known to take place dendritically, putting batteries at risk of internal shorting and subsequent fire or
explosion.1 This made eliminating metallic lithium from battery designs a key step toward widespread,
safe application. True lithium-ion (Li-ion) batteries based on a “rocking chair” design, with a cathode and
anode which could both intercalate and deintercalate lithium, were first demonstrated in 1980 by Lazzari
and Scrosati using a lithium tungsten oxide anode and titanium disulfide cathode.3 They were first
successfully commercialized eleven years later by Sony using lithium cobalt oxide cathodes and carbon
anodes.4 Since then, lithium-ion batteries have played an instrumental role in the development of many
now-ubiquitous technologies, particularly mobile devices. Their success stems largely from their good
energy density, power density, and stability compared to previous battery designs like lead-acid and
nickel metal hydride.5 These advantages continue to enable the growth of new innovations and
applications in portable electronics, electric vehicles, and grid-scale stationary storage, and the everincreasing demands of these new technologies in turn drive work on the further advancement of batteries.
Many significant advances have been made across the range of Li-ion battery chemistries, pushing new
and promising technologies step-by-step closer to commercialization.6–14

Principles of Lithium-Ion Battery Operation
At a basic level, lithium-ion batteries have three main components: the positive electrode
(cathode), negative electrode (anode), and electrolyte. The anode and cathode are two materials which
can reversibly host lithium (e.g., graphite and lithium cobalt oxide). There is a difference in chemical
potential between these materials which, thermodynamically, should drive a redox reaction involving the
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transfer of lithium from the anode to the cathode. However, the electrodes are also separate by an
electrically-insulating electrolyte, which is commonly a lithium salt (e.g., 1M LiPF6, LiClO4, or lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)) dissolved in a mixture of organic solvents (e.g., ethylene
carbonate (EC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylmethyl carbonate (EMC), or
propylene carbonate (PC)). When the cell is in the charged state (lithium in the anode) and an external
circuit is attached to bridge the electrodes, a spontaneous redox reaction can occur in which lithium ions
flow through the electrolyte from the anode to the cathode while electrons flow in the same direction
through the external circuit.15 This is the discharge process of the battery, as schematically illustrated in
Figure 1. The energy of reaction is then related to the electrochemical properties of the cell, as
∆𝐺𝑟 = −𝑛𝐹𝐸,
where, ∆𝐺𝑟 is the Gibbs free energy of the reaction, n is the number of electrons transferred, F is
Faraday’s constant (96500 C/mol electrons), and E is the potential of the cell.15 The flow of electrons
through the external circuit is how useful work can be extracted from the battery. To charge the battery, it
is necessary to drive the current in the opposite direction by application of a greater voltage, forcing
lithium ions and electrons to flow from the cathode to the anode.

Figure 1. Basics of battery operation. Schematic diagram of the charge and discharge processes of a lithium-ion battery.
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Electrode potentials given in the battery literature are generally referenced to the ionization of
lithium (Li ⇌ Li+ + e-, or “Li/Li+”); for example, the LiCoO2 cathode has an average potential of 3.9 V vs.
Li/Li+,4 while graphite shows lithium insertion at primarily below 0.2 V vs. Li/Li+.16 The potential
difference between the anode and cathode is one key factor in determining the energy stored by a battery;
the other is the capacity of the material, in terms of charge per unit material (commonly given as specific
capacity in mAh/g material or volumetric capacity in mAh/cm3 material). The energy stored is essentially
the product of the cell voltage and capacity, given more properly in integral form as
𝐸𝑛𝑒𝑟𝑔𝑦 = ∫ 𝐸𝑑𝑞,
where E is the cell potential and q is the stored charge.15

Important Factors in Determining Lithium-Ion Battery Performance
Considerations Regarding Electrode Materials
Although the above description is quite simple, it addresses only the basic principles of the
system. Actual battery behavior is more complex, and there are many more factors which must be taken
into account.
Lifespan is a key factor in the viability of batteries for commercial use. All batteries experience
capacity fading with prolonged operation. It is thus desirable to make this fading as small and as slow as
possible.4 Lifespan is often given in terms of the cycle life of a battery, i.e., how many charge/discharge
cycles it can go through at a specified depth of discharge, current rate, and other set conditions, before its
capacity has decreased to a certain fraction of the original capacity. Fundamentally, the capacity fading is
dependent on changes in the battery structure and composition with cycling. These may be changes in the
electrode materials, electrode structure, or other components such as binder and electrolyte.2,14,17 One
example of such changes and their effect on cycle life comes from silicon, which is one of the most
promising next-generation anode materials. Silicon can experience up to 300% volume change during
lithiation and delithiation. This volume change leads to particle fracture, electrode delamination,

4

increased growth of surface species (as discussed further below), and thus impedance increase, fast
capacity fading, and cell failure.14
Conductivity and reaction kinetics of electrodes are also important factors in practical battery
performance.2 These play a large role in determining a battery’s rate capability – how high of a current
the battery can be operated at before it experiences serious issues, such as major capacity drop. Rate
capability, in turn, helps determine a battery’s power output and practical charging time, which are
important for many applications. One example of challenges relating to this comes from lithium-sulfur
(Li-S) batteries, which are another very promising next-generation battery candidate. Sulfur and its
discharge products are strong ionic and electrical insulators, making their direct use in batteries at any
practical rate difficult.18,19 Due in part to this, most Li-S batteries currently described in the literature
contain a significant fraction of one or more conductive additives and use electrolytes which can dissolve
sulfur and most of its intermediate reaction products, thereby significantly improving the reaction
kinetics.20 However, this comes with its own host of issues and requires additional modification of the
battery system, as described further below.
Coulombic efficiency is another key factor in practical battery performance. Outside of lab-scale
half-cell tests (which use a working electrode of interest paired with a lithium metal anode), lithium-ion
batteries contain only a limited amount of lithium. Low efficiency indicates the progressive consumption
of lithium during cell operation, and is frequently the result of unwanted side-reactions such as electrolyte
decomposition on active electrode surfaces.14 This can be seen with particular severity in the case of
silicon due to its high volume change and fracture, as this reveals fresh and reactive surfaces.14,21 Proper
surface control is critical, and involves preventing reactive surface exposure/formation with careful
material design and preventing significant reaction by proper selection of the electrolyte.14,21
Battery safety is also a critical concern. Lithium-ion batteries normally contain flammable
electrolytes, and the electrodes themselves can also be quite reactive. This poses a safety hazard in cases
of cell damage, overheating, or overcharge, as the electrodes and electrolyte can violently decompose.17
The magnitude of safety issues found for a given battery will depend heavily on the choice of electrodes
5

and electrolyte. For example, safety issues are one of the reasons that lithium metal is generally not used
in commercial cells, as it can deposit dendritically, leading to internal shorting and sudden energy
release.1,17 Significant work has been done on addressing safety issues of lithium-ion battery components,
such as research on electrolyte additives that can help render the electrolyte less flammable17,22 or that can
prevent violent electrolyte decomposition at the electrode surfaces.23
The Importance of Surface Effects in Batteries
As mentioned repeatedly above, surface features can be critical to the performance of lithium
batteries. Indeed, there is significant work to date on both direct (e.g., by coating or doping)8,24–26 and less
direct (e.g., by control of electrolyte additives to control growth of electrode surface film, known as the
solid-electrolyte interphase or SEI)11,22,27–29 tuning of surface properties, with dramatic effects on battery
performance.
Direct Control of Battery Material Surfaces
The surface of a battery material may be controlled in a number of ways, and altered for a number
of reasons. Perhaps the most obvious is by direct coating or removal of a surface layer. Due to the
premium put on conductivity of battery materials, carbon-coating is one common method of surface
control. For example, work on mesoporous silicon anodes for Li-ion batteries found that carbon coating
via high-temperature decomposition of acetylene gas can dramatically improve the overall
performance.8,30 This coating was found to not only improve the conductivity of the material by forming
an interpenetrating conductive network, but it also significantly improved the first-cycle coulombic
efficiency. The improvement in efficiency can be traced to both formation of a more compact solidelectrolyte interphase thanks to the carbon coating and to the reduction of SiOx surface species to Si by
acetylene at high temperature, as SiOx species are known to be irreversibly lithiated.30 Another good
example is the protective coating of lithium manganese oxide cathode materials. LiMn2O4 is known to
suffer from disproportionation of Mn3+ to Mn4+ and Mn2+ and subsequent dissolution of Mn2+,31 which
leads to capacity fading and is sped up significantly by increasing presence of hydrofluoric acid (HF) in
6

the electrolyte.32 Storage of this material in the charged state can induce electrolyte oxidation, forming
species which can react with fluorinated electrolyte salts such as LiPF6 to form additional HF and thus
speed up manganese dissolution.32 It was found that coating of LiMn2O4 with a variety of materials –
Li2O•2B2O3 glass, ZrO2, LiNi1-xCoxO2, and others – could significantly improve cyclability, as it prevents
contact between the surface and electrolyte, decreasing electrolyte oxidation and protecting the electrode
material from dissolution.25
Another key method of surface modification is tweaking the surface composition by surface
treatment, functionalization, or doping. Several good examples can be found in lithium-sulfur
batteries.26,33 Work on heat-treated graphene oxide has shown that surface oxygen functional groups can
serve to anchor sulfur, potentially also helping to mitigate the dissolution of polysulfide intermediates and
its attendant issues.33 Similarly, nitrogen doping in mesoporous carbon has been found to help anchor
sulfur during sulfur loading, leading to a more even distribution of sulfur through the material and better
electrochemical performance.26 For an example from a different material system, returning again to
LiMn2O4, it was found that high-temperature surface reaction with LixCoO2 to form a surface coating of
Li1+xMn2-xCoxO2 could also help to stabilize and protect the material surface from manganese
dissolution.25
The Solid-Electrolyte Interphase
A key concern with regards to battery stability is the nature, function, and stability of the
electrode interface during battery operation. Electrode materials – be they alkali metals, graphite, silicon,
or the various other anode and cathode materials used in the literature – can be highly reactive and operate
at low or high potentials. This leads to reaction of the organic carbonate and ether solvents used in
common battery electrolytes. The nature of this reaction – whether it forms a well-passivating film,
poorly-passivating porous film, or soluble species, and if the former, the stability of that film and its
effects on ion transport – can have a dramatic effect on battery capacity, rate performance, cycle life,
coulombic efficiency, and safety.
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The solid-electrolyte interphase received its name from Peled in 1979,34 building on previous
work on passivating films on alkali and alkaline earth metals.35–38 The core idea is that, upon contact with
a lithium (or other alkali or alkaline earth metal) electrode or another working electrode at low potential,
reduction of electrolyte solvent and salt will occur. Ideally, this reduction will form a chemically inert,
nonporous film with high electrical resistance (to prevent further reaction) through which cations can
migrate easily (to enable continued operation of the electrode without significant overpotential).39 In
practice, the degree of passivation and the conductivity depend heavily on the salt and solvent used, as
well as on the properties of the electrode. Identified components of the lithium SEI include lithium alkyl
carbonates and dicarbonates, lithium alkoxides, lithium carbonate, lithium oxides, lithium carboxylates,
lithium oxalate, polycarbonates, polyethylene oxide-type oligomers, and others.27 Analogous compounds
have been detected in the SEI of other alkali metal batteries.40–42 These are generally believed to be
organized as into a multicomponent, multidomain film, with condensed, primarily inorganic species
closer to the electrode and organic species further out.39
In general, purely inorganic components of the SEI (e.g., Li2CO3, Li2O, LiF) are minimally
soluble and largely impermeable to electrolyte, making them effective at protecting the electrode from
further reaction with electrolyte.43–46 Highly polymerized species such as polycarbonates, which are
believed to be one of the major SEI components in cells with vinylidene carbonate (VC) or fluoroethylene
carbonate (FEC) in their electrolytes, are also considered excellent passivating agents thanks to their
robustness to volume change and low permeability and solubility.23,29 Similarly, poly(ethylene oxide)type polymers and oligomers, believed to form as a result of reduction of ethers and sometimes
carbonates, may also be effective passivating agents.47 Lithium ethylene dicarbonate, a major reduction
product of ethylene carbonate (EC), is also considered to be fairly effective at passivating the surface. In
contrast, lithium alkoxides and lithium alkyl monocarbonates, which may for example be formed by
direct reduction of diethyl carbonate (DEC), may be more soluble and thus less effective.43–46 Lithium
formate and other lithium carboxylates, though their passivating ability is generally not explicitly
commented upon, are also likely effective passivating agents.23,47
8

The exact morphology, structure, and growth processes of the SEI remain active topics of
research. The SEI thickness is one element that, while seemingly basic, is not well agreed upon. In
principle, the electron tunneling distance through a nonconductive layer is only a few nanomaters.48
However, the estimated thickness of the SEI varies significantly in the literature; even limiting analysis to
carbon-based anodes, techniques including ellipsometry, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) paired with ion
sputtering, and others have claimed thicknesses ranging from 2 nm to around 1 µm or even more.49–52 For
example, Niehoff et al. estimated the SEI thickness on commercial graphite anodes to be ~2 nm after the
cell formation step by interpretation of XPS plus ion sputtering data,53 whereas XPS and sputtering
measurements by Lu et al. seem to indicate that the SEI on commercial graphite anodes is at least tens of
nanometers thick, especially after prolonged cycling.54 It should be noted that there were differences in
the electrolyte used in these two studies. Zhang et al. combined SEM imaging with focused ion beam
(FIB) milling and elemental line scan analysis (ELSA) to estimate the SEI thickness on highly-oriented
pyrolytic graphite (HOPG).49 Based on ELSA-derived elemental composition at different points along
the cross-section of a particle after lithiation and FIB milling and visible contrast differences observed by
SEM, they concluded that the SEI after one lithiation process ranged from ~450 – 980 nm in thickness,
and increased with further cycling. In contrast, Alliata et al. performed in situ atomic force microscopy
(AFM) measurements of the SEI on HOPG and judged the SEI thickness after one lithiation of the
graphite to be ~25 nm.51 More recently, Cresce et al. also performed in situ AFM measurements on
HOPG electrodes. 50 They found the SEI to have a bilayer structure, with a hard underlayer and a very
uneven, softer overlayer. As the underlayer was too hard for the AFM tip to penetrate, the thickness of
the overlayer was measured using penetration by the AFM tip until it hit the underlayer, and was shown
to range from 10 – 480 nm in thickness. The reason for the drastic difference in measurements is not
entirely clear, perhaps stemming from differences in cell conditions (e.g., use of 1M LiClO4 salt with
EC/DEC solvent electrolyte in the former and ~1.5M LiTFSI with EC solvent in the latter) or AFM
scanning parameters. The SEI thickness becomes an even more complex question when investigating
9

anode materials with high volume change during cycling, such as silicon. This volume change can, as
previously noted, damage the SEI, leading to continuous growth. Based on SEM images of Si nanowires
after 30 cycles, Etacheri et al. found that the SEI formed on individual nanowires was around 200 nm
thick.29 These images also showed formation of “bridging” SEI spanning gaps between nanowires,
sometimes over a micron in width. Chen et al. also showed formation of a “coating” or “bridging” SEI
layer on top of an Si nanoparticle-based electrode, which was sufficiently thick to hide the morphology of
individual Si particles, but the exact SEI thickness on the electrode and the SEI thickness on individual
particles was not well-characterized.55 Recent in situ AFM studies on vapor-deposited Si islands by
Tokranov et al. found that the SEI could grow to over 100 nm in thickness given a sustained potential
above the lithiation potential of Si, though the thickness after full lithiation was not characterized due to
difficulty in accounting for the volume change of Si.56 A recent ex situ study by Zheng et al. attempted to
account for the volume change by using a force-distance curve/AFM tip penetration-based approach,
similar to that used by Cresce et al. in studying the HOPG SEI.57 Using this approach, they determined
the SEI formed on a Si thin film during the first lithiation to have a multilayer structure and nonuniform
thickness of up to 50 nm, or over 100 nm held at a potential of 5 mV for an extended time. Surface
coverage by the SEI was also found to be incomplete until low voltages. These studies and others
highlight both the potential for thick SEI growth, which can restrict lithium ion and electron transport and
thus harm battery performance, and the uncertainty in exact SEI properties – both in general and as
dependent on electrolyte and electrode parameters.
There are, of course, other important SEI properties. Given that the measured SEI thickness is
significantly greater than the electron tunneling distance in most studies, it can be concluded that the
entire SEI cannot be a compact, solid, electrically-insulating layer. Rather, the SEI is likely a porous
multi-layered structure.27,56,57 Many,27,39,50,57 though not all,58 studies indicate that the SEI consists of at
least two layers, with the layer closer to the active material surface being predominantly composed of
hard inorganic species and the one further away being composed of softer organic species. Several
studies have aimed to quantify the mechanical properties of the SEI as well as its morphology. The
10

Young’s modulus of SEI on an Si thin film electrode was investigated by Zheng et al. and found to be
inhomogeneous, ranging from ~10 MPa to a few GPa.57 The low-modulus components were
predominantly, though not exclusively, found in the outer portion of the SEI, while the high-modulus
components were predominantly in the inner portion. Interestingly, no species with a Young’s modulus
above ~7 GPa were detected, even though inorganic species such as Li2CO3 would be expected to have a
Young’s modulus on the order of 60 GPa59,60 and are expected to form in the SEI.43–46 It is unclear
whether this relates to peculiarities of SEI formation with the particular chosen test conditions, or if not
all layers of the SEI were actually penetrated during the measurement. Measurements of the Young’s
modulus of the SEI formed on a Si nanowire were also attempted by Liu et al.;58 however, as the
measured SEI modulus only went up to ~250 MPa, and the preceding measurements of the modulus of Si
itself were only 750 MPa – significantly lower than previously-determined values for Si or lithiated Si
(around 90 GPa and 12 GPa, respectively, with some variation based on crystalline growth direction and
morphology)61–65 – the reliability of these measurements is uncertain.
In addition to being inhomogeneous, the SEI is also dynamic. In particular, the SEI has been
shown to become thinner during delithiation.57,66 This likely relates to dissolution of the more-soluble
organic components of the outer SEI.57,66 In some cases, it may also relate to removal of SEI that is
damaged during high-volume-change cycling.56 These behaviors may help account for the observed thick
SEI layers on electrode surfaces, either by aggregation of delaminated pieces of SEI film or by
redeposition of dissolved SEI components during subsequent lithiation processes.
All of the SEI properties above as also influenced by the electrolyte composition. Use of
different solvents (e.g., EC, DEC, PC), salts (e.g., LiPF6, LiTFSI), and additives (e.g., VC, FEC) can
induce different reduction processes and thus the formation of different SEI components. This has, in
turn, been found to influence SEI properties such as thickness during lithiation and delithiation, surface
roughness, robustness at elevated temperature, and Young’s modulus.50,57 For example, addition of VC
and FEC for in situ AFM tests of the SEI on HOPG led to a significantly thinner SEI with differences in
the outer and inner layer roughness from the control electrolyte – tests with control electrolyte, 1 v% VC,
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and 5 v% FEC measured average SEI upper layer thicknesses of 102 nm, 17 nm, and 9 nm, respectively.50
This may be due to faster formation of a denser, electrically-insulating underlayer with these additives.50
Changing the electrolyte composition can have a significant effect on battery performance, as discussed
more below.
As previously noted, SEI behavior is especially complicated on high-volume-change anode
material – this volume change can damage the SEI, leading to shifts in film morphology and additional
growth. Due to the complex, sensitive, and dynamic nature of the system, no rigorous characterization of
SEI failure modes has yet been performed. Preliminary analysis of the possible failure modes was
performed by Tokranov et al. in combination with their in situ AFM study, applying standard solid
mechanics principles and techniques to the SEI.56 Failure was considered likely to occur either by
through-thickness cracking of the SEI or by delamination of the SEI from the electrode material.
Considering only small, elastic deformation of the SEI and assuming an unchanging SEI composition, no
elastic mismatch, a relatively soft SEI, and several other simplifying properties, they found that failure
was more likely to occur with a thicker SEI or one composed of stiffer components. In addition,
increasing surface roughness was noted as a possible factor in making SEI failure occur more easily.
However, the lack of reliable values for SEI parameters (fracture and delamination energies, Young’s
moduli, Poisson’s ratios, layer-by-layer and within-layer structure, etc.), as well as the many simplifying
assumptions made, prevent a quantitative or very realistic analysis that reliably addresses either failure
points or the relative importance of different factors. Recent analysis of failure in hollow Si particles with
hard shells by Zhao et al. can also be of interest in considering potential failure modes of the SEI,
especially given that the inner layer of the SEI is generally believed to be composed of stiff, inorganic
species such as lithium carbonate.67 This analysis primarily considered failure induced by tensile stress
during lithiation. Looking at the energy release rates of delamination and failure with different shell
thicknesses and particle sizes, it was found that delamination should occur at lower degree of expansion
with increasing shell thickness, while fracture should occur at higher degree of lithiation with increasing
thickness. In addition, failure by fracture was expected to occur at lower degree of expansion at particle
12

size increased, although delamination was largely independent of particle size. This insensitivity of
delamination to particle size may help explain to incorporate SEI-improving additives even into
nanomaterial-based anodes, where failure by fracture might be expected to be less of an issue. However,
this work, similarly to that study by Tokranov et al., also used both various simplifying assumptions and a
different geometry than is adopted in most battery electrodes. Nonetheless, these studies provide helpful
thinking tools for considering SEI failure.
In a sense, it appears that the SEI exists in the worst of both worlds: it possesses a thin, hard inner
layer of inorganic species – which should easily fracture and/or delaminate according to the work of Zhao
et al. – and a thick, soft outer layer – which should easily fracture or delaminate according to the work of
Tokranov et al.56,67 In addition, the real SEI can possess significant roughness, severe elastic mismatch
between layers, and within-layer inhomogeneities, all of which may further promote failure.56,59–61,67 As
this failure leads to poor battery performance and outright battery failure, it is of little surprise that
methods of mitigating SEI failure have been heavily adopted for high-volume-change anodes, including
decreasing particle size (to mitigate both SEI fracture and, as discussed below, particle fracture) and use
of additives that can promote a thinner, smoother, more robust SEI.14,29
Examples of the practical importance of good SEI formation are readily found in the battery
literature, and in fact can be taken from work on the materials already mentioned. Early work on graphite
anodes proved difficult due to co-intercalation of solvent molecules with Li+ cations, leading to severe
exfoliation of the graphite and preventing its use as an anode.68,69 However, it was found that use of
EC/PC or EC/DEC mixture as a solvent allowed for reversible intercalation of lithium. Further
investigation of this behavior discovered the key reason to be formation of an SEI which prohibited
solvent co-intercalation – specifically, one where the primary components were lithium ethylene
dicarbonate and lithium carbonate.68,69 For similar reasons, CO2, which can react with electrolyte to form
Li2CO3, was also found to be a helpful electrolyte additive in this system.68 Silicon anode materials are
also critically affected by the details of SEI formation. As mentioned above, silicon particles are prone to
fracture due to their large volume change upon lithiation/delithiation. Upon fracture, fresh electrode
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surfaces are revealed. These surfaces can in turn form more SEI, which hinders ion transport into the
material, blocks electrical transport between pieces of the fractured particle, and consumes lithium and
electrolyte, leading to fast capacity fading and poor efficiency. To mitigate fracture, nanoparticles are
often used as silicon anode materials – however, these have high surface areas, leading to significant
electrolyte decomposition during the first discharge and thus very low first-cycle coulombic efficiency.8
Even without particle fracture, the high volume change of Si can damage the SEI, leading to continuous
SEI growth. While fixing the issues of silicon is not purely a matter of SEI control, it has been shown to
be one critical part. For example, studies of silicon with FEC electrolyte additive show significantly
improved cycling performance and efficiency, which is attributed to the formation of a significant amount
of polycarbonate species and LiF in the SEI by FEC decomposition.29
Since the SEI is such a complex, air-sensitive, multi-phase, inhomogeneous system,39 reliable
characterization of the SEI is difficult. Two of the most commonly applied tools are Fourier transform
infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS), both of which are capable of
providing valuable insight into the chemical composition of the surface layer.27 One of the key issues of
both techniques is the significant overlap of spectral peaks attributed to multiple species. FTIR shows
peaks relating to specific functional groups within a sample, but these may shift significantly due to
secondary effects, and significant overlap may appear from the presence of different species with similar
functional groups.70 FTIR is also not strictly surface-sensitive, and thus the depth from which signal is
detected may vary depending on the sample.71 Similarly, XPS shows peaks relating to specific bonding
states of detected atoms, but these peaks can shift due to factors like second-nearest-neighbor effects, and
overlap significantly for different species.72 In addition, differential charging – changes to the detected
binding energy of some species due to disproportionate accumulation of charge on these species, caused
by differences in composition or morphology – may also alter spectra.27,72 Fitting synthetic peaks to XPS
spectra is common in the literature, but can be unreliable: very tight control of peak width, shape, and
position based on reliable reference compounds and a lack of significant charging effects are critical to
reliable fitting, but these are often difficult to get.73,74 As discussed above, AFM has also been employed
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for studying the SEI, as it can be used in or ex situ to give a high-resolution picture of the SEI
morphology and even mechanical properties.51,56–58,75,76 However, continuous scanning with the AFM tip
can potentially damage the SEI, and exact thickness measurement with this technique can be difficult.
Other techniques are also employed, including time of flight secondary ion mass spectrometry (ToFSIMS), SEM, TEM, and electrochemical impedance spectroscopy (EIS). ToF-SIMS involves
bombarding the electrode with large ions and examining the resulting plume of species fragments.77–79
This can grant valuable information about the surface, requires inferring the original surface species from
the detected fragments. Electron microscopy techniques can help to show changes in SEI morphology
with cycling.29,47,80,81 They are, however, somewhat limited, as an intense electron beam can damage the
SEI, and the SEI on many species is extremely thin. EIS does not directly probe the SEI, but can be used
to show changes in cell or electrode impedance (depending on experimental parameters) with cycling. 29,82
These may then be tied to changes in the impedance of the SEI, due for example to significant growth
with cycling, but can also be quite difficult to precisely analyze due to existence of multiple similar,
overlapping spectral features without distinctive identifying traits.

Overviews of Topics Covered in the Following Chapters
A Primer on Lithium-Sulfur Batteries
Key Issues of Lithium-Sulfur Batteries
Despite the success of lithium-ion batteries in the past few decades, recent years have brought an
array of new applications which demand performance beyond the limits of standard intercalation
chemistries – electric vehicles, grid-scale energy storage, wearable electronics, and others.7,83,84 The
lithium-sulfur battery system is one of the most promising candidates for meeting these demands. Sulfur
has a high theoretical capacity of 1672 mAh/g and an energy density of ~2500 Wh/kg.6,7,84–92 Sulfur is
also inexpensive, abundant, nontoxic, and environmentally benign, further setting it apart from
conventional cathodes.7,83,84
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Despite their promise, Li-S batteries suffer from a number of issues. Li-S batteries are charged and
discharged through a series of lithium polysulfide intermediates, schematically written as:
16Li+ + 16e- + S8 ↔ xLi+ + xe- + yLi2 Sn (2 ≤ n ≤8) ↔ 8Li2 S
Although the exact sequence and mechanism of polysulfide formation are still debated, it is clear that
these play a key role in the performance of Li-S batteries.93–95 Electrolytes using conventional carbonate
solvents such as EC and DEC are unsuitable for lithium-sulfur batteries, as they can react with
polysulfides. Instead, ether-based solvents, such as 1,3-dioxolane and 1,2-dimethoxyethane, have
commonly been used for Li-S batteries.20 These ether-based solvents are able to dissolve sulfur and
polysulfides of intermediate chain length (Li2Sx, 2 < x ≤ 8).6,96–101 The benefit of this behavior is
increased kinetics – sulfur and lithium polysulfides/lithium sulfide are very poor electrical and ionic
conductors, so performing the reaction in the dissolved state allows e- and Li+ to more easily access the
active material.18,19 However, the downsides are also quite dramatic. First, polysulfides can become
stranded in the electrolyte, unable to return to the cathode within the time of a given cycle, or can react
irreversibly at the anode to form insoluble Li2S2 or Li2S, with both behaviors leading to active material
loss. Additionally, uneven deposition of sulfur and insoluble reduction products on the electrode can
occur, causing aggregation of active materials during cycling and pushing the electrode out of line with
any initially-optimized structures.18 This aggregation leads to increased polarization and loss of
electrochemically active sulfur, and can eventually lead to the formation of a passivating film on the
cathode, further exacerbating these effects.102 Finally, soluble sulfur and polysulfides can cyclically
diffuse in both directions through a cell, being partly chemically lithiated at the anode and partly lithiating
less lithiated sulfur species at the cathode. This behavior is known as the polysulfide shuttle effect, and
can drive down the coulombic efficiency of Li-S batteries while dramatically increasing their selfdischarge.6,96–98 These behaviors are schematically depicted in Figure 2. To make matters worse, while
these problems are already significant in lab-scale tests, they are expected to be even more severe for
commercial-scale Li-S batteries. The higher mass loading on thicker electrodes required for commercial
batteries means more difficult ion transport and more severe passivation.9
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Figure 2. Key issues of lithium-sulfur batteries. Scheme depicting issues of lithium-sulfur batteries related to
dissolution, diffusion, and side-reaction of polysulfides: a) loss of active material through deposition of insoluble Li 2S2 and
Li2S on the anode by reaction of soluble sulfur and polysulfides with the anode, and by deposition of large, inactive particles
of insoluble species on the cathode; and b) cyclic diffusion and side-reaction of lithium polysulfides in the polysulfide shuttle
effect.

Trapping Polysulfides in the Cathode
Many strategies have been tested to address the above problems, including novel designs of
cathode materials,33,86,89,90,92,98,103 electrolytes,100,104–108 anode protection layers,85,109 and battery
structures.101,110,111 Several breakthroughs used in concert will probably be needed to truly solve the
issues of lithium-sulfur batteries. However, of these options, cathode design is particularly attractive as it
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addresses issues where they start. Of existing cathode designs, conductive porous carbon-sulfur
composites have drawn particular interest and have been widely adopted as cathodes for Li-S batteries.
Meso- and microporous carbon hosts can significantly improve sulfur utilization by keeping sulfur
particles nanosized and electrically connected, compensating for the poor electrical and ionic conductivity
of sulfur and its reduction products. Additionally, highly porous carbons can adsorb soluble polysulfides
on their large internal surfaces, mitigating diffusion and yielding significant improvement in sulfur
utilization and cycle life.86,88,89,112–114 Indeed, numerous different nanostructures have been successfully
used in this capacity.9,84,86,112,113
Despite their widespread acceptance, these materials are still unsatisfactory. Although significant
attention has been given to enlarging the surface area available for polysulfide adsorption, the interactions
between the carbon surface and polysulfides in these materials are merely through weak physical
adsorption. Some other adsorbent additives have also been tested, but these are generally non-conductive,
requiring desorption and diffusion of polysulfides before they can be utilized.98,115–117 In addition, when
low-tap-density carbon nanomaterials are used, the resultant electrodes are loosely packed and have a low
material loading, making them unsuitable for commercial use.6,118 At present, the capacity of lithiumsulfur cells is usually limited to 1000 mAh/g and electrochemical performance with high electrode mass
loading (> 4mg-S/cm2) is rarely evaluated when using the industry-standard coating technique for Li-S
batteries.6,85–90
Preventing Contact of Polysulfides with the Anode
Although preventing polysulfides from escaping from the cathode is one attractive method of
mitigating the issues of Li-S batteries, this is a dream which can rarely be realized in full. As such, the
next step is to prevent contact and reaction between the anode and dissolved polysulfides. As previously
discussed, the solid-electrolyte interphase is often a key part of preventing undesirable reactions at the
anode. A well-formed SEI is impermeable to electrolyte and has a low electrical conductivity, preventing
electron transfer to species in the electrolyte and thus halting redox reactions. It is thus no great surprise
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that incorporating SEI-forming additives into the electrolyte of lithium-sulfur batteries is a popular
method of preventing polysulfide shuttling and irreversible capacity loss stemming from reactions of
polysulfides with the anode. In particular, since its first report by Mikhaylik in 2008, lithium nitrate
(LiNO3) has become a popular electrolyte additive for Li-S batteries.119 Further investigation by other
researchers has shown that LiNO3 can decompose at the lithium anode surface to form LiNxOy and LiSxOy
species, helping form a less-permeable SEI which can better passivate the lithium surface.105,120 Particular
attention in past work has been given to coulombic efficiency, capacity, and cycling stability of Li-S cells.
In contrast, comparatively few studies have focused on direct mitigation of self-discharge in Li-S
batteries. Mikhaylik and Akridge mathematically related the self-discharge to the polysulfide shuttle
effect,96 while Ryu et al. studied Li-S battery self-discharge with several different current collectors and
electrolytes.121–123 Very recently, Azimi et al. reported a fluorinated ether co-solvent (1,1,2,2tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether, TTE) which can, in combination with the LiNO3
electrolyte additive, arrest self-discharge over very short storage times.104 However, a method of
significantly mitigating self-discharge over long storage times at elevated temperature has not been
demonstrated in the literature.
A Two-Pronged Approach to Addressing the Issues of Lithium-Sulfur Batteries
Based on the issues and research avenues identified above, two methods have been investigated
for mitigating the issues of lithium-sulfur batteries by keen control of surface structure at the cathode and
anode.
Chapter 2 will discuss the dramatically-increased adsorption of lithium polysulfides enabled
by tailoring of the porous carbon scaffold surface via nitrogen doping. As previously demonstrated,
nitrogen doping can alter the surface electronic structure of carbon scaffolds, allowing strong
chemisorption of sulfur in N-doped carbon/sulfur composites.26 It was hypothesized that such a surface
effect could also be effective in enhancing polysulfide adsorption. This behavior was confirmed in a
synthesized carbon nanotube-interpenetrated mesoporous nitrogen-doped carbon spheres (MNCS/CNT)
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composite by ultraviolet-visible (UV-vis) spectroscopy, further investigated with pair distribution
function analysis (PDF), and explained with the aid of density functional theory (DFT) computations.
Nitrogen doping was found to enable chemisorption of Li+ ions to N-containing functional groups in the
carbon framework – a much stronger mechanism than simple physisorption. The N-doped carbon is also
highly conductive, allowing for direct redox and utilization of adsorbed material – quite different from
nonconductive adsorbents previously reported in the literature, which require desorption and diffusion
before active material can be used. This material was applied in lithium-sulfur batteries to test its
practical effect on battery performance. Using this material to fabricate both a high-sulfur-loading
cathode and efficient cathode-protecting interlayer enabled Li-S cells with a capacity of ~1200 mAh/g
after 200 cycles. This can serve as the basis for significant further work, pushing Li-S batteries closer to
practical applications.
Chapter 3 will discuss mitigation of self-discharge in lithium-sulfur batteries by promoting
improved anode SEI formation via a novel fluorinated ether electrolyte additive. Taking a cue from
the use of fluoroethylene carbonate as an SEI-improving additive for lithium-ion batteries29,55,124 and from
a previous study on a partially fluorinated ether (1,1,2,2-tetrafluoro-3-(1,1,2,2-tetrafluoroethoxy)-propane,
D2) co-solvent for improving the efficiency of Li-S batteries,107 bis(2,2,2-trifluoroethyl) ether (BTFE)
was investigated as a co-solvent for preventing self-discharge in Li-S batteries. It was found that use of
BTFE in combination with LiNO3 could meaningfully decrease self-discharge after two weeks of
elevated-temperature storage, likely due to formation of a more robust SEI on the anode. Cells with both
low- (< 1 mg S/cm2) and high-sulfur-loading (~5 mg S/cm2) cathodes were tested as part of this work, and
low-loading cells were found to show significantly more self-discharge from active material loss than
high-loading cells. This work identifies a direction for future advancement in decreasing the selfdischarge of lithium-sulfur cells by further improving the choice of fluorinated ether co-solvent, co-salt
additive, and cell fabrication.
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A Primer on Phosphorus Anodes for Sodium-Ion Batteries
Key Motivations for Development of Sodium-Ion Batteries
Despite the tremendous progress in Li-ion battery performance over the last few decades, battery
cost and material availability are still major issues.78,125,126 Although part of this cost stems from
manufacturing, material costs factor significantly into final battery costs.127 A substantial part of the
material cost stems from the lithium precursor, lithium carbonate. The dramatic growth in demand for Liion batteries has significantly driven up the price of Li2CO3 to around $4500 USD/ton in 2010.78 In
addition, although supplies are not in immediate danger of exhaustion, lithium abundance is
comparatively low, and supplies are likely to dwindle – with increasing costs leading up to that point – in
the foreseeable future.78,126,128 Other components of current lithium-ion batteries, such as metal oxide
cathodes, can also contribute significantly to the cost.127
Certain next-generation lithium battery technologies have promised lower costs, for example, the
low cost of sulfur is commonly cited as one advantage of lithium-sulfur batteries. However, many current
designs of Li-S batteries require complex synthesis of tailored carbon materials, such as well-structured
mesoporous carbons or carbon nanotubes.7,129 Cost modeling for cells using such materials shows that
they can actually be significantly more expensive than cells using existing NCA cathodes and graphite
anodes.125 Other next-generation battery materials such as silicon also frequently require fine control of
material nanostructures or additives to achieve good performance, implying similar cost challenges.14 In
addition, as noted previously, issues of lithium precursor cost and availability are unavoidable in lithiumion batteries.
Sodium-ion batteries present an alternative to the much more heavily studied lithium-ion
batteries. Sodium carbonate is dramatically cheaper than lithium carbonate, with a cost of only around
$200 USD/ton in mid-2014.130 It is also several orders of magnitude more abundant; sodium is the sixth
most abundant element in the earth’s crust,131 with extractable sodium carbonate reserves totaling at least
23 billion tons in United States alone, and at least 47 billion tons globally, over 300 times greater than
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globally-identified lithium carbonate reserves.132,133 In addition, low-cost electrode materials have been
identified for Na-ion batteries, such as red phosphorus.134–137 These factors, combined with the promise
of capitalizing on the similarity of the Na-ion system to the Li-ion system to speed up development, have
prompted increasing research on sodium-ion batteries in recent years.78,128,138,139
Challenges in Development of Sodium-Ion Batteries
The actual situation of sodium-ion batteries is, however, somewhat more complex than would be
implied by simply following the established materials and methods of lithium-ion batteries. First,
sodium-ion cells tend to operate at lower voltages than similar lithium-ion cells.140 Recent ab initio
calculations on numerous metal oxide and metal phosphate cathode materials showed that this is due to
the lower energy gain from insertion of sodium into these host materials compared with from insertion of
lithium. This difference seems to stem from both weaker bonding between Na and O than between Li and
O, and the greater changes in the crystal structure from intercalation of the much larger Na+ ion (1.02 Å in
radius, compared with Li+ being 0.76 Å in radius).140 The lower operating voltage can lead to lower
energy density in sodium-ion batteries. Second, not all sodium-ion materials are fully stable, or at all
usable, in Na-ion systems. Theoretical calculations on cathode materials have shown, for example, that
the structures of several sodiated metal phosphate materials may only be metastable.140 This issue is even
more severe for anode materials. Graphite, the most popular Li-ion anode thanks to its long cycling life,
high efficiency, and reasonable theoretical capacity of 372 mAh/g, cannot be directly used in Na-ion
batteries due to the larger size of Na+.141,142 As shown by recent calculations, the energy barrier for
intercalating Na+ into graphite is significantly higher than that of intercalating Li+.143 In addition, silicon,
one of the most promising next-generation anode materials for Li-ion batteries thanks to its high
theoretical capacity of ~4000 mAh/g with formation of Li15Si4, appears to be inert to sodium insertion at
temperatures up to at least 60°C.144,145 Although recent computational work indicates the amorphous
silicon may potentially be active toward Na insertion at room temperature, the end state is predicted to
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only be Na0.76Si, corresponding to a capacity of 725 mAh/g.146 This would make it difficult to achieve an
energy density comparable to Li-ion systems.
In light of these challenges, many different anode materials have been tested for Na-ion batteries.
Expanded graphite was recently utilized as a Na-ion anode, having been prepared by a two-step
oxidation-reduction process which brought its interlayer spacing up to ~0.37 nm. This material showed
capacities of 284 and184 mAh/g at current densities of 20 and100 mA/g, respectively, and capacity
retention of nearly 74% after 2000 cycles.147 Hollow carbon nanowires with graphite microcrystallites
having similar interlayer spacing have also been reported, and were shown to retain a capacity of over 200
mAh/g after 400 cycles at a current density of 50 mA/g.143 Various other non-graphitic carbon-based
anodes have been reported in the literature.148–151 The capacity of such electrodes is generally ~300
mAh/g or lower even at low rates. Certain metal oxides and metal phosphates have also been reported.
For example, sodium titanate, Na2Ti3O7, has a capacity of ~200 mAh/g at low charge/discharge rates, and
its average discharge voltage of 0.3 V vs. Na/Na+ makes it suitable for use as an anode.152–154 Sodium
titanium phosphate, NaTi2(PO4)3, has been demonstrated as a potential anode for aqueous Na-ion cells,
but has a low capacity (< 150 mAh/g) and fast capacity fading.155–157 Despite certain advantages of these
and other similar materials, their low capacities – especially in light of the generally lower voltage of
sodium cells and lower density of sodiated materials thanks to the larger size of intercalated Na – makes
them unsatisfactory as Na-ion battery anodes. Several group 14 and 15 elements have also been
investigated for use as Na-ion anodes, including lead,144 antimony,158 tin,159–161 and phosphorus,40,134–136 as
well as compounds of them such as tin antimonide42,162 and tin phosphide.163–165 As shown in Figure 3,
these materials have high theoretical capacities ranging from around 500 to 2600 mAh/g, making them
extremely attractive as Na-ion battery anodes.136
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Figure 3. Comparison of sodium-ion anode capacities. Theoretical capacities of carbon and alloy
materials as sodium-ion battery anodes.136

Phosphorus is one of the most promising anode materials for Na-ion batteries thanks to its
extremely high theoretical capacity of ~2600 mAh/g upon formation of Na3P. Amorphous
phosphorus/carbon composites prepared by ball-milling have been reported with capacities as high as
1764 mAh/g after 100 cycles, showing that there is potential to reach high practical capacities.136
However, sodiation of phosphorus leads to significant volume expansion (~300%).40 The effects of this
volume change can be extrapolated from what is known about volume change in silicon anodes of Li-ion
batteries: particle cracking, electrode delamination, and unstable growth of the solid-electrolyte interphase
are expected to occur, contributing to capacity fading via loss of electrical and ionic conductivity, loss of
active sodium from the cell, and irreversible reaction of electrolyte.14 Several of these effects are
schematically depicted in Figure 4. As phosphorus is still a relatively new material for Na-ion battery
anodes, little research has thus far been done on its SEI growth or the severity of different failure modes.
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It has, however, been shown that use of fluoroethylene carbonate, a popular electrolyte additive for
lithium-ion batteries, in the electrolyte of cells with phosphorus anodes can significantly improve cycling
stability.40,136 FEC is known to help stabilize the SEI of lithium-ion batteries by decomposition to form
LiF and polymer species, and has seen significant use in mitigating the above-noted issues of silicon
anodes.21,29,55,166,167 However, the mechanism by which FEC impacts the SEI of phosphorus anodes in Naion batteries is not presently well-characterized. Initial work on the topic was performed by Yabuuchi
and coworkers, who investigated SEI formation on phosphorus anodes cycled in propylene carbonate
(PC)-based electrolyte with and without FEC using XPS and SEM after the 1st cycle. However, further
investigation is needed, both to track the growth of the SEI with cycling and to expand chemical
characterization work via other techniques and to other electrolytes.134–136
Investigating the Solid-Electrolyte Interphase of Phosphorus Anodes in Sodium-Ion Batteries
Chapter 4 will discuss the key role of the SEI in performance of phosphorus anodes for
sodium-ion batteries, and delve into the changes in the SEI prompted by using fluoroethylene
carbonate as an electrolyte additive. The effect of FEC on SEI growth with cycling on phosphorus
electrodes for Na-ion batteries has been monitored by EIS and SEM, and the composition of the formed
SEI has been investigated using FTIR and XPS. FEC was found to noticeably alter the composition of
the SEI, apparently increasing the amount of carboxylate species and – though to perhaps a lesser degree
than in some Li-ion systems – promoting formation of polycarbonates, in comparison to the higher
quantity of alkyl and sodium alkyl carbonates, alkoxides, and esters found in the SEI of cells without
FEC. In addition, sodium metal deposition was found to occur on phosphorus electrodes cycled in FECfree electrolyte, which is a critical hazard for both safety and performance. This work should provide
guidance on further advancement of phosphorus anodes for Na-ion batteries, as well as other Na-ion
battery anodes which experience severe volume change, such as Sn and Sb anodes.
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Figure 4. Failure of high-volume-change materials. Scheme illustrating several issues caused by the large volume
change of anode materials such as phosphorus: large expansion upon sodiation and shrinkage upon desodiation can lead to
and cracking/tearing and/or delamination of the SEI layer, followed by additional SEI growth on freshly-exposed surfaces;
this may happen either a) without or b) with particle fracture, being even more severe in the latter case due to exposure of
fresh surface upon fracture.
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Brief Motivation and Key Points
Lithium-sulfur batteries are considered one of the most promising next-generation battery
technologies thanks to their high theoretical capacity and potential for using low-cost, abundant, and
environmentally-friendly materials.1–3 However, Li-S batteries often have modest practical capacities and
suffer from fast capacity fading, low coulombic efficiency, and high self-discharge, which stem in large
part from the dissolution, diffusion, and side-reaction of soluble lithium polysulfides and from the poor
conductivity and aggregation of solid products (sulfur, Li2S2, and Li2S).4–10 Porous carbon frameworks
and nonconductive adsorbents, such as metal oxides and polymers, can in principle trap these polysulfides
in the cathode. However, porous carbon frameworks can only trap polysulfides weakly by physical
adsorption, while nonconductive polysulfide adsorbents may negatively influence cell kinetics.7,11–13 To
address this, we have synthesized a new carbon nanotube-interpenetrated nitrogen-doped porous carbon
scaffold, which can strongly trap lithium polysulfides by chemisorption on its conductive surfaces. This
chemisorption was investigated by UV-vis spectroscopy, PDF analysis, and DFT modeling, and its effect
on battery performance was investigated in multiple battery configurations. Based on the results of these
tests, it appears that doped N atoms can both directly adsorb Li+ from lithium polysulfides and enhance
the interaction between Li+ and oxygen functional groups on the carbon. This strong adsorption can
dramatically improve battery performance in cells with cathodes and interlayers using this material – even
at high sulfur loadings.

Methods
Synthesis of Mesoporous Nitrogen-Doped Carbon Spheres and CNT-Interpenetrated
Mesoporous Nitrogen-Doped Carbon Spheres
The carbon nanotube-interpenetrated mesoporous nitrogen-doped carbon spheres material
(MNCS/CNT) was synthesized using poly(melamine-co-formaldehyde) (MF) resin as the carbon
precursor, with triblock copolymer Pluronic F127(PEO106-PPO70-PEO106), tetraethyl orthosilicate
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(TEOS), and colloidal silica nanoparticles serving as porogens. Values presented here are those used in a
typical synthesis. Multiwalled CNTs (100 mg) were first dispersed in ethanol under sonication, with 0.2
wt. % Triton X-100 serving as a dispersing agent. Separately, 3.2 g of Pluronic F127 was dissolved in a
mixture of 20 mL of ethanol and 2.0 g of 0.2 M HCl under continuous stirring at 40 °C until a
homogeneous solution was formed. 4.3 g TEOS, 20 ml of 20 wt. % colloidal silica latex, and 10.0 g of 20
wt. % MF solution (diluted in ethanol) were then added in sequence. This precursor solution was stirred
for an additional 1 h, and then the CNT suspension was added to it, followed by a further 30 minutes of
stirring. The solution was then added into a 500 mL flask containing 300 mL paraffin oil mixed with 3.0
g Span-80 under mechanical stirring (500 rpm) at 60 °C, stirred for 1 h under these conditions, and then
stirred at 100 °C for another 10 h. The resultant solution was filtered to obtain the polymer-porogen
composite and washed with petroleum ether to remove the adsorbed paraffin oil on the outer surfaces of
the particles. This composite was carbonized in a tube furnace by heating first at 350 °C for 3 h and next
at 900 °C for 2 h, all under argon gas flow, to obtain a nitrogen-doped carbon-silica nanocomposite.
Silica was removed by etching the composite in 10 wt. % hydrofluoric acid solution for 24 h at room
temperature, yielding the hierarchical MNCS/CNT composite. The mesoporous nitrogen-doped carbon
sphere material (MNCS) was synthesized as a control sample by using the same method as described
above, except without addition of CNT suspension. Mesoporous carbon (MPC) was synthesized by
following previous work.8
Pluronic F127 (Mw=12600), MF resin (average Mw ~432, 84 wt. % in 1-butanol), TEOS (99%
purity), and CNTs were purchased from Sigma-Aldrich and directly used without any further purification.
Colloidal silica latex (SNOWTEX-O, 10-20 nm, 20 wt. %) was generously provided by Nissan Chemical
Industries, Ltd. Hydrochloric acid (36.5 %), hydrofluoric acid (48~51%), and ethanol (> 99.8%) were
obtained from Alfa Aesar.

42

Electrode and Cell Fabrication and Electrochemical Testing
Porous carbon interlayers were prepared by roll pressing of carbon materials and PTFE latex with
a mass ratio of 3:2. After drying at 80°C under vacuum, large pieces of flexible carbon film were
obtained and used as carbon interlayers. In this study, two kinds of carbon were used for interlayer
fabrication: MCNS/CNT (synthesis described above) and Black Pearls 2000 (CABOT), the latter having
been previously reported as an effective interlayer material.14
A dissolution-diffusion method was used for loading sulfur into the carbon matrix to generate
cathode materials. Typically, 700 mg sulfur was first dissolved in carbon disulfide (CS2) by magnetic
stirring. 300 mg of MNCS or MNCS/CNT was then added to the solution and the CS2 was allowed to
evaporate under continued stirring, leaving sulfur deposited inside the porous nitrogen-doped carbon
materials and generating MNCS-S or MNCS/CNT-S composites with 70 wt. % sulfur loading. Cathodes
were prepared by mixing 80 wt. % composite (MNCS or MNCS/CNT) powder, 10 wt. % Super P
conductive carbon, and 10 wt. % polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidinone (NMP) to
form a homogeneous slurry, then coating the slurry on carbon-coated aluminum foil and drying at 60°C
for 10 h under vacuum. In this work, the sulfur mass loading of MNCS-S and MNCS/CNT-S electrodes
was typically around 5 mg S/cm2.
Super P-S cathodes were fabricated by ball-milling 50 wt. % sulfur, 40 wt. % Super P conductive
carbon, and 10 wt. % PVDF in NMP to form a homogenous slurry, followed by coating and drying as
described above for MNCS-S and MNCS/CNT-S cathodes. The mass-loading of the SP-S50 electrodes
was typically around 1.5 mg S/cm2.
All electrochemical tests were conducted in CR2016 coin cells. The electrolyte used for
electrochemical tests was 1M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.2M LiNO3
dissolved in a mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 v/v). The separator
and counter electrode were a microporous polypropylene membrane (25 µm thick, Celgard 2400) and
lithium metal foil, respectively. Cells were assembled in an argon-filled glove box and galvanostatically
charged and discharged at room temperature using an Arbin BT-2000 battery tester.
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Material Characterization
The structure of the as-prepared composite was characterized by X-ray diffraction on a Rigaku
Miniflex II spectrometer with Cu Kα radiation (λ = 1.5418 Å). X-ray photoelectron spectroscopy (XPS)
measurements were carried out with a Kratos Analytical Axis Ultra spectrometer. The surface
morphologies of the composite particles were investigated by transmission electron microscopy (TEM)
using a JEOL JSM-2010 transmission electron microscope and by scanning electron microscopy (SEM)
using a LEO 1530 field emission scanning electron microscope. Elemental mapping was performed with
the TEM operating in Electron Energy Loss Spectroscopy (EELS) mode. Elemental analysis was
performed on a CHMS-OEA 1108 elemental analyzer. The surface area and pore structure were
characterized by nitrogen sorption using a Micrometrics ASAP 2020 physisorption analyzer. The surface
area was calculated by the Brunauer–Emmett–Teller (BET) method. The pore size distributions were
derived from the adsorption branches of isotherms using the Barrett–Joyner–Halenda (BJH) model. The
content of sulfur in the composites was characterized by thermogravimetric analysis (TGA) at a
temperature range of 25-600°C with a heating rate of 10°C/min under nitrogen atmosphere. Dynamic
light scattering (DLS) experiments were performed on a Malvin Mastersizer. UV-Vis spectra of the
lithium polysulfide solutions before and after exposure to the different adsorbents listed in Table 2 were
collected on a Varian Cary UV-Vis spectrometer with wavelength ranging from 200 to 800 nm. The
spectrometer was first calibrated by measuring solutions with different lithium polysulfide concentrations
(0-1 mM) and observing the change in absorption intensity of the 415 nm peak in order to confirm that
the absorbance-concentration relationship was linear within the concentration range of interest. The
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calibration curve is shown below.
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Figure 5. UV-Vis calibration for polysulfide solution. Calibration curve of the UV-Vis spectrometer with different
concentration of lithium polysulfide solution. A linear fit gives an equation of Y=1.35X+0.0067, with a high R 2 of 0.9994.

Measurement of the Polysulfide Adsorption Amount of Tested Adsorbents
As a model source of dissolved lithium polysulfides for adsorption testing, lithium polysulfide
solution with an overall stoichiometric ratio matching Li2S6 was synthesized according to the literature.15
Typically, sulfur (S) and lithium sulfide (Li2S, 99.9%, Sigma-Aldrich) were dissolved in tetrahydrofuran
(THF) with molar ratio of 5:1 by magnetic stirring at room temperature for two days, yielding a deep redorange solution. This procedure was carried out under argon atmosphere.
The lithium polysulfide adsorption ability of Super P carbon, Al2O3 nanoparticles, SBA-15 porous
silica, mesoporous carbon (MPC), and nitrogen-doped carbon (MNCS and MNCS/CNT) was investigated
by UV-vis spectroscopy. Typically, 50 mg of one of these absorbents was placed in 20 mL of lithium
polysulfide solution (2.5 mM) and the mixture was stirred for 10 min. The adsorbent was then separated
out by centrifugation and diluted by a factor of 10 with THF to bring it into the linear calibration range of
the UV-vis instrument. The concentration of lithium polysulfides remaining in the solution was
determined by the UV-Vis absorption peak at 415 nm using Varian Cary 100 UV-visible
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spectrophotometer. The chosen absorption peak was previously shown to be a good indicator of lithium
polysulfide concentration.15 The residual concentration of lithium polysulfides in the solution was then
determined from the UV-vis working curves, and the adsorption amount was calculated as follows:
Adsorption Amount (g/g) =

(𝐶0 −𝐶𝑟 )∙𝑉𝑠 ∙𝑀𝑠
𝑚𝑎

,

where C0 is the molar concentration of Li2S6 solution before adsorption, Cr is the molar concentration of
Li2S6 solution after adsorption, Vs is the volume of solution used in the adsorption test, Ms is the molar
mass of Li2S6, and ma is the mass of adsorbent.
Pair Distribution Function Measurement and Analysis
Pair distribution function (PDF) data were collected from the 11-ID-C beamline at the APS. The
X-ray wavelength was preset to 0.10798 Å (fixed wavelength for this beamline). The samples were
loaded in a cylindrical geometry glass capillary (0.5 mm diameter). For the PDF test, 30 spectra were
collected for each sample to reduce the error at high angle. The final PDF spectra are the averages of
these 30 spectra.
Density Functional Theory Calculations
Similar to another theoretical study on doped carbon systems,16 in this study, a larger molecule
based on the coronene molecule was used to represent the carbon framework. This basic model system
contained 54 carbon atoms, and the edges were terminated with 18 hydrogen atoms. To simulate different
types of nitrogen doping, several models were designed to capture the main environments seen by Li+ in
N-doped carbon. All calculations were carried out by first principles density functional theory (DFT)
implemented with the Gaussian 09 software package in tight fit configurations. In this study, the
B3LYP/6-31+G(d, p) level of computation was used for all structures to optimize geometries and perform
energy calculations. The binding energy of the Li+ adsorbed on different sites in the model was
calculated as the energy difference between the energy of the absorbed system and the energies of the
isolated Li+ cation and carbon.

46

Results
Overview of MNCS/CNT Synthesis
The MNCS/CNT composite was synthesized by a straightforward two-step approach, as
schematically illustrated in Figure 6a. Evaporation-induced self-assembly (EISA) was used to control the
mesoscale structure of the material, while emulsion polymerization was used to generate the
macrostructure.17,18 During synthesis, an ethanol solution containing porogens (amphiphilic triblock
copolymer Pluronic F127, tetraethyl orthosilicate (TEOS), and colloidal SiO2), surfactant-stabilized CNT
suspension, and N-doped carbon precursor (poly(melamine-co-formaldehyde) (MF) polymer) was
dispersed in hot paraffin oil as primary emulsion droplets by using an emulsifier (Span 80) and
mechanical stirring. The ethanol was gradually evaporated at elevated temperature – this steadily
increased the concentration of the porogens, CNTs, and oligomers in the droplets, leading to surfactant
micelle formation and spontaneous self-assembly of interpenetrating mescoscale structures from these
building blocks.19 Meanwhile, the MF oligomers in the primary droplets underwent thermal
polymerization into larger spherical polymers, with the Span 80 serving to preserve the spherical
morphology of the droplets and prevent droplet aggregation. After subsequent sample collection,
washing, and carbonization, this yielded the N-doped carbon scaffold described below. We note that the
use of low-cost, commercial MF resin as the polymeric carbon and nitrogen precursor and the
straightforward synthesis make this method promising for future commercial applications. In addition,
the high content of both carbon and nitrogen atoms in MF ensures that nitrogen is embedded in the carbon
matrix during carbonization.
Characterization of the MNCS/CNT Scaffold
The morphology, structure, and composition of the as-synthesized material were confirmed by a
suite of techniques. The particle morphology of the MNCS/CNT composite was investigated by SEM
and DLS. As shown in Figure 6b and c, the composite takes the form of micro-sized spherical particles.
The closer view in Figure 6d shows that particle surfaces are covered by a forest of protruding CNTs,
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while Figure 6e shows that the CNTs are also dispersed throughout the interiors of the composite
particles. DLS showed that the MNCS/CNT particles have an average diameter of about 24 μm (Figure
6f), which is consistent with the range of particle sizes observed by SEM imaging. The pore structure of
the composite was probed by nitrogen sorption analysis. The N2 sorption isotherms (Figure 6g) show a
type-IV isotherm curve with H1 hysteresis, indicating the presence of mesopores in the composite. The
narrowness of the hysteresis loop and its steep and nearly parallel adsorption and desorption branches
reveal that the MNCS/CNT composite has good pore connectivity, and the corresponding Brunauer–
Emmett–Teller (BET) specific surface area and Barrett-Joyner-Halenda (BJH) pore volume are 615.02
m2/g and 2.07 cm3/g, respectively. The pore size distribution for MNCS/CNT (inset of Figure 6g) is
relatively narrow and centered around 28 nm. The surface and bulk chemical compositions of
MNCS/CNT were investigated by XPS and elemental analysis. XPS spectra of MNCS/CNT composite
(Figure 6h) show the presence of C, N, and O within the top few nanometers of the material surface. The
high-resolution N 1s spectrum (inset of Figure 6h) shows distinct peaks at 398.0 eV and 400.3 eV, which
can be attributed to pyridinic and pyrrolic nitrogen, respectively.8,20–22 The overall composition of the
MNCS/CNT given by elemental analysis (Table 1) shows a nitrogen content of 4.85 wt.% and an oxygen
content of 3.73 wt.%.
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Figure 6. Synthesis and characterization of MNCS/CNT composite. a) Schematic illustration of the synthesis route for
MNCS/CNT composites; b) low, c) middle, and d) high magnification SEM images of MNCS/CNT composites; e) SEM
image of an MNCS/CNT particle interior; f) N2 adsorption and desorption isotherms (main) and pore size distribution plots
(inset) of MNCS/CNT composites; g) size distribution of MNCS/CNT composites as determined by dynamic light scattering
(DLS) measurement; h) XPS survey spectrum of MNCS/CNT (inset: high-resolution N 1s spectrum).
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Table 1. Element wt. % in MNCS and MNCS/CNT by elemental analysis.

Elemental wt. %
Samples

C

H

N

O

MNCS

85.37

0.99

5.11

3.92

MNCS/CNT

86.42

0.95

4.85

3.73

Adsorption of Lithium Polysulfides on MNCS/CNT Composite
The core goal of synthesizing a nitrogen-doped carbon scaffold was to enable stronger adsorption
of lithium polysulfides, thereby effectively trapping them in the cathode. The ability of the MNCS/CNT
composite to adsorb lithium polysulfides was thus evaluated using UV-vis spectroscopy and compared
with other reported adsorbents. A model system was used for these measurements, consisting of
MNCS/CNT and other known adsorbents exposed to a THF solution of lithium polysulfides with an
overall stoichiometric ratio of Li2S6 (although multiple species are known to exist in all lithium
polysulfide solutions due to spontaneous reaction/disproportionation15,23). UV-vis spectroscopy was
performed on the solution before and after exposure to the chosen adsorbents and used to calculate the
amount of adsorbed polysulfides for each adsorbent, as shown in Figure 7 (the UV-vis calibration and
adsorption calculation procedure is described in detail in the Methods section). To easily compare the
effectiveness of these adsorbents, the adsorption amounts were normalized relative to the adsorption
amount of Super P. Surface area and pore volume of each adsorbent, as well as the calculated adsorption
amount for each adsorbent, are shown in Table 2. As can clearly be seen, the relative adsorption amounts
of MNCS and MNCS/CNT are much higher than those of all other adsorbents. MNCS and the
MNCS/CNT composite can adsorb roughly five times the amount of lithium polysulfides adsorbed by
Al2O3 nanoparticles and mesoporous carbon (MPC), and an order of magnitude higher than Super P and
SBA-15, although SBA-15 and MPC both have a larger surface area and pore volume than MNCS and
MNCS/CNT. In addition, as shown in the inset of Figure 7, the lithium polysulfide solution color
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becomes much lighter after exposure to MNCS and MNCS/CNT, further indicating significant removal of
lithium polysulfides from solution by adsorption on these materials.

Figure 7. Lithium polysulfide adsorption of tested adsorbents. Relative lithium polysulfide adsorption amounts for
different adsorbents, as measured by UV-vis and normalized to the absorption amount of Super P carbon. Inset: lithium
polysulfide solution after exposure to the tested adsorbents (numbering matches numbering on the plot).

Table 2. Physical properties and polysulfide adsorption of tested adsorbents. Surface area, pore volume, and
calculated adsorption amount of tested adsorbents. Adsorbents with listed references were prepared as described in those
references.

Adsorbent

Specific Surface Area
(m2/g)

Specific Pore Volume
(cm3/g)

Adsorption Amount
(g Li2Sx/g adsorbent)

SBA-1545

~850

~1.2

0.0123

Al2O3 Nanoparticles

98.0

0.24

0.0394

Super P Carbon

61.22

0.16

0.0123

Mesoporous Carbon8

1014.0

2.5

0.0322

MNCS

734.05

2.06

0.2043

MNCS/CNT

615.02

2.07

0.1774
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To investigate the mechanism behind the strong adsorption behavior of MNCS and MNCS/CNT,
pair distribution function (PDF) measurements were kindly performed by our collaborators Dr. Jun Lu
and Dr. Yang Ren at Argonne National Laboratory. Analysis of PDF data can indicate the predominant
interatomic distances within a sample, allowing identification of atomic structure or changes between
samples, such as the adsorption of new species. This can be used to determine potential adsorption sites
by comparing the detected interatomic distances to known values for specific species, and by examining
differences in spectra before and after adsorption. Figure 8 shows the PDF profiles for as-synthesized
MNCS as well as MNCS after exposure to lithium polysulfide solution (labeled MNCS-L2Sx). In the
MNCS sample, the interatomic distance peaks of carbon appear at 1.41, 2.46, 3.08, 3.74, 4.32, and 4.94
Å, approximately corresponding to the structure of graphitic carbon (P63mc). However, in comparison to
pristine and ball-milled graphite, the PDFs of both samples show significant peak broadening.24 In
particular, the very broad first peak at 1.41 Å indicates a variety of bonds due to the existence of N- and
O-containing functional groups on the carbon surface.25 In addition, for normal graphite, one expects a
peak at 2.86 Å corresponding to the two C atoms sitting on opposite sides of a hexagonal C6 unit within a
graphene sheet.24 However, the PDF of the MNCS sample instead shows a peak at 3.08 Å. This further
indicates that the N- and O-containing functional groups may considerably modify the structure of the
carbon surface. Comparison of the PDF profiles of the MNCS and MNCS-Li2Sx samples shows that an
extra interatomic distance peak appears at 1.96 Å in the MCNS-Li2Sx sample, which may stem from S-S,
Li-O, and/or Li-N bonding.26–31 In addition, a shift of the 3.08 Å peak to 2.98 Å is noted in the MCNSLi2Sx sample, and peak narrowing is observed, particularly in the first and second peaks. This likely
indicates changes in the carbon surface structure and bond lengths of surface functional groups due to
adsorption of polysulfides on the functional groups.
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Figure 8. PDF plot of as-synthesized MNCS and MNCS with lithium polysulfides. Pair distribution functions of assynthesized MNCS and MNCS after exposure to lithium polysulfide solution (labeled MNCS and MNCS-L2Sx,
respectively).

DFT calculations were also kindly conducted by our collaborator Dr. Yuhua Duan at the National
Energy Technology Laboratory to better understand the possible mechanism of the enhanced adsorption
of lithium polysulfides on nitrogen-doped carbon. The model system used a hexagonal graphene sheet
with three C6 rings per side, with and without –C=O and –COOH functional groups and nitrogen doping.
Energies for lithium ion adsorption at different sites on the model were calculated and compared for the
N-doped and undoped cases. In all cases, it was found that N-doped carbon had more negative Li+
adsorption energies than undoped carbon (summarized in Table 1), indicating stronger adsorption on N-
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doped carbon. This agrees with our experimental results in finding that N doping can enhance the
adsorption of Li+.
Table 3. Calculated adsorption energies for Li+ ions on various sites of nitrogen-free and nitrogen-doped carbon
with selected functional groups.

Nitrogen-Free Carbon

Nitrogen-Doped Carbon

Carbon

Carbon
w/ C=O

Carbon
w/ COOH

NDoped
Carbon

N-Doped Carbon
w/ -C=O

N-Doped Carbon
w/ -COOH

Adsorption
Site

C

O

O

N

N

O

N

O

Adsorption
Energy
(kCal/mol)

-47.79

-3.74

-69.47

-70.64

-19.35

-57.56

-209.94

-221.01

Demonstrating the Effect of N-Doping-Based Chemisorption on Electrochemical Performance
The strong adsorption of lithium polysulfides on the MNCS/CNT composite was expected to
significantly improve electrochemical performance of cells using this material as a conductive cathode
scaffold by preventing polysulfide diffusion and shuttling. However, other effects, such as sulfur
distribution within the scaffold, may also play a role in determining the effectiveness of the composite as
a cathode framework. It has been reported that inserting a porous carbon interlayer between the cathode
and separator can significantly decrease the resistance of the sulfur cathode and effectively enhance active
material utilization by trapping the soluble lithium polysulfides within the carbon interlayer.14 Such an
interlayer design would also greatly benefit from stronger polysulfide adsorption while lacking some of
the complicating factors of the cathode framework, so the MNCS/CNT composite was first employed as
an interlayer to demonstrate its unique advantages in trapping polysulfides. Super P-S electrodes with 50
wt.% sulfur content (SP-S50) were used as the sulfur cathodes for this test, and a reported microporous
carbon was also used as a control interlayer.14 The capacity and cycling performance of cells with
MNCS/CNT interlayers is significantly better than that of either of the other cell types, as shown in
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Figure 9. The SP-S50 cell with the MNCS/CNT interlayer shows an initial discharge capacity of 1514
mAh/g, 90.6% of the theoretical capacity of sulfur. This initial capacity is more than 1.5 times higher
than that of the interlayer-free cell. The cell with the MNCS/CNT interlayer also exhibits good cycling
stability, retaining a specific capacity of 1264 mAh/g after 100 cycles at a current density of 0.51 mA/cm2
(~340 mA/g). Although the SP-S50 cell with the microporous carbon interlayer has an initial capacity
similar to that of the cell with the MNCS/CNT interlayer, its cycling stability is still quite poor, and its
capacity drops to barely over 800 mAh/g after 100 cycles.

Figure 9. Effect of MNCS/CNT interlayer on cycling performance. Cycling performance of SP-S50 cells with no
interlayer, a microporous carbon interlayer, and an MNCS/CNT interlayer.

Having thus demonstrated the benefit of enhanced polysulfide adsorption in the interlayer
configuration, the MNCS/CNT material was used as a conductive sulfur host to generate an MNCS/CNTS composite cathode material. The high surface area and pore volume in MNCS/CNT can accommodate
over 70 wt. % sulfur within the carbon matrix, as confirmed by thermogravimetric analysis (Figure 10a).
This high sulfur content is promising with regard to future practical applications of this material, as it is a
key part of achieving high areal capacity. The X-ray diffraction pattern of the MNCS/CNT-S composite
(Figure 10b) has no observable reflection peaks of bulk sulfur, demonstrating that sulfur is contained
within the composite’s nanosized pores. The MNCS/CNT-S composite was further characterized by
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TEM and electron energy loss spectroscopy (EELS) elemental mapping of carbon and sulfur (Figure 10ce), which showed that the sulfur is fairly evenly distributed through the composite. Additionally, the
MNCS/CNT-S composite was found to have a high tap density of 0.95 g/cm3, which is ascribed to its
micro-scale particle size.

Figure 10. Characterization of MNCS/CNT-S composite. a) TGA curve of MNCS/CNT-S composite; b) XRD patterns
of bulk sulfur (black), MNCS/CNT composite (blue), and MNCS/CNT-S composite (red); and c)-e) TEM image and carbon
and sulfur EELS elemental maps of MNCS/CNT-S composite, respectively.

Electrodes were fabricated using this MNCS/CNT-S composite in conjunction with the
MNCS/CNT interlayer to further test the effect of enhanced polysulfide adsorption on Li-S battery
electrochemical performance. The large particle size and high tap density of the MNCS/CNT-S material
allows fairly compact electrodes with a high mass loading (> 5 mg S/cm2) to be fabricated, which is a key
factor in reaching high cell-level gravimetric and volumetric energy density. The electrode sulfur loading
in this work is around 2-10 times higher than in most other nanostructured carbon-sulfur electrodes (0.52.5 mg/cm2).32–38
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The battery performance of MNCS/CNT-S cathodes with MNCS/CNT interlayers was studied in
CR2016 coin cells with lithium metal counter electrodes, polypropylene separators, and 1M LiTFSI and
0.2M LiNO3 in DOL/DME (1:1 v/v) electrolyte. Tests were performed by galvanostatic
charging/discharging, and all specific capacities shown are in terms of the mass of sulfur in the cathodes.
Figure 11a shows typical charge/discharge curves of an MNCS/CNT-S cell at a current density of 2.52
mA/cm2 (~500 mA/g) between 1.7 and 3.0 V. The discharge curve has plateaus at around 2.3 V and 2.1
V vs. Li/Li+, corresponding to the reduction of sulfur to higher order lithium polysulfides (Li2Sx, 6 ≤ x ≤
8) and the reduction of higher-order lithium polysulfides to lower-order lithium polysulfides (Li2Sx, 2 ≤ x
< 6) and Li2S, respectively.39 The reverse reactions – the oxidation of lithium sulfide and lower order
polysulfides to higher order polysulfides and of higher order polysulfides to sulfur – are indicated by the
two plateaus in the charge curve. A high initial capacity of 1480 mAh/g was attained at 0.84 mA/cm2
(~168 mA/g), corresponding to 88.5% sulfur utilization despite the high sulfur loading. The
MNCS/CNT-S cathode also showed excellent cycling stability over the next 200 cycles at 1.68 mA/cm2
(~336 mA/g), with a specific capacity of ~1200 mAh/g (Figure 11b). This excellent cycling stability can
be attributed to the synergetic effects of nitrogen-doping-induced chemical adsorption and the ability of
the highly-porous carbon framework to trap soluble polysulfides. When comparing this to the
performance of cells with SP-S50 cathodes and MNCS/CNT interlayers, it is important to keep in mind
that the sulfur loading of cells with MNCS/CNT-S cathodes was much higher (~5 mg S/cm2 for
MNCS/CNT-S, compared to ~1.5 mg S/cm2 for SP-S50), which has already been noted to make stable
high-capacity cycling much more difficult, and that the cycling of cells with MNCS/CNT-S cathodes
shows no appreciable decreasing trend after the first few cycles for 200 cycles, versus the slow but steady
decrease over 100 cycles observed with SP-S50 cathodes. Combined with the high tap density of the
MNCS/CNT-S composite (0.95 g/cm3) and the high sulfur loading (around 5 mg S/cm2), this gives a high
material-level volumetric capacity of 1140 mAh/cm3 and an areal capacity of around 6 mAh/cm2. These
should help enable a high cell-level volumetric capacity. The efficiency is also quite high, around 97.099.5%, due to both the LiNO3 electrolyte additive and nitrogen-doping-induced chemical adsorption of
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polysulfides. As previously noted, LiNO3 is known to promote the formation of a stable protective film
on the lithium anode, thereby mitigating the polysulfide shuttle effect.40,41 To the best of our knowledge,
the combination of such high sulfur utilization, excellent cycling stability, and high coulombic efficiency
at high sulfur loading and high current has not previously been reported.

Figure 11. Electrochemical performance of cells with MNCS/CNT-S cathodes and MNCS/CNT interlayers. a)
Representative charge/discharge curves of cells with an MNCS/CNT-S cathode and MNCS/CNT interlayer at a rate of 2.52
mA/cm2 (~500 mA/g); b) cycling performance and efficiency of a representative cell with an MNCS/CNT-S cathode and
MNCS/CNT interlayer at 0.84 mA/cm2 for the first two cycles and 1.68 mA/cm2 for subsequent cycles; c) comparison of
the areal capacity of the MNCS/CNT-S cathodes with other carbon-sulfur cathodes in the literature.

The rate performance of cells with MNCS/CNT-S cathodes was also examined. As previously
mentioned, use of a highly-conductive framework can significantly improve the rate performance of
sulfur cathodes – hence the incorporation of CNTs to generate the MNCS/CNT composite. Figure 12a
shows the measured conductivity of MNCS/CNT and MNCS/CNT-S, as well as the CNT-free versions of
these composites (MNCS and MNCS-S, respectively), at different applied pressures. The conductivity of
MNCS/CNT is significantly higher than that of MNCS, and the conductivity of both materials increases
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approximately linearly and in parallel to one another with increasing applied pressure, indicating that
there is little difference in their contact resistance. Thus, it is evident that incorporation of CNTs has
significantly increased the intrinsic conductivity of MNCS/CNT compared with MNCS. This change in
conductivity is reflected in the rate performance, which is shown in Figure 12b for cells with MNCS-S
and MNCS/CNT-S cathodes without interlayers – the capacity of MNCS/CNT-S cells is significantly
higher that of MNCS-S cells at higher rates.

Figure 12. Conductivity and rate performance of MNCS-based materials. a) Conductivity of MNCS, MNCS/CNT,
MNCS-S, and MNCS/CNT-S composites at different applied pressures; and b) rate performance of cells with MNCS-S and
MNCS/CNT-S cathodes, both without interlayers.

Discussion
Although Li-S batteries possess great advantages compared with current lithium-ion batteries,
they are still held back by their short cycle life, low coulombic efficiency, and modest practical capacity.
All of these issues are linked to the dissolution, diffusion, and side-reaction of lithium polysulfides.
Nonetheless, as sulfur and its reaction products are highly insulating, polysulfide dissolution is important
to achieving good reaction kinetics. A major challenge for most Li-S batteries is thus finding how to
prevent the issues of polysulfide dissolution without actually preventing dissolution. As discussed earlier,
using porous carbon hosts to trap polysulfides in the cathode can mitigate the diffusion of lithium
polysulfides while also enhancing cathode conductivity. However, this trapping relies on physical
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adsorption of Li2Sx on carbon by weak van der Waals forces, so the effectiveness of this method is
relatively low. Other adsorbents, such as metal oxides and polymers, have a better ability to trap soluble
polysulfides thanks to the stronger electrostatic interactions between the material surfaces and lithium
polysulfides.7,11–13 Although this can further mitigate the shuttle effect and improve cyclability, these
adsorbents are non-conductive, which may lead to ohmic polarization.7,11,12,42 Furthermore, the adsorbed
polysulfides cannot directly receive electrons from these absorbents. The active materials must desorb
and travel to the surface of the conductive host before redox reactions can take place, slowing the reaction
kinetics and potentially leading to permanent loss of active material if it becomes too strongly adsorbed.
In addition, in systems using either porous carbons or non-conductive adsorbents, uneven deposition and
growth of Li2S and sulfur during cycling can pose a serious issue. Large particles of these solid species
can form during cycling, and these are difficult to utilize due to their poor conductivity.10 Clearly, neither
system fulfills the needs of lithium-sulfur battery cathodes, as neither can enable both effective
polysulfide trapping and fast redox kinetics.
In contrast to porous carbons and non-conductive adsorbents, nitrogen-doped porous carbon can
strongly adsorb lithium polysulfides via chemical adsorption. The MNCS/CNT composite can effectively
trap soluble polysulfides during cycling, mitigating shuttling and loss of active materials. Since
polysulfides adsorb directly on the conductive carbon framework, electrochemical redox can take place
without an intermediate desorption step, allowing for good reaction kinetics. The strong chemical
adsorption can also promote more even deposition of solid sulfur and Li2S. This helps prevent electrode
polarization and active material loss from the formation of large, inactive particles. These factors
combine to make the highly-conductive, strongly-adsorbing nitrogen-doped carbon an excellent Li-S
battery cathode framework.
Understanding the mechanism of lithium polysulfide adsorption is a key step toward further
improving this type of carbon scaffold material. Combining the results of the UV-vis and PDF
measurements and DFT modeling, we can conclude that the lithium cations of lithium polysulfides can
chemically interact with either nitrogen or oxygen atoms in the nitrogen-doped carbon. Examining our
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DFT model system, it is found that the adsorption energy of lithium cations on nitrogen-doped carbon (70.64 kCal/mol) is much more negative than on nitrogen-free carbon (-47.79 kCal/mol) (Table 3), with
the Li+ binding directly to the N atoms. In carbon with oxygen functional groups, it was found that
adsorption energy changed from -3.74 kCal/mol with the oxygen in -C=O groups and -69.74 kCal/mol
with the optimal oxygen in –COOH groups in the N-free case to -57.56 kCal/mol and -221.01 kCal/mol,
respectively, when N atoms were adjacent to the functional groups. Adsorption energies of Li+ directly
on N atoms were also found to be more favorable than directly on carbon in N-free carbon, providing
additional Li+ binding sites in the N-doped case. In both oxygen-free and oxygen-containing carbons, this
increased adsorption is believed to be facilitated by N being electron-rich compared to C. For adsorption
directly on N, this should allow the nitrogen to transfer more electron density to Li+, forming a stronger
bond. In the case of N atoms adjacent to oxygen functional groups, the N should instead transfer extra
density to the –C=O or –COOH groups, leading to more negative charge on the oxygen functional group
and thus stronger adsorption of Li+. This behavior is in line with recent work on carbamate solvents for
lithium-ion batteries, which showed increased Li-O interaction strength due to electron donation from N
in the –N-COO-R (R = alkyl) of the carbamates.43,44 These insights give us a look into how this material
is able to enhance lithium polysulfide adsorption, and demonstrate one general means of doing so –
doping electron-rich atoms into the carbon framework.
When considering practical applications, achieving high areal capacity is critical, as it increases
the ratio of active to inactive materials in the cell. In this work, the MNCS/CNT-S can deliver an areal
capacity of around 6 mAh/cm2, which is significantly higher than the areal capacity presented in most
publications to date, as shown in Figure 11c. The areal capacity of electrodes is calculated as specific
capacity (mAh/g) of sulfur × sulfur mass loading (g sulfur/cm2 of electrode face area) – a high sulfur
loading is thus necessary for reaching a high areal capacity. However, specific capacity is often very
dependent on the sulfur loading, and will drop with increasing sulfur loading due to the increased
electrical resistance of the electrode. This is particularly true at higher charge/discharge rates. This effect
can be mitigated by using sulfur hosts with high conductivity and good interconnectivity, and one which
61

can prevent aggregation of large particles of sulfur or Li2S2/Li2S. To this end, as shown in Figure 12, the
conductivity of the N-doped carbon framework was improved by incorporation of highly-conductive
CNTs. The relatively uniform distribution of CNTs within the material, demonstrated in the SEM image
in Figure 6e and enabled by the chosen synthesis method, is likely critical to achieving this enhanced
conductivity, as it may enable the formation of a secondary highly-conductive network of CNTs within
the MNCS material. In addition, the strong adsorption of lithium polysulfides helps promote even
deposition of sulfur and insoluble reduction products during charge/discharge, avoiding large particle and
passivating film formation and keeping the conductivity and surface activity of the composite high. This
enhanced conductivity allows for high sulfur loading to be used, and thus for high areal capacity to be
achieved without a dramatic sacrifice of cell performance – an important step toward practical Li-S
batteries.
In summary, carbon nanotube-interpenetrated mesoporous nitrogen-doped carbon spheres were
synthesized through a facile EISA-emulsion strategy, which can simultaneously control the external
morphology (micro-sized spherical particles) and internal nanostructures (hierarchical mesopores). The
MNCS/CNT composite was used as both a cathode-protecting interlayer and a sulfur host for lithiumsulfur batteries, in both cases showing the ability to strongly adsorb soluble lithium polysulfides. The
amount of polysulfide adsorption significantly exceeds that of undoped porous carbon or various
previously-reported non-conductive adsorbents, while still taking place on a conductive carbon surface,
enabling fast and easy redox reactions. The adsorption mechanism was investigated by PDF and DFT,
and is believed to be dependent on the electron-donating ability of the doped N atoms, which can enable
direct interaction with the Li+ ions of lithium polysulfides or strengthen O-Li interactions of oxygen
functional groups. In this way, the MNCS/CNT composite can significantly inhibit the dissolution of
polysulfides and retard the loss of active materials. As a result, it can deliver a high initial specific
capacity (1480 mAh/g) and excellent cycling stability (90% retention within 200 cycles after activation)
at a high sulfur content of 70 wt. % and high sulfur loading of ~5 mg S/cm2. These numerous advantages
make the MNCS/CNT composite promising for practical applications. Additionally, the results presented
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here illustrate a general means of enhancing performance of carbon scaffolds for Li-S batteries – the
doping of electron-rich elements – which can be used to further enhance other materials and drive forward
future research on Li-S battery cathodes.
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CHAPTER 3: Use of Bis(2,2,2-trifluoroethyl) Ether as an
Electrolyte Co-Solvent Promotes Improved Solid-Electrolyte
Interphase Formation and Mitigates Self-Discharge in LithiumSulfur Batteries*

*

Adapted with permission from Gordin, M.L.; Dai, F.; Chen, S.; Xu, T.; Song, J.; Tang, D.; Azimi, N.; Zhang, Z.;
and Wang, D. Bis(2,2,2-trifluoroethyl) Ether As an Electrolyte Co-solvent for Mitigating Self-Discharge in
Lithium–Sulfur Batteries, ACS Applied Materials & Interfaces, 6 (11), 2014, DOI: 10.1021/am501665s. Copyright
2014 American Chemical Society.

68

Brief Motivation and Key Points
Lithium-sulfur batteries are considered one of the most promising next-generation battery
technologies thanks to their high theoretical capacity and potential for using low-cost, abundant, and
environmentally-friendly materials.1–3 However, Li-S batteries often have modest practical capacities and
suffer from fast capacity fading, low coulombic efficiency, and high self-discharge, which stem in large
part from the dissolution, diffusion, and side-reaction of soluble lithium polysulfides, and from the poor
conductivity and aggregation of solid products (sulfur, Li2S2, and Li2S).4–10 One way of addressing these
issues is by developing better protection for the anode, such as using electrolyte additives which can form
a more protective SEI. Lithium nitrate has become a popular electrolyte additive thanks to its ability to
improve the SEI and thus improve coulombic efficiency11–13 – however, less attention has been given to
self-discharge in Li-S batteries and how it may be combatted. In this work, bis(2,2,2-trifluoroethyl) ether
is presented as an electrolyte additive which can help form a more protective SEI and thus decrease selfdischarge in Li-S batteries over longer storage times at elevated temperature. In addition, it was found
that the mechanism of self-discharge is qualitatively different in cells with low- and high-sulfur-loading
electrodes, being related more to active material loss in the former case and to polysulfide shuttling in the
latter case.

Methods
Electrode Preparation
Two types of cathode electrodes were used in this study. Low-sulfur-loading cathodes were
prepared by ball-milling sulfur, Super P carbon, and poly(vinylidene fluoride) (PVDF) (5:4:1 by weight)
in n-methylpyrrolidone (NMP) to form a slurry, then casting the slurry on aluminum foil and drying under
vacuum at 60°C. High-sulfur-loading cathodes utilized a micro-sized spherical mesoporous carbon/sulfur
composite with 70 wt.% sulfur loading, which was synthesized as described in our previous work.8 Highsulfur-loading electrodes were fabricated by mixing this carbon-sulfur composite, Super P carbon, and
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PVDF (8:1:1 by weight) in NMP to form a slurry, casting the slurry onto carbon-coated aluminum foil,
and drying under air at 50°C followed by under vacuum. In both cases, 12 mm diameter discs were cut
from the dried slurry for use as coin cell cathodes. Low-sulfur-loading electrodes had < 1 mg S/cm2,
while high-sulfur-loading electrodes had ~5 mg S/cm2.
Electrolyte Preparation
Electrolytes used in this study were 0.5 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in
a mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 v/v), 0.5 M LiTFSI and 0.2 M
LiNO3 in DOL/DME (1:1 v/v), 0.5 M LiTFSI in DOL/DME/BTFE (1:1:2 v/v), and 0.5 M LiTFSI and 0.2
M LiNO3 in DOL/DME/BTFE (1:1:2 v/v). These were dubbed BL, BL-N, BTFE, and BTFE-N,
respectively. The chemical structure of BTFE is shown in Figure 13. LiTFSI, DOL, and DME were
purchased from Novolyte Technologies. LiNO3 and BTFE were purchased from Alfa Aesar and SigmaAldrich, respectively.

Figure 13. Bis(2,2,2-trifluoroethyl) ether structure. Chemical structure of bis(2,2,2-trifluoroethyl) ether (BTFE).

Cell Fabrication and Electrochemical Testing
Electrochemical testing was conducted under galvanostatic charge-discharge conditions in
CR2016 coin cells, using the above-described cathodes and electrolytes, lithium metal counter electrodes,
and microporous polypropylene membrane separators (Celgard 2400, 25 µm thick). Electrolyte amount
was controlled by use of a microsyringe. Cells with low-sulfur-loading electrodes received 10 µL of
electrolyte; cells with high-sulfur-loading electrodes received 75 µL of electrolyte, except for those with
BTFE-N electrolyte, which instead received 90 µL. It should be noted that these are the amounts of
electrolyte added into the cells, rather than the precise amounts of electrolyte in the cells; some fraction of
the electrolyte may have evaporated or spilled out during assembly. Cells were assembled in an argon70

filled glove box and tested on a LAND battery tester at C/10 rate (1C = 1672 mA/g S) between 1.6 and
2.6 V. Charging of cells with BL electrolyte was also cut off at a capacity of 1672 mAh/g S, as the severe
polysulfide shuttle prevented them from reaching 2.6 V. Tests were performed at 45°C in an
environmental chamber (Tenney TUJR, SPX Thermal Product Solutions). Self-discharge was tested by
resting cells for two weeks between the fifth charge and sixth discharge step; self-discharge was estimated
as [DC6/DC5 – DC5/DC4]*100, where DCX is the discharge capacity of cycle X. Efficiency was
calculated as [DCX/CX-1]*100, where DC and C are the capacities of discharge and charge of cycle X and
X-1, respectively. Irreversible capacity loss after self-discharge was calculated as [DC7/DC5 –
DC5/DC4]*100%.
Electrode Preparation for Post-Cycling Analysis
Coin cells were prepared as described above and cycled for five cycles. Coin cells were
disassembled in an argon-filled glove box and the lithium counter-electrodes were extracted, washed
repeatedly with DME, and dried in the same glove box.
FTIR Analysis
FTIR spectra of electrodes post-cycling were collected using a Bruker V70 FTIR spectrometer
with a Harrick Praying Mantis diffuse reflectance accessory and an ambient chamber with KBr windows.
The ambient chamber allowed samples to be prepared and analyzed under argon atmosphere, without
exposure to air and moisture. Spectra were collected in diffuse reflectance mode with a resolution of 8
cm-1 and were referenced to KBr powder. No baseline correction has been applied to the spectra,
although a correction for atmospheric water vapor has been applied when possible in the OPUS software.
Spectra presented here have been rescaled to more clearly show peak positions and relative intensities.
SEM Imaging
SEM imagining was performed using a Hitachi S-3500N scanning electron microscope. Samples
were prepared as described above and were transferred into the analysis chamber of the SEM using a
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custom-designed transfer holder, as described further in the Appendix. This holder remained sealed until
exposed to vacuum within the SEM chamber, preventing contact between the samples and ambient air
and moisture. Images and spectra were collected at a 5 kV accelerating voltage.

Results
Effects of Different Electrolytes on Low-Sulfur-Loading Cell Performance
Charge-discharge curves, average self-discharge, cycling, and efficiency of Li-S cells with lowloading sulfur cathodes (ball-milled carbon/sulfur composite, < 1 mg S/cm2) using different electrolytes
were studied and are presented in Figure 14. Cells were cycled for five cycles, rested for two weeks, and
then cycled for a further five cycles, all at 45°C. Before resting, cells with BL-N, BTFE, and BTFE-N
electrolytes had similar capacity. Cells with BL electrolyte had poor capacity, cycling stability, and
efficiency, and were not able to reach 2.6 V during charging, as polysulfide diffusion and shuttling are
largely unrestrained in these cells.12 After their two-week rest, the average self-discharge of cells with
BL, BL-N, and BTFE electrolytes was around or above 30%, compared to only around 4% for cells with
BTFE-N electrolyte. On the second discharge after rest, cells with BL-N electrolyte recovered little of the
capacity lost during self-discharge, while cells with BL and BTFE electrolytes showed significant and
moderate recovery, respectively – irreversible capacity loss was 0%, 22%, and 28% for cells with BL,
BL-N, and BTFE electrolyte, respectively. All three cell types stabilized to a similar capacity after selfdischarge. This indicates that a large portion of self-discharge in low-sulfur-loading cells with BL-N and
BTFE electrolytes stems from irreversible loss of active material, rather than from reversible polysulfide
shuttling. Cells with BL electrolyte, having already suffered significant active material loss during their
initial cycling and reached a roughly stable capacity, did not appear to suffer from much more material
loss.
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Figure 14. Electrochemical performance and self-discharge of cells with low-sulfur-loading cathodes. (a-d)
Charge/discharge curves and average self-discharge of cells with low-sulfur-loading cathodes and (a) BL, (b) BL-N, (c)
BTFE, and (d) BTFE-N electrolytes, with black, blue, and red curves indicating the 1st, 5th, and 6th cycles, respectively, and
arrows indicating average self-discharge for cells with that electrolyte; (e) coulombic efficiency; and (f) cycling performance.

Effects of Different Electrolytes on High-Sulfur-Loading Cell Performance
In an effort to clarify the nature of self-discharge by active material loss and determine whether
self-discharge was influenced by sulfur content in the cell, and to extend this work to cells having
cathodes with more practical sulfur loadings, cells with high-sulfur-loading cathodes (micro-sized
spherical mesoporous carbon-sulfur composite, ~5 mg/cm2) were also tested. Charge-discharge curves,
cycling, efficiency, and self-discharge of high-sulfur-loading cells are presented in Figure 15. These cells
were cycled in the same manner as those with low-loading cathodes. Self-discharge in these cells was
also lowest with BTFE-N electrolyte, averaging 25% self-discharge compared to 30+% with the other
electrolytes. High-loading cells all show fairly significant capacity recovery after rest, with irreversible
loss of 11%, 4%, and 6% for cells with BL, BL-N, and BTFE electrolyte, respectively. This much better
capacity recovery with the BL-N and BTFE electrolytes indicates that, unlike in low-sulfur-loading cells,
self-discharge in these cells is likely due to polysulfide shuttling rather than active material loss. Cells
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with BTFE-N electrolyte also had an irreversible capacity loss of 11%. Although the benefit of the BTFEN electrolyte appears significantly lower in these high-sulfur-loading cells, it is important to note that
while all the low-sulfur-loading cells used the same amount of electrolyte, cells with high-loading
electrodes and BTFE-N electrolyte were fabricated with more electrolyte (90 µL) than their counterparts
with other electrolytes (75 µL). This is because cells with 75 µL of BTFE-N electrolytes were found,
despite their lower self-discharge and better capacity recovery after self-discharge, to show steadily
increasing polarization after rest. Although the reason for this increased polarization was not further
investigated, it may stem from factors such as consumption of electrolyte to form the protective anode
film (discussed below), which may be more severe with high-net-capacity, high-sulfur-loading cathodes
and the consequent increased lithium dissolution, or formation of a thicker film, why may happen for the
same reasons. The increased self-discharge with increased electrolyte amount is unsurprising, since it is
known that increased amount of electrolyte relative to the sulfur content of the cathode can exacerbate the
polysulfide shuttle.14 This implies that fine-tuning of the electrolyte amount could lead to further decrease
in self-discharge with high-loading sulfur cathodes while still avoiding severe polarization. Interestingly,
the net capacity loss for cells with BL-N and BTFE electrolyte is quite similar for cells with low- and
high-sulfur-loading cathodes: approximately 0.14 mAh and 0.23 mAh with low sulfur loading and 0.23
mAh and 0.34 mAh with high sulfur loading for these two electrolytes, respectively. In addition,
considering the lower irreversible loss in high-sulfur-loading cells with these electrolytes, it can be
expected that the polysulfide concentration during rest is similar or higher than in low-sulfur-loading
cells. It thus appears that irreversible loss is not dictated simply by the net amount or concentration of
soluble polysulfides in the cell, but by other factors, such as perhaps gradual passivation of the lithium
surface. This also shows that it may be feasible to combine the self-discharge suppression of an
electrolyte containing BTFE or another fluorinated ether with the improved capacity and stability granted
by polysulfide-containing electrolytes, such as have previously been reported,15,16 without sacrificing selfdischarge performance.
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Figure 15. Electrochemical performance and self-discharge of cells with high-sulfur-loading cathodes. (a-d)
Charge/discharge curves and average self-discharge of cells with high-sulfur-loading cathodes and (a) BL, (b) BL-N, (c)
BTFE, and (d) BTFE-N electrolytes, with black, blue, and red curves indicating the 1st, 5th, and 6th cycles, respectively, and
arrows indicating average self-discharge for cells with that electrolyte; (e) coulombic efficiency; and (f) cycling performance.

SEM Imaging of the SEI Formed with Different Electrolytes
To investigate the reason behind this decreased self-discharge, Li anodes from cells cycled five
times with high-loading cathodes were imaged via SEM; representative images are presented in Figure
16. Lithium electrodes from cells with BL and BTFE electrolyte had a relatively small amount of
irregular deposits, while lithium from cells with BL-N electrolyte had more and larger deposits; none of
the three had visible surface-covering film. In contrast, lithium from cells with BTFE-N electrolyte did
have a pronounced surface film, which can be observed across the electrode, albeit with varying
thickness. Although formation of a thicker film on the anode might be expected to lead to increased cell
impedance and thus greater polarization of the cell during charge and discharge, such an effect is not
noted from the charge/discharge curves presented in Figure 14 and 15; polarization with BTFE-N
electrolyte actually appears somewhat lower than with BL-N electrolyte. This implies that the film does
not significantly hinder ion transport in the conditions used.
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Figure 16. Post-cycling SEM images of lithium anodes. SEM images of lithium anodes cycled five times at 45°C in
cells with high-sulfur-loading cathodes and (a) BL, (b) BL-N, (c) BTFE, and (d) BTFE-N electrolytes.

FTIR Analysis of the SEI Formed in Different Electrolytes
To further probe these differences, FTIR was conducted on lithium anodes after five cycles, and
the resultant spectra are presented in Figure 17. Spectra of lithium electrodes cycled in all electrolytes
exhibit a number of peaks which have been previously identified as belonging to SEI components formed
by reaction and decomposition of electrolyte solvents, salts, and polysulfide species, as described
below.12,17 The peak around 1620 cm-1 is indicative of C=O stretching in lithium formate, while the
higher-wavenumber shoulder (around 1650 cm-1) may be due to ROCO2Li species. The broad peak
around 1500 cm-1 is attributed to Li2CO3. Peaks around 2800-3000 cm-1 and 1500-1200 cm-1, attributed
to C-H stretching and bending vibrations, respectively, are in line with various ROLi and ROCO2Li
species reported in the literature. The sharper peak around 3200 cm-1 is attributed to LiOH, while the
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broad peak at around 550-650 cm-1 is likely due to Li-O stretching, such as from Li2O. The slight dip
around 3400 cm-1 is attributed to trace moisture in the KBr reference sample. Previous publications have
also assigned peaks in the 1400-1000 cm-1 region to various vibrations, including S-O, S=O, N-O, N-S,
C-C, and C-O; due to the broad peaks seen in this region in Figure 17a-c, and the overlapping
wavenumber ranges in which many of these vibrations may be found, we hesitate to make individual peak
assignments in this region for electrodes cycled in BL, BL-N, and BTFE electrolytes. Spectra of
electrodes cycled in BTFE-N electrolyte, however, also show distinctive new peaks around 1325-1250
cm-1, 1225-1050 cm-1, 960 cm-1, and 830 cm-1. These peaks are tentatively assigned to asymmetric and
symmetric C-O-C stretching and/or C-F stretching and bending.12,18–20 It is interesting that these peaks are
not evident in spectra of electrodes cycled in BTFE electrolyte; BTFE must be paired with LiNO3 for
generation of the species to which these peaks correspond. The clear differences in this region, along
with smaller but also evident differences in other parts of the spectrum, indicate a difference in the
composition of the surface film on the lithium anode with BTFE-N electrolyte compared with other
electrolytes.
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Figure 17. Post-cycling FTIR spectra of lithium anodes. FTIR spectra of lithium anodes cycled five times at 45°C in
cells with high-sulfur-loading cathodes and (a) BL, (b) BL-N, (c) BTFE, and (d) BTFE-N electrolytes. Regions of particular
interest are highlighted.

Discussion
Taken together, the FTIR spectra, SEM images, and performance improvements with BTFE-N
electrolyte appear to signal formation of a more robust SEI layer on the lithium anode by reaction of the
BTFE with LiNO3. Such a robust SEI could help prevent contact between soluble lithium polysulfides
and the anode, thereby mitigating the polysulfide shuttle effect and decreasing self-discharge. Based only
on the above data, the precise composition of the film cannot be determined; doing so would require
significant additional chemical characterization. We expect that the improved anode SEI may work in
conjunction with cathode-side protection, such as preventing the formation of large Li2S agglomerates, as
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previous research has shown to be the case with the fluorinated ether TTE.21 In contrast, despite being
known to form a better SEI on the anode and consequently suppress the polysulfide shuttle during battery
charge/discharge, LiNO3 alone has no meaningful effect on self-discharge over a two-week timeframe. It
thus appears that, despite its ability to improve battery efficiency, improvements made to the SEI by
LiNO3 are insufficient to prevent contact and side reaction of polysulfides with the anode over a
prolonged time frame, with the resultant shuttle and self-discharge.
In summary, electrolytes containing the fluorinated ether BTFE and LiNO3 were used to decrease
self-discharge of Li-S batteries with both low-loading (<1 mg/cm2) and high-loading (~5 mg/cm2) sulfur
cathodes over two weeks of storage at 45°C, and differences in self-discharge behavior in cells with lowsulfur-loading and high-sulfur-loading cathodes were studied. Self-discharge was decreased from 30+%
in two weeks to ~4% and ~25% in low- and high-sulfur-loading cells, respectively. Self-discharge in lowloading cathodes was found to be mainly due to irreversible active material loss, while cells with highloading cathodes suffered primarily from shuttle-based self-discharge. Combined with these results,
FTIR and SEM analyses indicate that BTFE and LiNO3 together can likely form a more protective SEI
layer on the anodes of tested cells, thereby slowing the polysulfide shuttle and decreasing self-discharge.
This effect may be in conjunction with improved protection of the cathode. In contrast, LiNO3 alone,
despite being known as a shuttle-suppressing additive, had minimal effect on self-discharge. In addition,
the precise amount of electrolyte used appears to be critical to hitting a balance of good performance and
low self-discharge. It is likely that future work can expand on this method by tuning factors such as type
and concentration of fluorinated ether, co-salt additive, and electrolyte amount, and thus further decrease
self-discharge in Li-S batteries.

79

References
(1)

Peter G. Bruce, Stefan A. Freunberger, Laurence J. Hardwick, J.-M. T. Li-O2 and Li-S Batteries
with High Energy Storage. Nat. Mater. 2012, 11, 19–29.

(2)

Tarascon, J.-M.; Armand, M. Issues and Challenges Facing Rechargeable Lithium Batteries.
Nature 2001, 414, 359–367.

(3)

Yang, Y.; Zheng, G.; Cui, Y. Nanostructured Sulfur Cathodes. Chem. Soc. Rev. 2013, 42, 3018–
3032.

(4)

Mikhaylik, Y. V.; Akridge, J. R. Polysulfide Shuttle Study in the Li/S Battery System. J.
Electrochem. Soc. 2004, 151, A1969–A1976.

(5)

Akridge, J. R.; Mikhaylik, Y. V.; White, N. Li/S Fundamental Chemistry and Application to HighPerformance Rechargeable Batteries. Solid State Ionics 2004, 175, 243–245.

(6)

Zhang, S. S. Liquid Electrolyte Lithium/Sulfur Battery: Fundamental Chemistry, Problems, and
Solutions. J. Power Sources 2013, 231, 153–162.

(7)

Ji, X.; Evers, S.; Black, R.; Nazar, L. F. Stabilizing Lithium-Sulphur Cathodes Using Polysulphide
Reservoirs. Nat. Commun. 2011, 2, 325.

(8)

Xu, T.; Song, J.; Gordin, M. L.; Sohn, H.; Yu, Z.; Chen, S.; Wang, D. Mesoporous Carbon–
Carbon Nanotube–Sulfur Composite Microspheres for High-Areal-Capacity Lithium–Sulfur
Battery Cathodes. ACS Appl. Mater. Interfaces 2013, 5, 11355–11362.

(9)

Yao, H.; Zheng, G.; Hsu, P.-C.; Kong, D.; Cha, J. J.; Li, W.; Seh, Z. W.; McDowell, M. T.; Yan,
K.; Liang, Z.; Narasimhan, V. K.; Cui, Y. Improving Lithium–sulphur Batteries through Spatial
Control of Sulphur Species Deposition on a Hybrid Electrode Surface. Nat. Commun. 2014, 5.

(10)

Demir-Cakan, R.; Morcrette, M.; Gangulibabu; Gueguen, A.; Dedryvere, R.; Tarascon, J.-M. Li-S
Batteries: Simple Approaches for Superior Performance. Energy Environ. Sci. 2013, 6, 176–182.

(11)

Mikhaylik, Y. V. Electrolytes For Lithium Sulfur Cells. 2008/0193835 A1, 2008.

(12)

Aurbach, D.; Pollak, E.; Elazari, R.; Salitra, G.; Kelley, C. S.; Affinito, J. On the Surface Chemical
Aspects of Very High Energy Density, Rechargeable Li–Sulfur Batteries. J. Electrochem. Soc.
2009, 156, A694–A702.

(13)

Zhang, S. S. Role of LiNO3 in Rechargeable Lithium/Sulfur Battery. Electrochim. Acta 2012, 70,
344–348.

(14)

Zhang, S. S. Improved Cyclability of Liquid Electrolyte Lithium/Sulfur Batteries by Optimizing
Electrolyte/Sulfur Ratio. Energies 2012, 5, 5190–5197.

80

(15)

Chen, S.; Dai, F.; Gordin, M. L.; Wang, D. Exceptional Electrochemical Performance of
Rechargeable Li–S Batteries with a Polysulfide-Containing Electrolyte. RSC Adv. 2013, 3, 3540–
3543.

(16)

Xu, R.; Belharouak, I.; Li, J. C. M.; Zhang, X.; Bloom, I.; Bareño, J. Role of Polysulfides in SelfHealing Lithium–Sulfur Batteries. Adv. Energy Mater. 2013, 3, 833–838.

(17)

Gireaud, L.; Grugeon, S.; Laruelle, S.; Pilard, S.; Tarascon, J.-M. Identification of Li Battery
Electrolyte Degradation Products Through Direct Synthesis and Characterization of Alkyl
Carbonate Salts. J. Electrochem. Soc. 2005, 152, A850–A857.

(18)

Oyaro, N.; Sellevåg, S. R.; Nielsen, C. J. Study of the OH and Cl-Initiated Oxidation, IR
Absorption Cross-Section, Radiative Forcing, and Global Warming Potential of Four C4Hydrofluoroethers. Environ. Sci. Technol. 2004, 38, 5567–5576.

(19)

Snyder, R. G.; Zerbi, G. Vibrational Analysis of Ten Simple Aliphatic Ethers: Spectra,
Assignments, Valence Force Field and Molecular Conformations. Spectrochim. Acta, Part A 1967,
23, 391–437.

(20)

Stevens, J. E.; Macomber, L. D.; Davis, L. W. IR Spectra and Vibrational Modes of the
Hydrofluoroethers CF3OCH3, CF3OCF2H, and CF3OCF2CF2H and Corresponding Alkanes
CF3CH3, CF3CF2H, and CF3CF2CF2H. Open Phys. Chem. J. 2010, 4, 17–27.

(21)

Azimi, N.; Weng, W.; Takoudis, C.; Zhang, Z. Improved Performance of Lithium–Sulfur Battery
with Fluorinated Electrolyte. Electrochem. Commun. 2013, 37, 96–99.

81

CHAPTER 4: Use of Fluoroethylene Carbonate as an
Electrolyte Additive Promotes Robust Solid-Electrolyte
Interphase Formation and Prevents Aggressive Sodium
Deposition on Phosphorous Anodes of Sodium-Ion Batteries
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Brief Motivation and Key Points
Due to rising concern over the future cost and availability of lithium resources, sodium-ion
batteries have received steadily increasing attention in recent years.1–6 Although sodium-ion batteries
have many similarities to lithium-ion batteries, there are also many important differences, including that
certain key Li-ion anode materials such as graphite and crystalline silicon are not directly usable in the
Na-ion system.7–10 However, there are a number of promising Na-ion anode materials under
investigation, and one of the most promising is phosphorus, which has a theoretical specific capacity of
2600 mAh/g.11–14 As phosphorus experiences severe volume change upon sodiation/desodiation, it is
expected to suffer from many of the same problems as silicon – particle pulverization, unstable SEI
growth, and loss of interparticle electrical contact, to name a few. Several existing publications show that
use of fluoroethylene carbonate as an electrolyte additive can help mitigate capacity fading of phosphorus
anodes in Na-ion batteries11,12,14 – however, there has been only a small amount of investigation to date on
the effects of FEC in this system.14 In the work presented here, the effect of FEC on phosphorus anodes
in Na-ion batteries is further investigated, both in terms of its effect on SEI growth (by EIS and SEM) and
its effect on SEI composition (by FTIR and XPS). In addition, FEC is found to play a role in preventing
severe sodium metal deposition on the phosphorus electrode during battery operation.

Methods
Electrode Fabrication
The electrode material was first prepared by ball-milling red phosphorus and Super P carbon in a
7:3 weight ratio for 1000 minutes to make a P/C composite. This composite was then used to make a
slurry with more Super P carbon and sodium carboxymethyl cellulose binder (NaCMC, 2 wt% in
deionized water) in a 7:1.5:1.5 weight ratio. The slurry was magnetically stirred overnight, cast onto
copper foil, and vacuum dried at 100°C overnight to make electrodes sheets. Circular electrodes with a
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12 mm diameter were then punched from these sheets and used for electrochemical testing. Electrodes
generally had an active material mass loading of 0.4-0.8 mg P.
Electrochemical Testing
Electrochemical tests were conducted in CR2016-type coin cells with sodium metal counter
electrodes and Celgard 2400 polypropylene separators. Two primary electrolytes were used: FEC-free
(1M NaClO4 in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 v/v)) and FEC-containing (1M
NaClO4 in EC and DEC (1:1 v/v) plus 10 v% FEC). All solvents were purchased from Novolyte with
99.999% purity. The NaClO4 salt was purchased from Sigma-Aldrich, with 98% purity. Performance
tests were conducted by galvanostatic charge/discharge on a LAND battery tester at a rate of C/5 (1C =
2600 mA/g phosphorus). Electrochemical impedance spectroscopy (EIS) was conducted on a Solartron
2600 impedance analyzer with a range of 1 MHz to 0.1 kHz and an amplitude of 5 mV. Cells were
stopped after a given number of charges/discharges for impedance analysis.
Preparation of Sodium Metal Samples for SEI Analysis
Sodium metal was used as a simpler model system for SEI formation. Pieces of freshly cut
sodium metal were soaked in the above-specified electrolytes, as well as 1M NaClO4 in molten EC and
1M NaClO4 in FEC, for 20 h. All were soaked at room temperature except those with no solvent besides
EC, which were soaked at an elevated temperature so as to keep EC in a liquid state. The sodium pieces
were then rinsed repeatedly with DEC to remove residual salt/solvent and dried in an argon-filled glove
box.
Preparation of Phosphorus Anode Samples for SEI Analysis
Coin cells with P/C anodes were prepared as described above and cycled for a set number of
cycles. They were then opened inside an argon-filled glove box and the P/C anodes were extracted,
rinsed repeatedly with DEC to remove residual salt/solvent, and dried in the same glove box.
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FTIR Analysis
FTIR spectra of air-sensitive samples were collected using a Bruker V70 FTIR spectrometer with
a Harrick Praying Mantis diffuse reflectance accessory and an sealable ambient chamber with KBr
windows. The ambient chamber allowed samples to be prepared and analyzed under argon atmosphere,
without exposure to air and moisture. Spectra were collected in diffuse reflectance mode with a
resolution of 8 cm-1 and were referenced to KBr powder. No baseline correction has been applied to the
spectra, although a correction for atmospheric water vapor has been applied when possible in the Bruker
OPUS software. Spectra presented here have been rescaled to more clearly show peak positions and
relative intensities. FTIR spectra of sodium carboxymethyl cellulose powder was collected by diamond
ATR measurements, while spectra of phosphorus in diffuse reflectance mode with the powder diluted by
KBr.
XPS Analysis
XPS spectra were collected on a Kratos Analytical Axis Ultra. Samples were prepared as
described above. Samples were transferred into the analysis chamber of the XPS using a customdesigned transfer holder, as described in the Appendix. This holder remained sealed until it was exposed
to vacuum in the XPS chamber, preventing contact between the samples and air and moisture. Spectra
were collected at a pass energy of 20 eV with a 0.1 eV step size.
SEM Imaging and EDS Analysis
SEM and EDS were performed using a FEI Quanta 200 Environmental SEM in high-vacuum
mode. Samples were prepared as described above and were transferred into the analysis chamber of the
SEM using a custom-designed transfer holder, as described further in the Appendix. This holder
remained sealed until exposed to vacuum within the SEM chamber, preventing contact between the
samples and ambient air and moisture. Images and spectra were collected at a 20 kV accelerating voltage.
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XRD Analysis
X-ray diffraction of cycled electrodes was conducted by placing the electrodes in an XRD holder
while still moist with electrolyte, covering them with a thin polyethylene window, and taping the window
shut at the edges with Kapton tape. XRD was performed on a Rigaku Miniflex II, in a 2θ range of 1080°.

Results
Electrochemical Performance
Cells with P/C electrodes in FEC-free and FEC-containing electrolytes were galvanostatically
cycled at C/5 rate (1C = 2600 mAh/g) for 60 cycles. Representative charge-discharge curves and cycling
performance are presented in Figure 18. It is clear that addition of FEC to the electrolyte dramatically
improves the cycling stability of cells with P/C electrodes; cells without FEC all show very fast capacity
fading, while cells with FEC can retain a discharge capacity of ~1500 mAh/g after 60 cycles. It should be
noted that some cells with FEC electrolyte also show faster capacity fading; disassembly and examination
of such cells after cycling generally revealed severe electrode delamination, which is believed to relate to
their worse stability. In addition, it is interesting that while cells without FEC show normal discharge
curves, their charge curves noticeably longer than the corresponding discharge capacities and also quite
irregular. The amount of extra capacity was seen to vary from cell to cell and decreased with cycling,
generally being largely eliminated within the first 10 or fewer cycles. This behavior is believed to both
side-reactions occurring during charging and to the plating of sodium in cells with FEC-free electrolyte
and its reuptake by the anode during charging,15,16 which is further discussed below.
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Figure 18. Electrochemical performance of cells with P/C electrodes. (a, b) Charge/discharge curves and (c,
d) cycling performance of cells with (a, c) FEC-free and (b, d) FEC-containing electrolyte.

Sodium Metal Plating on the P/C Electrode in FEC-Free Electrolyte
Upon disassembly of cells after cycling with FEC-free electrolyte, it was noted that a significant
amount of shiny, metallic material had been deposited on the P/C electrodes. This material was highly
reactive, and converted to an off-white colored, powdery substance during electrode drying in an argonfilled glove box. Further demonstrating its reactivity, although the deposit generally remained shiny and
metallic during electrode washing, parts were sometimes seen to suddenly discolor during washing. No
such deposit was seen in cells with FEC-containing electrolyte. As this was believed to possibly indicate
deposition of sodium metal during cycling of the P/C electrodes in FEC-free electrolyte, this phenomenon
was further investigated. Observation of electrodes after one discharge and one cycle indicated that the
deposit only became visible during the charge (desodiation) process, rather than the discharge (sodiation)
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process. Photos of P/C electrodes after one discharge and one full cycle in FEC-free electrolyte, and in
the discharged state after 20 cycles in FEC-free and FEC-containing electrolyte, are shown in Figure 19ad, respectively. SEM of the material deposited after 60 cycles, presented in Figure 19e, showed it to be
composed of irregular particles of a few microns to below one micron in size. The high surface area
stemming from such small particles helps explain the deposit’s extremely fast reaction with the glove box
atmosphere and solvent. EDS analysis (inset of Figure 19e) found that the main elemental components
were sodium and oxygen (~35-40 wt. % each), along with carbon (~20-25 wt. %), which could plausibly
match the deposition and oxidations of, as well as surface film formation on, sodium metal. The deposit
was thick enough that the amount of phosphorus detected was only 0-3 wt. % in the samples analyzed.
For context, the amounts sodium and phosphorus detected by EDS after the same number of cycles were
usually around 20-25 wt. % and 7-15 wt. %, respectively. XRD was also performed on electrodes cycled
in FEC-free and FEC-containing electrolyte after one discharge and one cycle, as shown in Figure 19f.
Compared with the diffraction patterns of the reference sample (holder with window, fresh P/C electrode,
and steel spacer), and the patterns of electrodes after one discharge or one cycle in FEC-containing
electrolyte and one discharge in FEC-free electrolyte, the diffraction patterns of electrodes cycled in FECfree electrolyte were found to have an additional weak peak at a 2θ of 29.5° matching the primary
diffraction peak of sodium metal (JCPDS card #22-0948). Taking into account the appearance, reactivity,
EDS elemental composition, and XRD pattern of this deposit, it appears that severe sodium deposition is
occurring on cells cycled in FEC-free electrolyte.
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Figure 19. Characterization of material deposited on P/C electrodes during cycling. Photos of P/C electrodes cycled in
FEC-free electrolyte after a) 1 discharge, b) 1 full cycle, and c) 20 cycles, and d) in FEC-containing electrolyte after 20
cycles; e) SEM image of the deposit after electrode drying (inset: elemental wt. % of Na, O, and C for the deposit after
electrode drying and visible reaction of the deposit to form a white powder, as determined by EDS); and f) XRD patterns of
electrodes in FEC-free and FEC-containing electrolyte after 1 discharge and 1 cycle, and of a reference sample (holder with
window, fresh P/C electrode, steel spacer), as marked, with the region containing the primary diffraction peak of sodium
metal highlighted.

Solid-Electrolyte Interphase Growth with Cycling
Based on the differences in electrochemical performance and sodium deposition in the cells with
FEC-free and FEC-containing electrolyte, it is expected that there may be differences in the solidelectrolyte interphase formed with these two electrolytes. This would be in line with the use of FEC to
promote formation of a durable, stable SEI in lithium-ion batteries.
To better understand the effect of FEC on the SEI growth, EIS was conducted on cells with both
types of electrolyte at various cycle numbers. EIS spectra of cells in the discharged states before cycling,
after the 6th, 23rd, and 65th discharge, and after the 5th, 22nd, and 64th charge steps are shown in Figure 20.
Precise assignment of spectral features can be quite difficult when using EIS on batteries, especially with
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two-electrode cells, since spectra obtained from these measurements stem from the combined effects of
the P/C composite and sodium metal electrodes; however, the size of observed semicircles can be
generally said to relate to the impedance of the SEI, charge transfer processes, sodiation kinetics, particle
contact resistance, and other such factors.17,18 With FEC-free electrolyte, there are at least two observed
semicircles, and these increase significantly in size with cycling, indicating a significant increase in
impedance. There are several possible explanations for this steady increase, such as unstable SEI growth
caused by the SEI breaking upon severe volume change (making Na+ transport through the SEI and to the
active material more difficult) or by particle fracture (making electron conduction through the electrode
more difficult), growth of a thick layer of sodium metal on the electrode surface (also making Na+
transport to the active material more difficult), and changes in surface state and morphology of the
sodium counter electrode (making Na+ and/or e- transport more difficult).17 In contrast, such steady and
severe impedance growth is not observed in cells cycled in FEC-containing electrolyte. It should be
noted that, although the spectra relating to FEC-containing electrolyte presented here show only one
semicircle and minimal cycle-to-cycle impedance change, this is not always the case; two semicircles
were observed in some cells, and some degree of increase and decrease in impedance with cycling was
also noted in some cells. Despite these cell-to-cell variations, the type of steady and aggressive
impedance growth observed in cells with FEC-free electrolyte was not seen in cells with FEC-containing
electrolyte.
Interestingly, for both types of electrolyte, the impedance in the charged state is much lower than
in the discharged state. This may relate to dissolution/decomposition of the SEI during charging, as well
as to factors such as differences in electrical and ionic conductivity of phosphorus versus sodium
phosphide and differences in the state of the sodium surface. SEI removal during charge has previously
been noted to occur in Li-ion batteries.19–21 Consistent SEI dissolution/reformation can be expected to be
harmful to long-term cell performance due to loss of active sodium, but would not necessarily have a
negative effect on cells with significant excess sodium, as is the case for the tested coin cells – however,
incomplete SEI removal followed by further additive SEI growth or significant redeposition of dissolved
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species could eventually “clog up” the electrode and lead to significant impedance increase. This is
indeed observed in cells with FEC-free electrolyte, as the charged state impedance after the 64th discharge
is comparable to the impedance after the 65th charge. In contrast, cells cycled in FEC-containing
electrolyte show no major increase in charged-state impedance with cycling. This further indicates that
FEC helps to improve the stability of the SEI.

Figure 20. Electrochemical impedance spectroscopy of cells with P/C electrodes. EIS spectra of coin cells with FECfree (a, b) and FEC-containing (c, d) electrolyte in the charged (a, c) and discharged (b, d) states; insets in (c, d) are
magnified regions of the same impedance spectra.

To further investigate the changes in the SEI and surface morphology of the electrodes with
cycling, SEM was conducted on P/C electrodes in the discharged state after various numbers of cycles, as
shown in Figure 21. After five cycles, both types of electrodes have what appears to be a coating of film
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over the particles. After 20 cycles, this layer on the electrode cycled in FEC-free electrolyte has grown
thick enough as to obscure many of the individual particles, and appears flat in places. In contrast,
although the appearance of the layer on the electrode cycled in FEC-containing electrolyte has changed
somewhat, it remains thin enough for particles to be seen through the film. After 60 cycles, the layer
covering the surface of the electrode cycled in FEC-free electrolyte has grown extremely thick, forming a
flat, cracked surface on parts of the electrode. The layer was noted to show increased charging under the
electron beam compared to other samples, and cracks visible in this layer were found to expand when
under a focused electron beam, implying that this is a thick layer composed of sensitive organic
constituents. Since some particles can be seen through cracks in this layer, it is not believed to represent
the SEI thickness on individual particles throughout the electrode. However, such a layer on top of the
electrode is expected to make ion transport to lower regions of the electrode more difficult. It is also seen
as a telltale sign of an overall unstable SEI. As described in chapter 1, such thick deposits at the electrode
surface have been previously seen in the battery literature, but not extensively discussed; it is plausible
that they stem from either redeposition of SEI species dissolved/stripped-away during charging, or from
aggregation of delaminated fragments of SEI. In either case, a less-stable SEI should experience more of
these behaviors and thus accrue a more significant SEI deposit at the electrode surface. The electrode
cycled in FEC-containing electrolyte, though it also appears to have more material at the surface, still has
better visibility of individual particles. It should be noted here that the electrode surfaces do not appear
uniform, with some areas having heavier deposition of organic film than others; this may be due to, for
example, local differences the thicknesses of the electrodes or delamination of the P/C electrode from the
current collector, which could alter the ionic or electronic conductivity, current density or mechanical
constraint experienced by that region of the P/C electrode, and thus the degree of sodiation of that region
of the P/C electrode and formation of the SEI. Areas shown in the SEM are considered representative of
areas with heavier deposition. Overall, comparing the changes in the electrodes during cycling makes it
clear that although the FEC may not lead a totally stable SEI, it certainly seems to create at least a more
stable SEI.
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Figure 21. SEM images of sodiated P/C electrodes with cycling. SEM images of P/C electrodes in the discharged
(sodiated) state after cycling in (a-c) FEC-free and (d-f) FEC-containing electrolyte for (a, d) 5, (b, e) 20, and (c, f) 60
cycles.
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Electrodes in the charged state were also imaged, as shown in Figure 22. As implied by the EIS
spectra, there was less observed surface film on electrodes in the charged state after 20 cycles than in the
discharged state. In particular, on electrodes cycled in FEC-containing electrolyte, semi-transparent
surface film was not observed. This implies that the film was to some significant degree removed upon
desodiation. However, electrodes cycled in FEC-free electrolyte were noted to still have some large areas
of flat, featureless surface. This matches the EIS spectra, which show that the impedance of cells with
FEC-free electrolyte also increases steadily upon charging after sufficient cycling, while the impedance of
cells with FEC-containing electrolyte – though not entirely predictable – does not show the same
continuous increase.

Figure 22. SEM images of desodiated P/C electrodes. SEM images of P/C electrodes in the charged (desodiated) state
after 20 cycles in a) FEC-free and b) FEC-containing electrolyte.

Composition of the Solid-Electrolyte Interphase
Based on the data presented above, it does appear that there are distinct differences in the SEI
growth and cell performance. These differences are expected to stem from differences in the composition
of the SEI layer. To investigate these differences, FTIR and XPS analysis of the surface was performed
for electrodes in the discharged state after 20 cycles in FEC-free and FEC-containing electrolytes, as well
as for other useful model systems.
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Figure 23 shows FTIR spectra of a P/C electrode in the discharged state after 20 cycles in FECfree electrolyte, as well as two helpful reference samples: sodium metal soaked in FEC-free electrolyte,
and sodium metal soaked in 1M NaClO4 dissolved in molten EC. It should be noted that the heating
needed to keep EC liquid may have affected the SEI composition of that sample relative to the others.
Looking at the EC sample, strong peaks can be seen in the range of 3000-2500 cm-1, and at 1375 cm-1,
1115 cm-1, 1052 cm-1, and 880 cm-1. These peaks are in line with those expected for sodium alkoxide
(RONa), relating to C-H stretching, C-H group wagging/deformation, and CONa stretching, with the final
two relating to CH3 rocking, respectively.22,23 In addition, a number of peaks are seen which can be
attributed to sodium alkyl carbonate species (ROCO2Na, used here to refer to both mono- and
dicarbonates): 1680 cm-1 (CO2 asymmetric stretching, like from dimerized dicarbonate given the
relatively high wavenumber), 1450-1300 cm-1 (C-H group bending, twisting, and wagging mixed with
CO3 and C-O-C stretching), ~1120-1050 cm-1 (C-O-C and CO2 symmetric stretching), and 828 cm-1 (CO3
bending and CH2 rocking).24–28 Peaks related to the C-H stretching vibrations of ROCO2Na can also be
expected to appear, but are often quite weak for alkali alkyl carbonates – particularly dicarbonates – and
may be hidden by other spectral features.24–26,29,30 The intensity of the alkoxide and carbonate peaks
relative to each other varied moderately from sample to sample. Small peaks were also noted at around
1585 cm-1; these may originate from sodium carboxylates, but may also relate to ROCO2Na
monomers.27,31–35

In addition, intensity of the peaks at ~1450 cm-1 and 876 cm-1 varied somewhat

sample to sample; this may relate to variation in the amount of Na2CO3 in the samples, which also has
peaks in these regions.36,37 Inorganic carbonate can be found in native surface films on alkali metals, or
may form as an SEI component.38,39 The peaks of sodium perchlorate may also overlap with those of
other species at around 1120 cm-1.40 Finally, the broad dip at high wavenumber is attributed to moisture
in the KBr reference used for these samples. In comparison to the Na metal soaked in 1M NaClO4 in EC,
the Na metal soaked in FEC-free electrolyte (1M NaClO4 in EC/DEC, 1:1 v/v) shows weaker peaks
associated with RONa. The peak at around 1450 cm-1 is consistently more intense, and it and the peak at
~876 cm-1 appeared to vary as a pair in the small sample-to-sample differences seen, likely indicating a
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greater proportion of Na2CO3 in these samples. The sharp peak ~3640 cm-1 is attributed to NaOH, which
may be formed by reaction of sodium with trace moisture.
In contrast to these reference samples, the spectra of P/C electrodes after cycling in FEC-free
electrolyte are significantly more complex. Evidence of ROCO2Na species is still found; however, the
peaks around 3000-2500 cm-1 that were taken as being characteristic of RONa species are no longer
visible. What appears to be one or more moderate-high intensity peaks are visible in the region around
1640-1550 cm-1. This may correspond to carboxylate species, as detected in small quantities in the
sodium reference samples, and may also relate to formation of sodium alkyl monocarbonate species, e.g.,
sodium ethyl carbonate.24,25,27,31–35 There are also intense new peaks around 3000-2800 cm-1, 1746 cm-1
and 1260 cm-1, and a strong shoulder around 1145 cm-1. These would be in line with ester or alkyl
carbonate species, and in fact show significant similarity to the FTIR spectra of diethyl carbonate.40–42 As
a precaution to help rule out simple contamination by diethyl carbonate, which has peaks in very similar
positions, the electrode was subjected to further drying at moderately elevated temperature before the IR
measurement was repeated; no significant differences in these peaks were noted.
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Figure 23. FTIR spectra of P/C electrode cycled with FEC-free electrolyte and of relevant sodium metal reference
samples. FTIR spectra of sodium metal soaked in 1M NaClO4 dissolved in molten EC, sodium metal soaked in FEC-free
electrolyte, and a P/C electrode in the discharged state after 20 cycles in FEC-free electrolyte. Horizontal bars at the top
mark common ranges of peak positions for some species of potential interest. From top to bottom: sodium alkyl carbonates
(red), sodium alkoxides (vibrant blue), sodium carbonate (magenta), esters, alkyl carbonates, and polycarbonates (orange),
and sodium carboxylate salts (dark blue).

Figure 24 shows FTIR spectra of a P/C electrode in the discharged state after 20 cycles in FECcontaining electrolyte, as well as two helpful reference samples: sodium metal soaked in FEC-containing
electrolyte, and sodium metal soaked in 1M NaClO4 dissolved in FEC. Looking first at the spectrum of
sodium soaked in 1M NaClO4 in FEC, peaks related to ROCO2Na are in evidence. However, there is now
also a strong peak at ~1585 cm-1 which likely corresponds to a sodium carboxylate species; these may
also account for the increased peak intensity around 1445 cm-1. This peak is significantly stronger in this
spectrum than in the FEC-free spectra shown in Figure 23. New weak peaks can be seen around 1815 cm1

and 1765 cm-1; these likely correspond to polycarbonate species, as have previously been reported to
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form by FEC decomposition.17,43,44 The intensity of these peaks varied from sample to sample, but was
generally low to moderate. It is difficult to comment on the intensity of peaks related to Na2CO3 due to
their significant overlap with other intense peaks. Peaks related to alkoxides are seen in some sample
spectra; however, their intensity is fairly low. Interestingly, although the spectra of sodium soaked in
FEC-containing electrolyte show mostly the same peaks, the sodium carboxylate peak around 1585 cm-1
is significantly weaker (though still more intense than in the spectrum of sodium soaked in FEC-free
electrolyte). In contrast, spectra of P/C electrodes cycled in FEC-containing electrolyte show a strong
sodium carboxylate peak around 1600 cm-1. This likely relates to differences in solvent distribution
during electrochemical operation and/or to differences in interaction of the electrolyte with the electrode
surface. Weak, broad peaks around 3000-2800 cm-1 are observed in these spectra, relating to C-H
stretching in SEI species. In addition, there appears to be a broad peak at higher wavenumber. This
stems from hydrogen bonding in –OH groups, which may be alcoholic species formed by reaction of
surface species with trace water or HF, the latter of which may be produced as a side-product of FEC
decomposition.17,43,45 As in the spectra of sodium soaked in 1M NaClO4 in FEC, some spectra had more
intense peaks relating to polycarbonate species; however, these never exceeded moderate intensity.
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Figure 24. FTIR spectra of P/C electrode cycled with FEC-containing electrolyte and of relevant sodium metal
reference samples. FTIR spectra of sodium metal soaked in 1M NaClO4 dissolved in FEC, sodium metal soaked in FECcontaining electrolyte, and a P/C electrode in the discharged state after 20 cycles in FEC-containing electrolyte. Horizontal
bars at the top mark common ranges of peak positions for some species of potential interest. From top to bottom: sodium
alkyl carbonates (red), sodium alkoxides (vibrant blue), sodium carbonate (magenta), esters, alkyl carbonates, and
polycarbonates (orange), and sodium carboxylate salts (dark blue).

The P/C electrodes used contain NaCMC binder, which possesses its own sodium carboxylate
groups, and phosphorus, the surface oxides of which have peaks potentially overlapping with those of the
SEI. It is thus, in principle, possible that some of the peaks attributed to SEI species in the IR spectra of
P/C electrodes above could actually stem from these species. Spectra of ball-milled red phosphorus,
NaCMC, a carbon-free NaCMC/red phosphorus electrode (prepared as described for P/C electrodes in the
Methods section, but without addition of Super P carbon), and a fresh P/C electrode are presented in
Figure 25. Based on comparison of these and reference spectra to the spectra of cycled electrodes and
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sodium metal reference samples, we believe there are several reasons why it is unlikely that there is a
major contribution from these. First, the IR signal of the electrodes pre-cycling is extremely weak and
almost featureless due to their high carbon content. Thus, it seems unlikely that strong NaCMC signal
from the electrodes would be detected with cycling barring significant electrode reorganization. The
second relates to the behavior of NaCMC upon electrode fabrication. In silicon electrodes, NaCMC is
known to bond to the surface via formation of ester-like species.46–48 This esterification was also
observed in the IR spectra of carbon-free phosphorus/NaCMC reference electrodes. No such ester peak is
noted in the IR spectra of electrodes cycled in FEC-containing electrolyte, and the ester-like peak
observed in spectra of electrodes cycled in FEC-free electrolyte is both at higher wavenumber and
noticeably narrower. The final reason is the lack of peaks matching phosphorus/phosphates and NaCMC
in the ~1300-1100 region. NaCMC has strong peaks related to C-O stretching around 1100-1000 cm-1,
and phosphates (including sodium phosphates49,50) show broad and intense bands through around 1300950 cm-1. These peaks of NaCMC appear to remain fairly consistent even with changes in the local
environment, as seen in some NaCMC polymer blends or complexes.51–53 Matching peaks are not
observed on electrodes cycled in FEC-free electrolyte. Although the broadness of the peak around 1200950 cm-1 in the FEC-containing sample prohibits definite statements about the presence of NaCMCrelated bands in this region, no NaCMC-related bands are distinctly seen there, and phosphate vibrations
are additionally not noted. The broad peak in that region on the electrode spectra is also very similar to
the broad peak in that region on reference spectra of sodium metal soaked in FEC-containing electrolytes,
further supporting that this does indeed stem from SEI species rather than from the underlying electrode.
Based on these points, the FTIR spectra are interpreted as stemming fully or primarily from SEI species
rather than from the phosphorus and NaCMC binder in the electrode.
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Figure 25. FTIR spectra of fresh P/C electrode and related references. FTIR spectra of NaCMC powder, ball-milled
red phosphorus diluted with KBr, a carbon-free ball-milled red phosphorus/NaCMC electrode, and a fresh P/C electrode.

The lack of intense and consistent polycarbonate peaks in these spectra is particularly curious, as
FEC reduction to form vinylidene carbonate (VC) followed by further reduction and polymerization of
the VC is accepted as one of the mechanisms by which FEC can benefit SEI stability in Li-ion
batteries.17,43,44,54–56 To further investigate this, IR spectra of sodium metal soaked in 1M NaClO4
dissolved in VC were collected and compared to the spectra of sodium metal soaked in 1M NaClO4
dissolved in FEC, as shown in Figure 26. In spectra of the former, a broad peak or collection of peaks
attributed to polycarbonates ranges from moderate to very intense. In contrast, in the latter spectra, the
polycarbonate peaks range from weak to moderately intense. This may indicate that different reduction
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pathways for FEC are favored in the sodium system versus the lithium system, as discussed further
below.

Figure 26. Comparison of VC and FEC effect on the sodium metal SEI. FTIR spectra of sodium metal soaked in 1M
NaClO4 in VC and 1M NaClO4 in FEC.

IR spectra were also collected from the sodium deposit area of electrodes cycled in FEC-free
electrolyte and compared with electrode and reference spectra. As shown in Figure 27, the SEI formed in
this region is extremely similar to the reduction product of 1M NaClO4 dissolved in molten EC. This is
likely due to differences in the distribution of EC and DEC at the electrode surface during cycling. EC is
expected to solvate Na+ better than DEC due to its higher polarity,57 and should thus be found at increased
concentration near the electrode surface during discharge.58 In addition, the cation is known to play a
significant role in promoting solvent reduction.59 It is thus plausible that, upon deposition of Na metal,
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the very active Na surface would be exposed primarily to Na+/EC and thus EC was preferentially reduced,
yielding the observed SEI film.

Figure 27. FTIR of sodium metal deposit. FTIR spectra of the sodium deposited on a P/C electrode after 20 cycles in FECfree electrolyte and of Na metal soaked in 1M NaClO4 in EC for comparison.

As a final comment regarding the IR spectra collected as part of this work, it should be noted that
by comparison of the base of collected spectra, some of the spectra appeared to show “derivative-like”
character in the stronger peaks. This type of behavior can be caused by collection of specular reflection
signal instead of or in addition to diffuse reflection signal.60 Numerous spectra were collected in order to
ensure that repeatable, seemingly non-derivative-like behavior could be achieved. However, it cannot be
guaranteed that the signal collected for the presented spectra has no derivative character whatsoever, and
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it is possible that the true peak positions for the more intense peaks detected are at a slightly lower
wavenumber than they appear to be in the spectra here.
To further aid in characterizing the SEI composition, XPS analysis was performed on electrodes
cycled in FEC-free and FEC-containing electrolyte. XPS spectra of electrodes cycled in FEC-free and
FEC-containing electrolytes are shown in Figure 28-32. It should be noted that peaks positions assigned
to a given species or classes of species vary significantly in the literature.14,19,27,33,61–80 Values may shift
somewhat based on precise species being analyzed, and some existing papers assign peak positions based
on previous studies with widely varying charge correction schemes, leading to questionable assignment of
peak values. In addition, there is generally little comment given on the possibility of differential charging
in analyzed electrodes, although as samples which contain inhomogenous domains of different materials
with different conductive properties, this may be an issue in some cases. Finally, peaks may shift and
overlap due to secondary effects – for example, hydrocarbons attached to carbonyl groups can be shifted
by several tenths of an eV.64 These factors can make analysis of XPS data extremely difficult, especially
in systems as inherently complex as the battery SEI.33 In addition to this, XPS analysis only probes the
top ~10 nm of material.81 Differences may thus exist in the composition detected by XPS and other
techniques, such as FTIR spectroscopy, which can probe deeper into the sample.
In the analysis of XPS data presented below, we have made our best effort to consolidate peak
positions from the literature into reliable ranges, and have used these in making peak position assignments
for our own spectra. Sufficient agreement was found among articles which presented references for
similar compounds that we have reasonable confidence in the presentation of peak position ranges.
However, based on the array of spectra we have collected, it appears that there is noticeable differential
charging occurring in the analyzed samples. As further described below, the Na 1s peak was taken as a
particularly good indicator – spectra of electrodes cycled in FEC-free electrolyte showed an Na 1s peak or
shoulder in the 1073-1075 eV range, which is too high for the real Na 1s peak position.73,79,82–87 Similar
behavior was noted on the Na 1s and F 1s spectra of electrodes cycled in FEC-containing electrolyte,
which had peaks or shoulders at too-low binding energy.82,87–91 Such behavior likely stems from the
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aforementioned inhomogeneity of the cycled electrodes, both with regards to side-by-side domains of
different materials in the SEI and the uneven morphology of the SEI and electrode after cycling. In
addition, analyzing the samples inside of the specially-designed holder may have affected charging and
charge neutralization of the samples. The severity of observed charging varies from sample to sample.
Some spectra only showed a fairly weak shoulder in this range, and these were further analyzed; others,
which showed dramatic peaks in this region, were discarded. Although it is believed that differential
charging in the presented samples is note egregious, it is important to keep in mind that it is contributing
to observed peak intensities and asymmetries in ways that are difficult to quantify. Interpretation of the
spectra has thus been left qualitative and somewhat general – quantitative assignment (e.g., fraction of C
atoms in the C 1s peak from sodium alkyl carbonate) and precise species assignment (e.g., distinguishing
components in the O 1s peak from –CO2Na in sodium carboxylate versus in sodium alkyl carbonate) has
not been attempted.
A final general note – as mentioned above, charge correction of spectra varies from reference to
reference in the literature. Although correction based on treating the rightmost component peak as
hydrocarbon species at 285 eV is common,63,64,91,92 species with alkali-carbon bonds have also been
posited as existing in the SEI. Such species can be found around 282-284 eV,66,93,94 and this poses the
question of whether simply assigning the major rightmost peak of the C 1s spectrum to hydrocarbon
species is valid. We have chosen to attribute the major rightmost peak of the spectra analyzed to
hydrocarbon species at 285 eV and use this as the basis of our charge-correction, for the following
reasons: 1) this puts the position of the major Na 1s peak within reasonable bounds (~1071 eV, which
appropriate for species such as Na2CO373,79,82–86), rather than too low to be attributed to sodium species (<
1070 eV); 2) in samples with FEC-containing electrolyte, this puts the F 1s peak within reasonable
bounds, and 3) this presents a picture of the other existing species which is more in line with what is
observed from FTIR measurements and what can be expected from previous work on reduction of
carbonate solvents (e.g., it indicates the presence of carbonate species in the SEI), and which is more selfconsistent between different element spectra. The position of the hydrocarbon peak used for charge
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correction was chosen based on approximate peak fits using literature values.17 Although overall peak
fitting could not be trusted for these samples, the position C-C/C-H peak was found to show fairly little
sensitivity to chosen parameters, indicating that the position chosen for charge correction should fairly
reliable.
The C 1s spectrum may be broken down into approximate regions where peaks for different
species may generally be found. Pure sp3 carbon and hydrocarbons fall at around 285 eV,63,64,91,92 and as
noted above, this was used for charge calibration. It should be noted that not all references cited here use
the same charge correction scheme within their work, and consistent interpretation sometimes requires
adjusting the stated peak positions so as to have all charge referencing performed similarly. Hydrocarbon
peaks may also be shifted based on adjacent functional groups – for example, the peak corresponding to
carbon atoms adjacent to a carboxylate group be found at around +0.4 eV relative to that of “ordinary”
hydrocarbons.64,91 Carbide species (Na-C-R) fall slightly lower, in the 282-284 eV range,66,93,94 while C-O
single bonded species (e.g., RONa, the ether linkage in ROCO2Na, PEO-type oligomers, etc.) can be
found around 286-287 eV.63,64,72,80,91,92,95–97 Carbonyl groups may be found around 287-288 eV.64,91,95
Carbon bonded to two oxygens (e.g., esters, carboxylate salts) may generally be found around 288-289.5
eV.63,64,73,74,76,80,91,98 Finally, carbonates are generally reported around 290-292 eV; some publications
treat peaks down to ~289 eV as corresponding to lithium alkyl carbonate species, but the validity of
assignments much below ~290 eV is uncertain.27,64,73,85,86,91,92,95,96 These carbon-oxygen functional groups
can overlap with carbon-fluorine groups, which could in principle be an issue for spectral interpretation as
FEC is a fluorinated solvent and could decompose to form fluorinated organic species. However, as
discussed below, there is no evidence of this in the F 1s peak and so fluorinated organic species will not
be considered in interpretation of the C 1s spectra.
C 1s spectra (Figure 28) of electrodes cycled in FEC-free electrolyte show high peak intensity in
the C-C/C-H and C-O regions. The broad peak appearing around 289.6 eV in these spectra has
appreciable intensity all through ~288-292 eV, probably indicating a mix of CO2- and CO3-containing
species. The high intensity in the C-O versus the CO3 region indicates that there is a substantial presence
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species with C-O bonds detected besides simply sodium alkyl carbonates (which have a 1:1 ratio of C-O
and CO3 carbon). In addition, the intensity in the CO2 region supports the FTIR identification of ester
and/or carboxylate species appearing in the SEI. Spectra of electrodes cycled in FEC-containing
electrolyte look quite different, with a strong peak associated with hydrocarbon-type species and weaker
shoulder corresponding to C-O species. The higher binding energy peak is centered around 289 eV, and
is believed to stem significantly from CO2 species (sodium carboxylate salts, by extension from the IR
spectra) with a contribution from CO3 species (sodium alkyl carbonates and sodium carbonate).

Figure 28. XPS C 1s spectra. High-resolution XPS C 1s spectra of P/C electrodes in the discharged state after 20 cycles in
FEC-free and FEC-containing electrolyte.

Based on our review of the literature, O 1s peaks can be assigned roughly as follows. Sodium
oxides are generally found in the 528-530 eV range.72,79,80 Carboxylate metal salts and carbonate metal
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salts show up around 530.5-532 eV, with carbonates tending toward the higher end of that
range.73,74,76,80,85,86,96,98 Oxygens singly bonded to carbon in configurations such as ether and alkoxide,
oxygens double-bonded to carbon, and hydroxides may generally be found around 532-533
eV.63,64,72,79,80,84,91,95 Singly-bonded oxygens that are second-nearest-neighbor to double-bonded oxygens,
such as in alkyl carbonates or esters, can be found around 533-534.5 eV, especially toward the upper end
of that range.63,64,80,91,92,95,96 Peaks related to perchlorate species can also be found near 532.5 eV and
533.5 eV.97,99,100 Sodium Auger peaks may also be found overlapping with the O 1s – a weak peak which
is part of the Na KLL lines can be found around 531 eV,84 and stronger peak corresponding to the Na
KVV is found around 536 eV.98,101 These assignments all assume assignment of the hydrocarbon C 1s
peak to 285 eV. It should be noted here that although some existing publications refer to peaks of
carboxylates/esters and carbonates as being at one approximate position regardless of the species they are
part of, this does not appear to hold up when compared with reference compounds in the literature (e.g.,
Na2CO3 versus alkyl carbonates/polycarbonates).64,73,85,86,91,92,95 Based on the different bonding states of
atoms in these types of compounds, it is also reasonable to expect that there would be multiple distinct
peaks.27,56,59,102,103 Also, as an additional note, it is possible that we could see phosphate species in the
spectra; however, as noted below, the detected content of phosphorus at the surface is quite low – thus,
phosphates are not considered to provide significant components in the O 1s spectra.
O 1s spectra (Figure 29) from electrodes cycled in FEC-free electrolyte show a very broad peak
with significant intensity between ~530-534.5 eV, reaching maximum intensity at 531.7 eV. This is
consistent with the C 1s peak, indicating significant presence of C-O species, as well as sodium
carboxylates, sodium carbonate, and/or sodium alkyl carbonates. There is little intensity below 530 eV,
indicating a lack of inorganic oxides within the exterior of the SEI – this is not entirely surprising given
the observed thickness of the surface layer, as oxides have been found to form closer to the active
material surface.104 The broad peak at higher binding energy is attributed to the Na KVV, potentially with
some extra tail toward higher binding energy due to charging. In contrast, spectra from electrodes cycled
in FEC-containing electrolyte show a strong, broad peak around 531.2 eV, with a broad shoulder at higher
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binding energy to around 534.5 eV. The primary peak likely corresponds to sodium carboxylates and
sodium carbonate/sodium alkyl carbonates. The lower intensity at higher binding energy compared to the
spectra of electrodes cycled in FEC-free electrolyte matches the differences in the C 1s spectra, which
show a lower content of C-O bonded species and sodium alkyl carbonates. There is also a somewhat
greater shoulder at lower binding energy, which may correspond to there being more detected oxide
species than in spectra corresponding to FEC-free samples. This may either relate to an actual increase in
oxide content or to a simple difference in SEI thickness, in the same sense that peaks of phosphorus are
somewhat more intense with FEC-containing electrolyte.

Figure 29. XPS O 1s spectra. High-resolution XPS O 1s spectra of P/C electrodes in the discharged state after 20 cycles in
FEC-free and FEC-containing electrolyte.
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Peaks of sodium fluoride and organic fluorides (e.g., species with –CFxHy groups) should be
fairly straightforward to distinguish. Sodium fluoride can be expected around 683.7-684.5 eV.82,87,88 In
contrast, organic species with various numbers of C-F bonds can generally be found from 687-690 eV.89–
91

The F 1s spectra (Figure 30) of electrodes cycled in FEC-containing electrolyte show a peak around

684 eV, which is a good match for NaF. No peak is observed at higher binding energy, so it appears that
fluorinated organic species are not formed by FEC decomposition in this system, or at least are not found
within the information depth of XPS measurement.

Figure 30. XPS F 1s spectrum. High-resolution XPS F 1s spectrum of P/C electrodes in the discharged state after 20 cycles
in FEC-containing electrolyte.

Peaks in the Na 1s spectrum show fairly limited chemical shifts and significant overlap between
different sodium-containing species, with peaks falling in the range of around 1071-1072.5 eV.73,79,82–87
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For this reason, and because the effect of differential charging is quite visible in the spectrum taken from
the electrode cycled in FEC-free electrolyte, we hesitate to make assignments based on the Na 1s spectra
(Figure 31).

Figure 31. XPS Na 1s spectra. High-resolution XPS Na 1s spectra of P/C electrodes in the discharged state after 20 cycles
in FEC-free and FEC-containing electrolyte.

Peaks in the P 2p spectra (Figure 32) are quite weak in all samples, and are especially weak in
samples with FEC-free electrolyte. This is in line with the significant SEI growth noted earlier by EIS
and SEM. The peaks which are detected appear around 132.4 eV and 129 eV, and are attributed to
sodium phosphates (e.g., Na3PO4, etc) and sodium phosphide, respectively.105 Sodium-free phosphates
(e.g., P2O5) normally have a higher binding energy, around 135-136 eV,99,105,106 while red phosphorus is
around 130-131 eV.105
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Figure 32. XPS P 2p spectra. High-resolution XPS P 2p spectra of P/C electrodes in the discharged state after 20 cycles in
FEC-free and FEC-containing electrolyte.

Discussion
The results presented above firmly support that using FEC as an electrolyte additive can
significantly improve the performance of phosphorus anodes in sodium-ion batteries, aligning with the
performance improvements seen in previous use of FEC in sodium-ion batteries. In addition, the results
presented herein provide some insight into the mechanism of these improvements, as well as some
direction on what needs further development.
Addition of FEC to the electrolyte visibly mitigates growth of a thick surface film of organic
material, as is detected on cells cycled in FEC-free electrolyte. Formation of such a thick surface layer
indicates that the SEI formed in FEC-free electrolyte is less stable or more permeable – or both – than the
112

SEI formed with FEC additive. This difference in SEI growth with cycling is expected to stem from
differences in the composition of the SEI layer formed in these two electrolytes. Interestingly, the
compositions of the SEI layer as seen by XPS seem somewhat different from those seen by FTIR. This is
particularly true for cells with FEC-containing electrolyte – XPS detects a significant amount of
hydrocarbon species in the SEI (e.g., ethyl groups in alkoxides or alkyl carbonates) and very low
carbonate content, while FTIR shows little in the way of peaks corresponding to C-H stretching but
significantly stronger carbonate-related peaks. This likely relates to both differences in depth sensitivity –
as XPS only detects up to the top 10 nm of surface, whereas FTIR can detect species deeper into the
sample, and to differences in relative peak intensities caused of different species with different
surroundings in FTIR (as noted above, for example, alkali alkyl dicarbonates often have relatively weak
C-H stretching peaks), and additionally, some fraction of the detected C-C/C-H peak in XPS may come
from carbon additive in the electrode visible to the measurement, as by cracks in the surface layer. That
said, by combining these two techniques, we can broadly say that the SEI of electrodes cycled in FECfree electrolyte is likely rich in sodium alkyl carbonates, ester- or non-polymerized alkyl carbonatecontaining compounds, and sodium alkoxides, possibly along with sodium monoalkyl carbonates, while
the SEI of cells cycled in FEC-containing electrolyte has comparatively more polycarbonates, sodium
carboxylates, sodium fluoride, and possibly sodium oxide and/or sodium carbonate. The beneficial effect
of FEC thus likely comes from several factors. First, previous work has shown that polycarbonates
formed by FEC reduction can play a key role in electrode protection.17,43 Although polycarbonates seem
to be formed more weakly and irregularly in the P/C Na-ion system than in the Si system, they are
nonetheless present in the SEI and are likely to still play an important role. Additionally, from FTIR, by
analogy to the lithium-ion system, sodium oxide, fluoride, and carbonate may also help form highlyinsoluble and relatively impermeable SEI.29,107–109 Dense, inorganic species have indeed been linked to
formation of an overall thinner SEI.110 In contrast, by analogy to ROLi and ROCO2Li species, RONa and
monocarbonate ROCO2Na species may be more soluble and/or permeable and thus less effective
passivating agents.33,109–112 The effectiveness of passivation by sodium carboxylates versus sodium alkyl
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carbonates or alkoxides is uncertain based on the existing literature, as it has seen little discussion despite
carboxylate species having been previously identified as major SEI components in some carbonate-based
electrolyte systems, including in systems using electrolyte additives such as VC.31,33,43,94,113,114 However,
based on the previous work on silicon anodes in dioxolane-based electrolytes, carboxylates are expected
to serve as effective passivating agents for the phosphorous surface.115
Overall, the performance of P/C electrodes as reported here and in previous work is surprisingly
good. Studies on silicon in Li-ion batteries have shown very poor to mediocre stability for nonnanostructured micron-sized particles, and even for many nanosized particles, despite use of advanced
binders and electrolyte additives.116–120 This difference may relate in part to the relative softness of
phosphorus in comparison to silicon. Previous work has shown that silicon experiences lithiation-induced
softening, with its hardness and elastic modulus dropping from 5 GPa and 92 GPa to 1.5 GPa and 12 GPa,
respectively, and has found that this reduction in modulus renders it more resistant to fracture.121,122
Comparison of the bulk moduli for red phosphorus and silicon finds them to be 10.9 GPa and 100 GPa,
respectively,123,124 indicating that phosphorus may be more resistant to fracture than silicon even before
significant sodiation. This gives some hope that it may be possible to generate simpler, cheaper
phosphorus electrodes with good performance compared to the intensive synthesis processes often needed
for silicon.
Despite this promising observation, further improvements are still desired, as a slow downward
trend in capacity can be seen even with FEC-containing electrolyte, both in the cycling data presented
here and in the literature.11,12 One way to do so may be to promote increased formation of polymerized
species such as polycarbonates by further modification or admixture of electrolyte additives.
Polycarbonate formation has been identified as a key mechanism of SEI stabilization in Li-ion batteries,
as they should be robust toward electrode volume change and relatively impermeable to electrolyte,17,43,44
but their formation appears to be less favored in the Na-ion systems studied here. The reason for this is
difficult to pin down without significant further investigation, but it may relate to differences in factors
such as the reduction strength and surface structure. Several mechanisms of FEC reduction have been
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identified in Li-ion batteries. One of the mechanisms commonly identified for FEC decomposition during
SEI formation is a three-electron reduction process leading to elimination of HF and formation of
VC.17,43,44,54–56 Studies of VC decomposition on lithiated silicon surfaces have found that, in that system,
VC can decompose by two-electron reduction and breakage of a vinyl carbon-ether oxygen bond, forming
an opened VC radical (•OC2H2OCO2-) which may then polymerize.44,54 Additionally, this FEC
decomposition mechanism results in formation of LiF by interaction of the ejected F- with Li+ ions at the
electrode or with other lithiated SEI species. Other decomposition mechanisms for FEC have also been
identified – for example, four-electron reduction leading to formation of CO22-, F-, and •CH2CHO- or CO2, F-, and •OCH2CHO-,54,56 or formation of fluorinated carbonate dimers like (CH2CHFOCO2Li)2.44,55
Which mechanism is most favored in a given battery system may depend on factors such as surface
properties, degree of lithiation/sodiation, adsorption scheme of the solvent, cosolvents, and Li+/Na+
concentration.54–56,102,125,126 Based on the higher carbonate and carboxylate peaks seen with FECcontaining electrolyte, it appears that paths which favor CO2 formation, either directly or by reaction of
formed VC with EC reduction products instead of polymerization of VC, may be more favored here than
in the Li-ion silicon anode system.22,54,94 Given the significant polycarbonate formation on sodium metal
soaked in 1M NaClO4 in VC (Figure 26), the relatively greater favoring of such FEC reduction paths
seems particularly likely. Indeed, this behavior could also relate to differences in the decomposition of
EC, which may also follow several mechanisms.59 As the XPS F 1s spectra show no sign of fluorinated
organic species, it appears that fluorinated carbonates are also not formed. In addition to this, it should be
noted that the Na-O bond is fundamentally somewhat weaker than the Li-O bond.127 Both the Li-ion and
Na-ion SEI are rich in compounds such as M2CO3, ROM, and ROCO2M (M = Li+ or Na+, R = alkyl
group). Weaker bonding may indicate decreased stability of the formed SEI compounds and higher
solubility, and may affect reduction pathways. Further testing of other additives, co-solvents, and salts
should be performed to clarify the mechanisms at play and their performance impacts.
One further question of this system lies in the formation of the sodium metal deposit. Lithium
deposition has previously been seen in Li-ion batteries, particularly with graphite anodes at high rate or
115

low temperature, as the kinetics under these conditions can be too slow to support the applied current.16
That said, this behavior occurs during lithiation of the graphite, not during delithiation. Similarly,
although in the FEC-free system presented here the deposit is only visible after the first desodiation of the
electrode, the desodiation process is an oxidative process – reduction of Na+ from electrolyte to form Na
metal is thus not expected to occur during desodiation. In principle, the metal deposition could stem from
disproportionation, decomposition, or reaction of species at the electrode surface or the electrode itself
during charging. However, as the cell is capable of extracting capacity during charging, the electrode can
be repeatedly cycled, and the deposit appears to form on the surface of the electrode, reaction of Na3P to
form Na metal and phosphorus or a phosphorus compound seems unlikely. Spontaneous decomposition
of potential SEI compounds to form Na metal has been reported for ethyl sodium. This reaction goes
through NaH as an intermediate, which would be expected to react with the electrolyte rather than
forming Na metal, and the deposition of actual Na metal is only observed at high temperatures; however,
it is possible that some similar process might occur.128 In formulating a potential mechanism, we can also
look to the SEI formed on the deposit, as characterized by FTIR (Figure 27). The surface layer is an
excellent match for the surface layer formed on sodium with NaClO4 in molten EC, rather than that
formed on sodium with NaClO4 in EC/DEC or on the P/C electrode after cycling with NaClO4 in
EC/DEC. Sodium metal would be expected to react with electrolyte immediately upon deposition due to
its lack of oxide surface covering, so this IR spectrum indicates that the environment around the Na metal
at the time of deposition was dominated by EC. For context, it should be remembered that the solvation
of cations significantly promotes electrolyte reduction, and Na+ is expected to be primarily solvated by
EC even in electrolyte containing both EC and DEC – thus, in this case, it seems that the electrolyte at the
freshly-deposited Na surface must not simply have been predominantly composed of EC, but should in
fact have been almost purely EC.59 This is expected to be the case during sodiation rather than during
desodiation, since the Na+ concentration at the surface is expected to be higher during sodiation than
during desodiation.20 Based on these factors, it is possible that in the FEC-free system, the combination
of a low-quality SEI and the poor ionic conductivity of phosphorus12 enable very small clusters of sodium
116

ions – too small to be either visible or detectable by XRD – to deposit on or near the phosphorus surface
during cell discharge. These highly-reactive clusters would immediately react with nearby solvent – that
being EC – forming their own SEI and preventing immediate aggregation into larger sodium particles.
Upon charging, the phosphorus particles contract, bringing sodium clusters closer together, and the SEI is
noted to be partly removed. This could enable aggregation of the sodium clusters and growth of larger
particles, making the deposit both visible and detectable by XRD. It has been shown in Si anodes made
with Li powder additive that larger particles of active metal may only partly react with an electrode, 15
which may help explain why the deposited metal remains on the electrode surface. In contrast, in FECcontaining electrolyte a more robust SEI forms on the electrode, which could lead to more uniform
current density (thus giving a lower driving force for deposition) and to better electrode surface/SEI
adhesion (helping prevent deposition).
In summary, it has been confirmed that FEC contributes dramatically to the cycling stability and
SEI stability of phosphorous anodes in Na-ion batteries. Differences in SEI growth with cycling can be
observed between cells cycled with FEC-free and FEC-containing electrolyte, and these are likely related
to differences in the chemical composition of the SEI in these two cases: likely comparatively richer in
sodium alkyl carbonates, esters/alkyl carbonates, and alkoxides in the FEC-free case, and comparatively
richer in polycarbonates, sodium carboxylates, sodium fluoride, and potentially sodium oxide and sodium
carbonate in the FEC-containing case. In addition, severe deposition of sodium metal on the phosphorus
electrode was observed to take place for cells cycled in FEC-free electrolyte. Although these findings are
promising with regards to the benefit of FEC and performance of phosphorus electrodes, further
investigation will be needed to select optimized electrolyte systems, and moreover, to gain more
fundamental understanding on the role and structure of different components in the SEI of phosphorous
and other high-volume-change anodes in sodium-ion batteries.
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Summary
The work presented in this dissertation covers several surface-focused approaches to addressing
the issues of lithium-sulfur batteries and phosphorus anodes for sodium-ion batteries.
Lithium-sulfur batteries are extremely promising for future applications due to their high
theoretical capacity and potentially-low cost. However, they have many issues stemming from the
dissolution, diffusion, and side-reaction of the soluble intermediates of charge/discharge, lithium
polysulfides (Li2Sx, 2 < x ≤ 8). Soluble polysulfides can be lost by irreversible reaction to form barelysoluble Li2S2 or Li2S with the lithium anode or by becoming inaccessible in the electrolyte; can redeposit
during charge or discharge as large, inactive particles of barely-soluble species (sulfur, Li2S2, and Li2S);
or can engage in the polysulfide shuttle, where they are cyclically lithiated and delithiated at the anode
and cathode, respectively.1–6 These behaviors lead to modest practical capacity, fast capacity fading, low
efficiency, and high self-discharge. Many methods of fixing these problems have been proposed, and it is
unlikely that any one alone will do the job – however, two of the most popular revolve around designing
cathodes to trap polysulfides and promote good electrode conductivity,7–12 and designing electrolytes
which can protect the anode from reaction with polysulfides.13–18
Trapping polysulfides in the cathode usually involves designing some sort of porous carbon
material, and most commonly a mesoporous carbon material – this creates a large surface area for
polysulfide adsorption (trapping them in the cathode) while also keeping at least the initial sulfur particle
size small and putting it in intimate contact with conductive carbon (improving kinetics).7–12 However,
these designs are limited by the fundamental strength of the adsorption of lithium polysulfides on carbon
– which, being just physical adsorption, is weak. Non-carbon adsorbents have also been tested, and show
somewhat stronger adsorption thanks to electrostatic effects.4,19–21 These adsorbents, however, are nonconductive – they decrease the overall conductivity of the cathodes and do not permit direct redox of
adsorbed polysulfides, necessitating that polysulfides desorb and diffuse before being used. This can lead
to poor kinetics and rate performance.4,19–22 Compared to these, an ideal adsorbent would be conductive
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(to maintain good kinetics and rate performance), interact strongly with lithium polysulfides (to enable
good trapping), and take the form of an industrially-viable, high-tap-density material which could be used
to fabricate high-areal-capacity electrodes (as these properties affect the final cell-level energy density).
In this work, one such material has indeed been presented – carbon nanotube-interpenetrated mesoporous
nitrogen-doped carbon spheres (MNCS/CNT). As a mesoporous carbon scaffold with an additional
internal and external network of CNTs, it has high conductivity. Since the composite takes the shape of
micron-sized spheres and can host up to 70 wt. % sulfur thanks to its high pore volume, it has a high tap
density and can be used to fabricate high-areal-capacity electrodes. Most interestingly, the nitrogen
doping has been found to yield strong chemisorption of polysulfides, effectively trapping them in the
cathode. The polysulfide trapping was first demonstrated by UV-vis spectroscopy, further investigated by
pair distribution function (PDF) analysis, and explained with additional assistance from density functional
theory (DFT) modeling. Based on the sum of these techniques, it appears that thanks to having an extra
electron compared to carbon, nitrogen atoms in the framework can both form stronger direct bonds to Li+
ions of lithium polysulfides and donate an electron to nearby functional groups, enhancing the strength of
Li+ adsorption on the oxygen atoms. This effect has been tested with the MNCS/CNT in both cathodeprotecting interlayer and MNCS/CNT-sulfur composite cathode plus MNCS/CNT interlayer
configurations and found to dramatically improve electrochemical performance, with cells having
MNCS/CNT as both the cathode framework and interlayer showing 200 cycles of operation with a
capacity of ~1200 mAh/g and negligible fading after the first few cycles. These combined factors – high
capacity, excellent stability, high tap density and areal capacity, and good conductivity and rate
performance – make this material and others like it of significant interest for further development.
On the other hand, protecting the anode from reaction with polysulfides generally involves use of
appropriate electrolyte additives. Lithium nitrate, LiNO3, is quite popular for this purpose.14,23,24
Investigations by other researchers have shown that LiNO3 can prompt formation of LiNxOy and LiSxOy
species on the lithium anode, leading to a more robust solid-electrolyte interphase (SEI) which can better
prevent contact with dissolve lithium polysulfides.14 Work in this area has particularly focused on cycling
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stability and efficiency; less attention has been given to self-discharge, although that may also be a
serious issue. The work presented here demonstrates that self-discharge can indeed be quite severe.
Lithium nitrate, despite its ability to decrease the polysulfide shuttle over short times, was found to be
ineffective for protecting against self-discharge over a long time at an elevated temperature. In contrast, a
new electrolyte co-solvent – bis(2,2,2-trifluoroethyl) ether (BTFE) – was shown to noticeably decrease
self-discharge when paired with LiNO3. This effect was traced to growth of a more robust SEI on the
lithium anode surface, which could better prevent contact and redox reactions with polysulfides. In
addition, comparison of cells with low-sulfur-loading and high-sulfur-loading cathodes showed that
material loss was a key mechanism of self-discharge in the former, while polysulfide shuttling was
dominant in the latter. This shows a path for further work on self-discharge mitigation in lithium-sulfur
batteries by use of fluorinated electrolyte additives and further tuning of the electrolyte amount,
composition, and cathode structure.
Research on sodium-ion batteries is in large part motivated by cost and material abundance. The
cost of lithium carbonate, the lithium precursor used for many lithium-ion battery materials, has risen
significantly during the explosive growth of the lithium-ion battery industry.25 It is also not
extraordinarily abundant, leading to predictions of rising costs and eventual scarcity.25–27 Sodium
carbonate, in contrast, is both extremely abundant and quite inexpensive.28–30 Interest has thus been
shown in development of sodium-ion batteries as low-cost, more-sustainable alternatives to lithium-ion
batteries, particularly for stationary applications.26 Some of the most promising anode materials for
sodium-ion batteries are high-volume-change materials like tin and phosphorus – upon sodiation and
desodiation these materials expand and contract significantly. Phosphorus is particularly attractive due to
its high capacity of ~2600 mAh/g, but its 300% volume change during cycling is problematic.31 Such
volume change can cause particle fracture, electrode delamination, and unstable SEI growth, in turn
leading to increasing cell impedance, low efficiency, and capacity fading.32 Use of fluoroethylene
carbonate (FEC) as an electrolyte additive has been found to help improve stability of phosphorus anodes,
likely by stabilizing the SEI, as has previously been observed in silicon anodes of lithium-ion batteries.
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However, thus far, relatively little research has been published on its precise effects on the SEI
composition of sodium-ion battery anodes in general and phosphorus anodes of sodium-ion batteries in
particular. In this work, we have investigated SEI growth on phosphorus anodes with and without FEC
using scanning electron microscopy (SEM) and electrochemical impedance spectroscopy (EIS), and
shown that FEC does indeed help to prevent continuous SEI growth. In addition, the SEI composition
with and without FEC has been investigated using Fourier transform infrared spectroscopy (FTIR) and Xray photoelectron spectroscopy (XPS), giving insight into where the differences in behavior may stem
from. Finally, it was shown that sodium metal can aggressively deposit on phosphorus electrodes cycled
without FEC, demonstrating another positive effect of FEC in preventing such behavior. This work gives
further insight into the SEI of high-volume-change anodes of sodium-ion batteries and highlights areas
which could stand for further research.

Suggested Future Work
There is significant room to further expand the work presented in this dissertation.
The nitrogen-doped carbon cathode framework has shown excellent battery performance; the
obvious next steps are to further optimize this premise. Studies on the changes in adsorption behavior
with variation of the nitrogen content and nitrogen dopant type (e.g., pyrrolic nitrogen, pyridinic nitrogen,
etc.) would be valuable, as would studies seeking to tune the oxygen functionalities on the surface of such
N-doped carbon materials. In addition, as discussed above, it appears that the adsorption-boosting effect
of nitrogen may stem from it being electron-rich relative to carbon. Other similar dopants (S, P, etc.)
would thus also be worth testing, as might electron-poor atoms, to see if adsorption of the polysulfide
anion can be promoted. In addition, further fundamental work on sulfur and lithium polysulfide
adsorption would be good to see. This could address questions like: what is the behavior of the
polysulfide anion when the Li+ cation is adsorbed? To what extent is there competition between the
LiTFSI salt and Li2Sx for adsorption on the doped carbon framework? These and other topics of research
would be valuable additions to the lithium-sulfur battery field.
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There is certainly also significant room for further improvement in the area of lithium-sulfur
battery anode protection and self-discharge mitigation. Although the work presented here made steps in
the right direction, self-discharge is still quite high. In addition, at present, the new species formed as part
of the anode SEI have not been precisely identified. Work on identifying these, and testing and tuning
electrolyte additives, salts, and co-solvents, as well on tuning cell properties like salt concentration and
amount of electrolyte, would be further steps in the right direction. In addition, as mentioned previously,
lithium anodes are not presently safe to use in large-scale batteries due to their tendency toward internal
and external dendrite growth, high reactivity, and frequently-poor passivation. The development of wellprotected Li anodes would be a great help to the battery community, as these would be high-capacity,
nonporous anodes. Alternately, some work has already been conducted on other anode types (for
example, silicon-based) for sulfur batteries33,34 – however, further work is still needed to both improve
performance and test properties such as safety and self-discharge in these systems, and to evaluate the
potential energy density of practical batteries with such anodes. It can be expected that the SEI of these
cells may be different from the SEI of both lithium anodes of Li-S batteries and anodes of conventional
lithium-ion batteries, and other electrode elements such as the binder and current collector may also be
affected. Further work on solid-state electrolytes in the context of lithium-sulfur batteries would also be
good, as these would certainly put a halt to reaction of dissolved polysulfides with the anode, if
appropriately stable, high-ionic-conductivity, processable solid electrolytes could be designed and
applied.
With regards to the SEI on phosphorus and other anodes of sodium-ion batteries, further work is
still needed to more precisely characterize the species formed and to develop electrolytes which can show
even better protection of the electrode surface. Further fundamental characterization would also be
valuable, with regards to the complex structuring of these species, factors affecting the ionic conductivity
of the SEI as a whole, relative positive or negative impact of different SEI components for different
electrode types, SEI growth and failure mechanisms, etc. At present, while some of this information on
some species has been presented, it is still sparse. More characterization of the mechanical properties of
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phosphorus and other sodium-ion anodes would also be helpful, as their response to lithiation and
delithiation outside of the general “volume change” is not well-established. Factors such as the influence
of sodiation-based softening (if any), formation of nanovoids during cycling, and failure modes under
volume change are all important factors in understanding the system behavior. Finally, work on superior
binders for these electrodes would also help greatly. As noted in chapter 4, significant delamination was
observed in some electrodes; determining appropriate binder chemistries to counteract this and other
undesirable behaviors would certainly lead to better-performing, more-reliable sodium-ion anodes.
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Sample Holders for Analysis of Air-Sensitive Samples
It is well-known that the species found in cycled electrodes and their SEI layers can be extremely
sensitive to air and moisture.1,2 In order to do reliable characterization of such samples, it is best to
prevent them from coming into contact with air and moisture before analysis. With this in mind, we
designed specialized sample holders which allowed for this type of analysis to take place.
Sample Holder for SEM Imaging of Air-Sensitive Samples
Figure 33 shows a photo of the sample holder used for SEM imaging of air-sensitive samples.
The design is, in essence, a canister with a valve, an o-ring, and a spring-loaded lid. A conductive stub
rests inside the canister. Use of the sample holder proceeds as follows. One or more samples are
prepared in an inert-gas-filled glove box and attached to the stub using carbon tape. Once all samples
have been inserted, the lid is closed and mechanically clamped, as by a simple c-clamp, and the valve is
closed. The holder is then removed from the glove box, attached to a vacuum line, and vacuumed
through the valve, after which the valve is again closed. The mechanical clamp on the sample holder may
now be removed; the difference in air pressure between the interior (vacuum) and exterior (~ 1 atm) of the
holder exterts a clamping force and keeps the holder sealed and air-tight. The holder is now ready for
insertion into the SEM chamber. Since the SEM is operated under vacuum, as the chamber is pumped
down the pressure difference between the interior and exterior of the holder will drop, eventually allowing
the spring to pull open the lid and expose the samples for analysis. As an additional note, the holder
shown was built with two extra ports, to allow for electrical connections to be made and samples to be
electrochemically cycled during imaging; this capability was, however, not used in the present work.
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Figure 33. Sample holder for SEM imaging of air-sensitive samples. Photo of sample holder for SEM imaging of airsensitive samples.

Sample Holder for XPS Analysis of Air-Sensitive Samples
A similar sample holder was designed for XPS analysis of air-sensitive samples. Unlike the large
analysis chamber of the SEM, however, the XPS chamber requires that the holder be significantly
smaller. To meet this requirement, a two-part design was used for the holder. The holder itself is shown
in Figure 34a, and consists of a canister with a compression fitting for 1/8” tubing, an o-ring, and springloaded lid. A schematic of the whole assembly is shown in Figure 34b. Before sample loading, a 1/8”
copper tube is affixed to the holder via the compression fitting, and the other end of the tube is affixed to
a valve assembly, which has a 1/8” compression fitting attached to a valve. A conductive stub is inserted
into the holder, and then one or two samples are attached to the stub using carbon tape in the glove box.
Once sample loading is complete, the lid is closed and mechanically clamped, and the valve is closed.
The holder is then vacuumed through the valve, the valve is shut once more, and the mechanical clamp is
removed – as is the case for the SEM sample holder, the lid of the XPS sample holder is held shut by the
difference between interior and exterior pressure. The copper tube is now cold-welded shut and cut near
to the holder compression fitting using a specialized cold-welding tool (CHA Industries, POD-375),
sealing the holder and freeing it from the bulky valve assembly. The holder may now be inserted into the
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XPS analysis chamber as normal for an analysis sample, and the spring attached to the lid will open it
when the pressure difference between the holder interior and chamber has dropped sufficiently.

Figure 34. Sample holder for XPS analysis of air-sensitive samples. a) Photo of the XPS sample holder for analysis
of air-sensitive samples, not including the valve assemble; and b) diagram of the XPS sample holder and valve assembly for
air-sensitive samples.
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It should be noted that, because XPS is a technique which is surface-sensitive on the order of a
few nanometers, special precautions must be taken to prevent trace contamination by air and moisture.
As slight leaking may occur when opening and closing the valve, the holder is vacuumed inside of an
argon-filled glove box, and is transported between the sample loading glove box and the vacuum-lineenabled glove box inside of a heat-sealed plastic bag, minimizing possible minor leakage through the
valve. A new o-ring is used for each sample, coated with a thin layer of high-grade high-vacuum grease.
This prevents leaks caused by minor use-to-use o-ring damage or dirt buildup. In addition, as necessitated
by the design, the tubing and ferrules are single-use components. To ensure that the sealing was
adequate, before use, the lid sealing was thoroughly checked using a helium leak tester. This tester
essentially consists of a high-vacuum system combined with a mass spectrometer tuned for helium; the
holder is connected to the tester across the valve assembly, allowed to reach high vacuum, and then the
exterior is sprayed with helium gas using a probe-tip sprayer. In such a system, leaks are detected when
helium enters the vacuum system and is registered by the mass spectrometer. No leaks were detected in
the XPS holder, except for a minor leak when the valve was opened and closed, hence the above-noted
precaution of only operating the valve inside of argon-filled glove boxes. Finally, although no method of
testing the cold-weld quality was available, there were several occasions where samples were kept
prepared and then kept sealed and mechanically clamped in the glove box for around a week. When the
clamp was removed at the end of this time, the lid did not pop open, indicating that no or minimal gas had
entered the holder during this time; we can thus extrapolate that the sealing produced by using the coldweld tool on the copper tubing is of good quality.
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