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Abstract

Pyrite-based sodium-sulfur (Na-S) solid-state batteries (SSBs) are consid-
ered as the next generation of sustainable energy storage systems because of
the use of highly abundant materials, the expected high energy and power
densities, and the improved capacity. However, until now FeS,-based Na-S
solid state batteries have not received much attention because of the dif-
ficulty in finding suitable solid electrolytes (SEs). Furthermore, research
on Na solid-state batteries is in its early stages. Driven by the advantages
of using both FeS; and Na in a solid-state battery, this work focuses on
the investigation of an all-solid-state cell setup with a composite cathode
made of FeS; (cathode active material), NazPS,, and carbon black, NagPS,
as the separator, and a sodium tin alloy as the anode. In particular, the
positive electrode microstructure and the effect of an additive (Nal) were
examined using electrochemical and analytical methods, such as galvano-
static charge-discharge (GCD) and scanning electron microscopy (SEM).
Our results show that smaller particle size within the composites is key for
allowing active material utilization and achieving high capacities.
Although the redox-mediating effect of Nal remains unclear, studies
performed on Li-S systems suggest that iodine is effective in enhancing
fast charging capabilities for solid-state batteries. For this reason, further

investigation on the topic is needed.
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1 Introduction

As the world’s energy crisis advances, strategies to reduce fossil fuel con-
sumption are highly needed. In this context, secondary batteries play a key
role in enabling the effective utilization of renewable energies [1]. Among the
different battery technologies, lithium-sulfur batteries (Li-S) are promising
because they are expected to have high energy densities (up to 2600 Wh
kg™!) and theoretical gravimetric capacities (1675 mAh g=!). Further, sul-
fur is a low-cost, earth-abundant element [2, 3]. However, the utilization of
Li-S batteries is restrained by four main issues. First, the use of a lithium
metal anode often causes electrolyte degradation and dendrite formation,
which might cause short circuits and introduce safety issues such as heat
accumulation and gas evolution. Second, sulfur and its discharging and
charging products are both electronic and ionic insulators. This brings
about kinetic difficulties that can be overcome only by integrating large
amounts of ionic and electronically conductive additives inside the cathode.
In addition, considerable volume change is expected during cycling and can
cause cracking and loss of cathode active material. Lastly, the polysulfide
shuttle effect is one of the main causes of cell failure. In fact, in Li-S cells,
different polysulfides (PS) species that can dissolve in liquid electrolytes
are formed during cycling. PS can then shuttle back and forth between
the electrodes and cause coulombic inefficiency, corrosion of the anode, and
failure [2, 3, 4]. To overcome the main challenges of Li-S batteries, many
strategies can be employed. For example, metal sulfides that show better
electronic conductivities compared to sulfur can be used as cathode active
materials (CAMs) [5]. As an example, CuS, NiSy, CoSy and FeS, are at-
tractive as active materials due to their low cost [6, 7]. Among the sulfides,
pyrite (FeSy) stands out as cathode active material because of its earth
abundance (largest reserve of sulfide minerals in the earth’s crust), cheap
price, non-toxicity and high theoretical capacity (894 mAh g=!) enabled by

its four-electron redox process (Eq. 1).



FeSy +4Nat +4e” — FeS +2NayS (1)

Moreover, with its semiconductor properties, pyrite is especially suitable
for optoelectronic and battery applications [8, 9, 10].

In any case, pyrite-based Li-S batteries still face issues such as polysul-
fide shuttle, volume expansion, and dendrite formation. A possible strategy
to overcome the problem of PS shuttle is to use an all-solid-state cell setup
[5, 11]. In solid-state batteries (SSBs) liquid electrolytes are replaced with
solid electrolytes (SEs). This brings significant advantages and paves the
way for new opportunities; however, SSBs also come with a number of chal-
lenges. The most important benefits of using solid state batteries come from
the possibility of achieving improved energy and power densities, avoid-
ing shuttling effects, and having better stability at elevated temperatures.
Moreover, the use of oxide ceramic solid electrolytes improves battery safety
since they are stable against lithium and are not combustible (unlike liquid
electrolytes), but this is not true for sulfide electrolytes that face safety is-
sues related to the formation of toxic HoS [11]. Figure 1 shows a schematic

representation of the difference between Li-S and Li-S solid-state batteries.
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Figure 1: a) Voltage profile, conversion mechanism and battery architecture
of a typical liquid Li—S battery b) and a typical all-solid-state Li—S battery.
The choice of electrolyte chemistry and its phase (liquid or solid) influ-
ences the electrochemical behavior of the cell. In particular, the number of

plateaus present in the voltage profiles and the overpotential are different
for Li-S and Li-S SSBs [12].



On the other hand, the main challenges are volume changes (159 % of
volume expansion for FeS,), particle cracking, sluggish kinetics, and, regard-
ing the anode side, filament and dendrite formation [11, 13]. In particular,
some of the most critical challenges for both Li-S and pyrite-based Li-S
SSBs concern volume expansions and the insulating nature of the active
materials and the products formed during cycling [14]. In Li-S batteries
volume expansion is particularly critical since both S and FeS,; are con-
version materials which during lithiation / delithiation undergo structural
rearrangements to form different chemical species [7, 5|. In addition, to im-
prove ionic and electronic conductivities, large amounts of solid electrolytes
and electron-conductive additives (e.g. carbon) have to be included inside
the positive electrodes. In this case, electrochemical reactions will occur at
the triple phase boundary between SE, CAM, and the electron-conductive
additive, which makes microstructure and fast ionic transport within the
composite exceptionally important [13]. To establish sufficient triple-phase
boundaries a large contact area between the cathode components is re-
quired; nevertheless, this promotes the degradation of the solid electrolytes
and may cause cell failure[14].

One of the major challenges of Li-S batteries is the availability of lithium
in the earth’s crust. As a matter of fact, lithium is considered a critical
raw material, meaning that there is increasing concern regarding its supply
disruption [15]. This would make lithium batteries unsuitable for stationary
applications, for which the most important parameters are price (therefore
the need of abundant materials), life, and power [16]. Sodium is considered
one of the most promising alternatives to lithium because of its abundance
and its chemical properties similar to lithium [17, 18, 19]. Figure 2 shows
the availability and distribution of Li in the earth’s crust, while global Na
reservoirs can be considered infinite [16].

As a consequence, Na-S solid-state batteries are considered the next
generation of sustainable energy systems because of the abundance of both
sodium and sulfur, and their high expected energy densities and improved

cycling stability and capacity. Unfortunately, major obstacles such as ir-

3



@ Russia
@ Canada

GermanyelDCzech Republic

o ;
USAG Serbia ‘ .
o People’s Republic

of China

Mexico @ ®Mali

DR Con
Location D. 900
Bolivia
t\tiﬁed Li

Chile Australlae

resources o Argentina
(million tons) 9

Figure 2: "Global distribution of identified Li resources at the end of 2019.
The amounts in each location are proportional to the areas of the circles
shown. All locations with at least one million tons are indicated; together,
they make up 97% of the global total”. [20]

reversible sulfur conversion, interface issues, and sluggish solid-solid redox
kinetics need to be faced. Additionally, the low ionic conductivity and poor
compatibility of the solid electrolytes with the electrodes still hinder the
effective use of Na-S solid state batteries [21, 22]. In fact, there is still no
solid electrolyte for sodium batteries that meets the requirements of good
ionic conductivity, sufficient interfacial contact, stability, feasibility to inte-
grate with electrodes and manufacture cost. Particularly, one of the main
challenges of these electrolytes is the narrow electrochemical stability win-
dow and compatibility to high capacity/ voltage electrodes (for example
Na metal). The most promising electrolytes for Na SSBs are NayB, H,, and
NaCB,,_1H,, solid electrolytes because of their high conductivity, interfacial
integration and stability. However, their high cost remains a critical draw-
back [23, 24]. In this work, a sulfide elctrolyte (Na3gPSy) is employed as the
separator, despite of its chemical and electrochemical stability [25]. In fact,
sulfide electrolytes are particularly suitable for pyrite-based solid-state bat-
teries because of their compatibility and chemical stability with FeSy [26].
In addition, they are able to establish intimate contact with the electrodes

due to their softness and deformability [24].
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Among the various challenges of SSBs, fast charging (15 minutes of
recharge time) remains critical. In fact, although different attempts have
been made to achieve fast charging, such as the use of coatings and addi-
tives, research is still ongoing [27]. Indeed, at the battery level, there are
still crucial challenges that need to be addressed. Specifically, insufficient
active material utilization, excessive heat generation, increased propensity
to dendrite growth, and presence of new degradation mechanisms are the
main issues that limit fast charging capabilities [27].

In this regard, Song et al. developed an all-solid-state lithium sulfur bat-
tery setup that shows ultrafast charging capabilities (the cells maintain 784
mAh g~ g pur at 20C) [28]. This was achieved using lithium thioborophos-
phate iodide glass phase solid electrolytes (LBPSI) that show high conduc-
tivities and act as surfacial redox mediators that facilitate sluggish solid-
solid reactions [28]. In fact, it was demonstrated that iodine ( Iy / I37) acts
as surfacial redox mediator that facilitates the oxidation of LiyS (which is
electronically insulating) at the SE |C boundary during charge. This pro-
cess has the advantage of enabling the reaction at the two-phase boundary

between SE and LiyS which would otherwise be inactive (Figure 3) [28].
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Figure 3: ”Schematic showing the design principle for the fast-charging
mechanism of ASSLSBs. The redox-mediating SE shown in blue is mod-
erately redox active and generates surficial Iy /I3~ to mediate the sulfur
reaction on fast charge; this revitalizes reactions at the SE|active material
two-phase boundary that is otherwise inactive and much more populated
than the conventionally required SE|Clactive material three-phase bound-
ary”. Adapted from [28].
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The redox mediating role of iodine (LBPSI) based on the reversible
reaction between I~ and I / I3~ during charge can be summarized by the

following proposed reactions [28].
1. Oxidation of LBPSI to form surfacial I~

2. Mediated chemical oxidation of LisS at the two phase boundaries

LioS + I, — S+ 2Lit + 21~ (2)

LiyS+ 1y — S+ 2Lit + 31 (3)

3. Electrochemical oxidation of LisS at the three phase boundary

LiyS — 2¢~ — S + 2Li* (4)

Motivated by the question of whether the strategies that have proven
effective in overcoming the intrinsic challenges of Li—S solid-state batteries
can also be applied to sodium systems, this work focuses on a pyrite-based
Na—S solid cell setup.

Inspired by the work of Song et. al, the effect of sodium iodide (Nal) as
an additive inside the positive electrode will be discussed. Nal was chosen as
additive because of the ease of integrating it inside cathode composites. The
setup under investigation is composed of a composite cathode containing
FeS,, NazPS,, and carbon black, NasPS, as solid electrolyte and Na-Sn
as the anode. However, because of the novelty of this system (very few
already published works and only in the last years), research on the single
cell components was carried out. In particular, the stability of the negative
electrode and the influence of the positive electrode microstructure on the
cell performance were investigated. To do this, electrochemical analysis was
employed in combination with analytical tests. For example, galvanostatic
charge-discharge (GCD) and electrochemical impedance spectroscopy (ELS)
were used to assess the performance of the cell setup and examine interface

stability. X-ray diffraction (XRD) and scanning electron microscopy (SEM)
6



were used to investigate the structure of the cathode composites, and X-ray
photoelectron spectroscopy (XPS) was employed to study the reactions at

the positive electrode.



2 Theoretical background

There are many suitable techniques for understanding the complex pro-
cesses that occur inside a battery. Usually, to study battery operation, a
synergy of electrochemical and analytical techniques is needed. Among the
different electrochemical methods, cyclic voltammetry (CV), galvanostatic
charge-discharge methods (GCD), galvanostatic intermittent titration tech-
niques (GITT), and electrochemical impedance spectroscopy (EIS) stand
out [29]. In fact, these techniques provide valuable information on the
capacity, reversibility, stability, and rate capability of electrode materials.
Additionally, they allow the study of diffusion coefficients and interface sta-
bility. However, most of the time these methods alone are not sufficient to
understand the intricate processes that are taking place inside batteries. For
this reason, analytical techniques such as X-ray diffraction (XRD), Scanning
electron microscopy (SEM), Transmission electron microscopy (TEM), and
X-ray photoelectron spectroscopy (XPS) are needed. In fact, these meth-
ods allow for insight into the composition, structure, and surface chemistry
of battery materials. For this reason, in the following section, the basic
principles of battery operation, together with some of the aforementioned

techniques, will be discussed.

Basic principles of battery operation

When a current is applied, batteries convert the chemical energy contained
in their active materials into electric energy through an electrochemical re-
dox reaction during the discharge process. In the case of a rechargeable
system, the battery is recharged by reversing the process. This charge/dis-
charge processes involve the transfer of electrons from one material to an-
other through an electric circuit. A battery consists of one or more cells
(basic electrochemical units) connected in series, parallel, or both. The cell

consists of three major components: [30]

o Negative electrode (anode during discharge) which gives up elec-
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trons to the external circuit and is oxidized during the electrochemical

reaction.

» Positive electrode (cathode during discharge) which accepts elec-
trons from the external circuit and is reduced during the electrochem-

ical reaction.

« Electrolyte (ionic conductor) which separates the anode and cathode
so they do not react directly and forces the electrons to go through

the external circuit [31].

When the cell discharges, electrons and ions are at the negative elec-
trode. The electrons pass through an external circuit and diffuse to the
positive electrode, while the ions migrate through the cell to the cathode,
where they undergo a chemical reaction. Figure 4 shows a schematic repre-

sentation of a cell during discharge.

Anode (-) Cathode (+)
o — ©O

Li Electrolyte FeS,

Figure 4: Lithium-metal battery with a solid cathode of iron disulfide during
first discharge [31].

Two of the most important parameters for batteries are the theoretical
capacity of the electrodes and the active mass ratio between the negative
and positive electrode (N/P ratio). In fact, balancing active materials is

essential for providing safety and cycle life [32]. To calculate the N:P ratio,



the discharge capacity (Qus, in mAh) must be assumed to be the same for

both negative and positive electrodes, as shown in the equation 5 [32].

Qdis = Qnegative * Mnegative = YQpositive * Mpositive (5)

In which Qs (mAh) is the product of reversible specific capacity ¢
(mAh g™') and the used active mass m (g) [32]. Eq. 5 can be then writ-
ten as the ratio of reversible specific capacity of the positive and negative

electrodes:

mnegative o Apositive (6)

Mypositive Qnegative
Which is, effectively, the N:P ratio. To avoid deterioration and enhance
battery life, an excess capacity of negative electrodes is necessary; therefore,
a N: P ratio larger than 1: 1 is required. Since the capacity of a battery
is constrained by the capacity of the positive electrode [33], the theoretical

battery capacity can be calculated using eq. 7.

Battery capacity (mA) = Specific capacity of CAM (mAhg™')-Mass of CAM (g)

(7)
Moreover, to calculate the theoretical capacity of the cathode active

material Equation 8 can be used [30].

Qin = Y (8)

In which n is the number of exchanged electrons, F' is the Faraday
constant and M is the molecular weight of the cathode active material.

The term 1/3.6 is needed to obtain the theoretical capacity in mAh g™!.
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2.1 Electrochemical methods

Cyclic voltammetry

Due to its ability to obtain information on complicated electrode reactions,
cyclic voltammetry (CV) is a very popular technique for initial studies on
new electrochemical systems [34]. In particular, CV is widely used in battery
research. To start a CV measurement, the terminal voltage (Ey, E») and
the scan rate (v) have to be chosen, then a triangle voltage is applied to the
electrochemical system (Figure 5a)). In a CV test, a scan rate is applied
to the electrodes and a current response is recorded. The detected current-
response curve is directly related to the redox reactions that occur at the
electrode / electrolyte interface [29, 35]. A typical current response for

battery systems is shown in figure 5.

(2) (b) . (©)
Anodic Epa E -
EZ
- _|Scan direction =
- = g E -
o = o0
E g E
° 5 2 End
EI
. E.. =
Cathodic pe E,
Time, ¢ E, Voltage, E E, Capacity, [idE/

Figure 5: "a) Voltage profile applied in a CV measurement, b) current
response versus voltage curves and c¢) voltage versus integral current curves”

[29].

Useful information on the electrochemical system under investigation
can be gained from the peak voltage (£,) and peak current (3,). Specifi-
cally, the ratio of peak current (4, /%, ., where the a and ¢ subscripts identify
anodic and cathodic currents) and the difference of peak voltage (AE, =
Ep,a - E, . can be used to judge the reversibility of an electrochemical pro-
cess [35]. In cyclic voltammetries, voltage is related to electrode reactions,
while current is relevant to faradic capacity. In the battery field, when
CV curves are transformed into voltage versus capacity profiles (Fig. 5¢))
the charge and discharge plateaus correspond to anodic and cathodic peak

voltages. In battery research cyclic voltammetry is often employed to study
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the electrochemical stability window of electrolytes and electrodes. This
method has proven to be highly effective in extimating the voltage stability
of liquid electrolytes; however, when it comes to SEs, CV can often lead to
an overestimation. Additionally, sometimes the electrodes used as reference
might react with the solid electrolytes leading to unreliable result. For this
reason, for the study of the stability of solid-state-battery components a

three-electrode setup is more suitable [36].
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Galvanostatic charge-discharge

GCD measurements record the voltage response under a constant applied
current. Experimentally, a controlled current is applied between the work-
ing and the auxiliary electrodes and the potential is recorded between the
working and the reference electrode. The voltage response indicates changes
in the electrode processes that occur at the electrode interface [34, 30]. Typ-
ically, to start a GCD measurement, one needs to choose the current that
has to be applied but also the cut-off voltages at which the current direc-
tion will be inverted. The typical voltage profile that can be gained from
GCD is an oblique line with one or more plateaus. These plateaus corre-
spond to cathodic/anodic peaks in cyclic voltammetry and are related to
the thermodynamics of electrode reactions [29]. GCD can be used to iden-
tify practical capacity, analyze cycling stability and rate capability, examine
self-discharge characteristics, and kinetics of electrode reactions. In addi-
tion, by repeatedly charging and discharging the battery, cycle life can be
calculated (number of cycles when the reversible capacity fades to 80 % of its
initial value), which is one of the most important parameters for recharge-
able batteries [29]. Both current (C-rate) and voltage can be modified to
suit the experimental needs, however, these parameters have a fundamental
role in battery degradation. As a matter of fact, deeper discharges and
rapid charge/discharge rates normally accelerate the degradation processes
that occur and lead to capacity loss [37].

The C-rate is the rate at which the battery is charged or discharged
relative to its maximum capacity; in other words, it is the speed at which
desodiation and sodiation occur in a sodium battery. Therefore, it regulates
the kinetics of chemical reactions inside the electrodes. For example, charg-
ing (or discharging) at 1 C means that the cell takes 1 h to be fully charged.
High C-rates indicate fast charging and discharging processes that could
damage the battery’s long-term health. Likewise, deep discharge can cause
pronounced chemical and physical changes that lead to increased stress and

faster degradation of the battery [37]. Thus, finding a suitable voltage range

13



and current (C-rate) during GCD experiments is of critical importance.

To calculate the C-rate of a battery, one needs to take into account
the theoretical capacity of the battery and the current at which the cell is
charged / discharged (equation 9) [33].

Current (mA)
Battery Capacity (mAh)

C—rate (h™') =

14



Electrochemical impedance spectroscopy

The electrode processes can be studied by measuring the change in the
electrical impedance of an electrode using electrochemical impedance spec-
troscopy (EIS). During an EIS experiment, an oscillating voltage is applied
to the system (cell) and the oscillating current response is recorded [34, 30].
There are many advantages to EIS, for example, the ability to make high
precision measurements, to treat the response theoretically using linearized
current-potential characteristics, and the possibility of measuring over a
wide time or frequency range [34].

Impedance can be seen as an extension of the concept of resistance to an

alternating current; therefore, impedance (Z) can be represented as follows.

E=1Z (10)

In eq. 10 both the voltage (E) and the current(/) are oscillating, so
they can be written as functions of the angular frequency w, respectively

as:

E(t) = |E|sin(wt) (11)

I(t) = |I]sin(wt + 6) (12)

In eq. 11 |E |is the amplitude of the voltage signal, w the angular
frequency (w = 27 f where f is the frequency) and ¢ the time. The current
response |I |is shown in eq. 12, in which 6 is a phase shift due to the
reactance (capacitance or inductance) [38]. Substituting eqs. 11 and 12 in
eq. 10, the impedance can be expressed as follows:

E(t)

2=~V

sin(wt)

sin(wt + 6) (13)

Using Euler’s formula for complex numbers (¢/* = cos(x) + jsin(x),

where j is the imaginary unit) the impedance can be written as:

15



E=17=1|Z|e"° (14)

Typically, the impedance spectra are represented on a complex carte-
sian plane, so the complex impedance can be represented by separating the

complex and the real part (eq. 15).

Z=20"+;7" (15)

7’ and Z” are the resistive and reactive parts of the impedance, respec-
tively [38].

Electrochemical impedance spectroscopy offers kinetic and mechanistic
data of various electrochemical systems; in fact, EIS measurements at an
electrochemical system can be simulated to an equivalent electrical circuit,
which consists of components such as resistances, capacitors, inductors,
as well as other more complicated elements connected in different ways.
However, assigning each chemical and physical phenomenon to one circuit
element is not trivial. The performance of a cell can be represented by an
equivalent circuit of resistors and capacitors in which the current passes
with the same amplitude and phase angle of the real cell under excitation.
However, equivalent circuits drawn for electrochemical cells are not unique,
and it is not always possible to identify circuit elements with processes that

occur in cells [34].
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Partial ionic and Electronic conductivities measurement

Ionic and electronic conductivities are some of the most crucial features of
battery materials. They indicate how easily ions and electrons pass through
the analyzed material and electrode composites [39]. To evaluate the ionic
and electronic conductivities of the cathode composites, electron and ion

blocking setups are used, respectively, as shown in Figure 6 .

lonic conductivity

Na-Sn - N
—> RSE/Na-Sn Electronic conductivity
SE
— Rse
Cathode ——
composite — Rion composite

—> Rse

— RsE/Na-sn

Figure 6: a) schematic of the electron blocking measurements setup for
the ionic partial conductivity. b) ion-blocking measurement setup for the
electronic partial conductivity. Adapted from [40].

The partial ionic and electronic conductivites can be determined using

equation 16 [41].

11

“ R4 (16)

g

In which R is the sample’s resistance and, [ and A are the length and
the cross-sectional area of the sample, respectively. In order to evaluate the
ionic and electronic conductivities, both DC and AC methods can be used.
In the DC method, the current response of the voltage set-up is measured
at different voltage values. Subsequently, the voltage is plotted against
the current in a graph. From the slope of the obtained graph information
on the resistance of the samples can be obtained, and therefore ionic and
electronic conductivities can be calculated. However, to obtain the effective

ionic resistance of the analyzed material (labeled R;,, in Figure 6) different

17



contributions have to be subtracted from the measured total ionic resistance

Rion,pc as shown in the following equation:

Rion - Rion,DC’ - 2RSE - 2RSE/Na7$n (17)

Rsg is the contribution from electron blocking layers while Rsg/na—sn
is the contribution from the interface between the SE layer and Na-Sn.
The measured electronic resistance is the actual electronic resistance of the
analyzed materials, as shown in eq 18 [40]. These resistances are then used

to calculate partial ionic and electronic conductivities, as shown in eq. 16.

Repc = R, (18)

18



2.2 Analytics

X-ray diffraction techniques

Most methods for the determination of the atomic structure of crystallo-
graphic formations are based on the idea of scattering of radiation. X-rays
are one type of radiation which can be used to achieve this. Typical in-
teratomic distances in a solid are on the order of an Angstrom (10~* cm).
Therefore, an electromagnetic probe of the microscopic structure of a solid
must have a wavelength this short, which corresponds to characteristic en-
ergies for X-ray radiation. X-ray wavelengths are typically in the range
of 0.1-10 A, corresponding to photon energies of hundreds of thousands of
electron volts (eV to keV range). The distribution of X-rays scattered by a
periodic array of ions reveals the locations of the ions within that structure
[42].

Crystalline substances give remarkably characteristic patterns of X-ray
radiation diffraction. In crystalline materials, for certain sharply defined
wavelengths and incident directions, intense reflections of scattered radia-
tion (Bragg peaks) are observed. These can be accounted for by regarding
a crystal as made of parallel planes of ions, spaced at a distance d. Sharp
reflections appear when the reflected rays from successive planes interfere
constructively. The path difference between the two rays is 2dsinf, where 6
is the angle of incidence, which varies during the experiment, as shown in
Figure 7. For rays to interfere constructively, this path difference must be

a whole multiple of wavelengths, as stated in Bragg’s law:

nA = 2dsinf (19)

The integer n is known as the order of the corresponding reflection. For
a beam of X-rays containing a range of different wavelengths, many different
reflections are observed [42].

The diffraction patterns contain contributions from several micro- and

macrostructural features of a sample. For instance, from the position of
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Figure 7: The diagram shows waves 1 and 2, in phase with each other,
glancing off atoms A and B of a crystal that has separation distance d
between its lattice planes [43].

the reflections one can investigate lattice parameters, space group, chemical
composition, macrostresses, and qualitative phase analysis. Based on the
diffraction peak intensity, information about crystal structure (atomic posi-
tions, temperature factor, or occupancy) as well as texture and quantitative
phase analyses can be obtained. Finally, the reflection shape gives informa-
tion on broadening contributions such as microstrains and the crystallite
size of the sample. XRD methods are widely used for the identification of
present phases (qualitative analysis) and for the determination of their re-
spective amounts (quantitative analysis). This can be done because different
lattice planes are in diffracting conditions, which implies that intensity vari-
ations can come from a preferred orientation. In fact, each phase produces
a characteristic diffraction pattern that allows its identification. Moreover,
when several phases are present in a system, the characteristic patterns of

all phases are respectively proportional to their amounts [44].
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Scanning Electron Microscopy and Energy-Dispersive X-Ray Spec-

troscopy

Scanning electron microscopy (SEM) allows the observation and characteri-
zation of materials on a nanometer (nm) to micrometer (um) scale. In SEM,
the analyzed area is irradiated with a finely focused electron beam, and from
the interaction of such beam with the samples, different signals are pro-
duced. These signals include secondary electrons, backscattered electrons,
characteristic X-rays, and other photons of various energies from which in-
formation on the analyzed samples can be gained. For example, the signals
coming from secondary and backscattered electrons give information on the
surface topography of the samples, while the analysis of the characeristic
x-radiation emitted from the samples yields qualitative identification and
quantitative elemental information [45]. To study elemental composition
and distribution, energy-dispersive X-ray spectroscopy (EDS) is commonly
used. The EDS detector can be integrated in both SEM and transmis-
sion electron microscopy (TEM) systems and the measurements are carried
out at high energy. SEM-EDS typically provides compositional informa-
tion from the near-surface region. The surface of the analyzed material is
excited by an energy source (typically high-energy electrons that have suf-
ficient energy to excite characteristic X-rays of the elements present) that
knocks off a core-shell electron, thus leaving a vacancy. An electron in the
material at higher energy level then proceeds to fill its place, releasing the
difference in energy as an X-ray that has a characteristic spectrum based on
its atom of origin (with the exception of lighter elements such as Li, Be and
B). This energy is then detected by an EDS detector where the emitted X-
rays are represented in a form of a spectrum, mapping or line. The position
of the peaks in the spectrum identifies the element, while the intensity of
the signal corresponds to the concentration of the element. Adding an EDS
detector to an electron microscope can provide compositional information
on the sample analyzed down to the micrometer to submicrometer scale [46,

47].
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X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is one of the most widely used techniques
in different fields because it provides information on the chemical composi-
tion of a sample. In fact, this technique is employed in the areas of material
science, chemistry and chemical engineering because it allows a detailed
study of surface and interface properties [48]. In battery research XPS is
adopted to investigate interfacial properties of battery components which
are essential for the understanding of surface chemistry, composition, and
impurity presence [49].

XPS is particularly appealing because of its surface sensitivity. In fact,
the samples under analysis are irradiated with monoenergetic soft X-Rays
(energies lower than ~6 keV) and the kinetic energies of the electrons emit-
ted by the photoelectric effect are recorded. From the kinetic energies of
the photoelectrons, information on the chemical state of the materials in-
side the samples can be gained [50, 51]. This is possible because the kinetic
energies of the emitted electrons is correlated to the binding energy of the

atomic orbital from which the electron originates (BE), as shown in eq 20.

KE = hv — BE — ¢, (20)

In which KFE is the kinetic energy of the photoelectron, hv is the energy of
the photon and ¢y is the spectrometer work function. The binding energy
is the energy difference between the initial and final state after the electron
has left the atom [50]. The XPS spectrum is plotted as the number of
detected electrons per energy interval against their kinetic energy. Each
element has a unique spectrum and all elements except hydrogen and helium
can be detected [50, 51]. Because of this, XPS is a powerful technique to
identify and determine the concentration of different elements in the surface.
Sometimes shift in the elemental binding energies (chemical shifts) can be
detected, these come from chemical potential and polarizability difference
of the various compounds. The chemical shifts are used to determine the

chemical state and the chemical environment of the atoms present in a
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sample [50, 51].
In addition to the electrons emitted during the photoelectric process,
Auger and fluorescent X-ray photon can be emitted. Figure 8 shows a

comparison between these three processes.
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Figure 8: "Processes that result from x-ray bombardment of a surface in-
clude (a) emission of a photoelectron, (b) x-ray fluorescence, and (c) emis-
sion of an Auger electron”. Adapted from [51].

Usually, in this energy range the fluorescence emission is a minor pro-
cess. On the other hand, Auger electrons are detected by the instrument.
In the Auger process, an outer electron falls into the vacancy of the inner
orbital formed after the photoemission. Simultaneusly, a second electron
is emitted, thus releasing the excess energy. The kinetic energy of Auger
electrons is independent of the mode of the initial ionization. Therefore,
the photoionization process usually leads to the emission of two electrons:
a photoelectron and an Auger electron [50].

XPS is a surface-sensitive technique because, even though X-rays can
penetrate a few pum into the sample, not all the electrons are able to escape
the material surface. In fact, the electrons that are generated too deep in
the material will encounter inelastic collisions, leading to energy loss and
inability to escape the sample [51]. Only the electrons that are generated
within tens of angstroms below the solid surface can leave the material and

are responsible for the peaks in the XP spectra [50].
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3 Experimental

3.1 Materials and sample preparation

Preparation of FeS,. Commercially available iron disulfide, powder, -325
mesh, 99.8% trace metals basis (Merck-Sigma-Aldrich GmbH) was used as
starting material. The commercial powder was ball milled under Ar atmo-
sphere (p(O2)/p < 5 ppm, p(H,O)/p < 5 ppm) with a Fritsch Pulverisette
7 premium line mill (ZrO, milling set, 80 mL cups, 5 mm diameter milling
media) to reduce its size. Milling was conducted for 12 milling cycles, each

of 10 min at 500 rpm followed by 10 min break.

Preparation of all-solid-state positive electrode composites.
Positive electrode composites for all-solid state Na-S cells were prepared by
using the milled FeSy powder, NazPS,, and commercially available Super
P conductive carbon black (CB) (MSE supplies). Other positive electrode
composites were prepared by substituting NasPS,; with NaggPosWg.2S4.
The solid electrolytes used were synthesized in the laboratory. Before mix-
ing the components, FeS, and carbon black powders were dried for 24 h at
300 °C under a dynamic vacuum in a Biichi oven. The positive electrode
composites were prepared by ball mill. To prepare the composites, a Fritsch
Pulverisette 7 premium line mill (ZrOy milling set, 80 mL cups, 5 mm di-
ameter milling media) was employed. The ball milling was conducted for
3 milling cycles of 10 min at 300 rpm each followed by a 10 min break,
and with a media-to-sample weight ratio of 10:1 and 20:1. Positive elec-
trode composites containing FeSy were prepared by mixing CAM:SE:CB in
40:50:10 weight ratio (CAM 40 wt.%, SE 50 wt.% and CB 10 wt.%). The
carbon and the SE were used within the composite to ensure sufficient elec-
tronic and ionic contact of FeSy. Due to the instability of the materials to

ambient atmosphere, all samples were always handled under Ar atmosphere
(p(02)/p <5 ppm, p(H20)/p <5 ppm).

Preparation of the negative Na-Sn alloy electrode. Na-Sn was
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prepared in argon atmosphere (p(O2)/p <5 ppm, p(H20)/p <5 ppm) in
batches of 2.0 g by ball milling. Tin powder (100 mesh, 99.999 % from Fisher
Scientific GmbH) was alloyed with elemental Na (BASF SE) in different
ratios for the two alloys. Na-Sn A was prepared with 43 % wt. of Na and
57 % wt. of Sn, Na-Sn B was prepared using 40 % wt. Na and 60 % wt. Sn.
The media-to-sample weight ratio was varied for the two different alloys.
Respectively, 5 and 10 mm ZrO, balls were used in a 45 mL ball milling
cup. The synthesis was carried out with different ball milling procedures for
the two alloys. Table 1 shows all the parameters used to synthesize different

types of Na-Sn alloy.

Table 1: Different Na-Sn alloys and their synthesis procedures.

Milling- Media / Speed | Number Na / Sn

Alloy break sample weight

(min) | weight ratio (rpm) | of cycles ratio (%)

Na-Sn A 15-5 30:1 600 30 40 / 60
Na-Sn B 10-10 35:1 550 60 43 / 57

Sample preparation for ex situ analyses. After cycling at a low
C-rate (0.02 C), the potential was held for 24 hours. The samples were then
stabilized at their OCV. The cells were then carefully removed from the cell
casing in an Ar-filled glovebox with a hand press. The cross sections were
prepared with a Leica EM TIC 3X (Leica Mikrosysteme GmbH). These
were cut under vacuum (107¢ mbar) for 4 hours using three ion guns (6.0
kV and 2.2 mA) and in cryo conditions, liquid nitrogen was used to cool
them at -100 °C. The samples were always transferred with a Leica VCT500
air-tight transfer module. Directly after cutting, SEM and EDS analyses

were performed on the cross sections.
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3.2 Cell assembly

Cell assembly for long-term cycling. All-solid-state Na-S cells were
assembled in custom-made PEEK casings with 10 mm inner diameter. 60
mg of Na-Sn alloy were employed as negative electrode and 5 mg of cathode
composite as positive electrode. 70 mg of SE were used. For densification,
the layers (anode, SE and cathode) were compressed uniaxially for 3 min at 3
tons. Two polished stainless-steel rods were employed as current collectors.
The cells were fixed in a frame and a pressure of approximately 60 MPa

was applied to guarantee mechanical contact during cycling.

Cell assembly for partial conductivity measurements. All cells
for electronic partial conductivities were assembled in custom-made PEEK
casings with 6 mm inner diameter. For measurements, ca. 100 mg of posi-
tive electrode composite was loaded. All cells for ionic partial conductivities
were assembled in custom-made PEEK casings with a 10 mm inner diam-
eter. For measurements, ca. 50 mg of positive electrode composite was
loaded between to layers of solid electrolyte (70 mg each). On both sides
Na-Sn alloy was used. For all measurements, two polished stainless-steel
rods were employed as current collectors. For densification, the layers were
compressed uniaxially for 3 min at 1.1 tons (for 6 mm diameter cells) or
3 tons (for 10 mm diameter cells). The cells were fixed in a frame and
a pressure of approximately 60 MPa was applied to guarantee mechanical

contact during electrochemical testing.
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3.3 Characterization

Electrochemical impedance spectroscopy measurements. For all
measurements, a potentiostat (BioLogic VMP 300, Seyssinet-Pariset, France)
was used. All measurements were conducted at 25 °C. The pressure load-
ing of all cells was 60 MPa. An amplitude of 10 mV was chosen, and the
frequency range was 7 MHz to 10 mHz. The Na-ASSB cell impedance was

measured directly after cell assembly and after charge and discharge.

Electrochemical testing. Battery cycling was performed at 25 °C
with a VMP300 or a VMP-3 potentiostat (Biologic). All cells for long-term
cycling were tested under galvanostatic conditions in the potential range of
0.5 - 3.0 V vs. Na-Sn, with 15 minutes of OCV between each step. A four-
electron reaction of FeSy was assumed for calculating the C-rates, so the
theoretical capacity of FeS, (894 mAh-g~!) was used. For the characterized
model cells, rate of 0.1 (179 pA - cm™2) were used. All cells used for the
evaluation of long-term cycling performances were built as duplicates to
ensure reproducibility. Partial electronic conductivity measurements were
performed by impedance and chronoamperometry. The latter method was
employed also for partial ionic conductivity. The impedance was measured
with an amplitude of 10 mV and in a frequency range of 7 MHz—100 mHz.
The impedance spectra were fitted by using the RelaxIS 3 software package

(rhd Instruments, Darmstadt, Germany).

Cyclic voltammetry. For CV testing, press cells as previously de-
scribed were used. After assembly each cell was allowed to equilibrate for
24 h to establish a stable OCV prior to any measurements. The stepwise
CV experiments were performed using a VMP300 potentiostat (Biologic)
at a constant temperature and scan rate of 298 K and 0.05 and 0.1 mV/s,
respectively. Each experiment started at the open-circuit voltage (OCV),
the potential was swept until 3.2 V and then back to 0.5 V vs. Na-Sn, and
the cycle was finalized at the OCV. Three consecutive cycles were measured

for each sweep.
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Particle Size Analysis (PSA). PSA measurements were performed
with a HELOS/BR (Sympatec GmbH) instrument with laser diffraction at
25 °C. The measurements were performed in dispersion. The dispersing
media for the solid electrolytes was a mixture of xylene-Oppanol (1 wt %).
A quartz cuvette with a volume of 6 mL was employed. The data was

exported using the PAQXOS software.

X-ray diffraction (XRD). XRD analysis was performed in Bragg-
Brentano geometry on a reflection transmission spinner. The samples were
analyzed with an Empyrean 3 diffractometer (Malvern PANalytical) with
Mo-Ka source (60 kV, 40 mA). The 260 range was 5°-45° and with a step
size of 0.014°.

Scanning electron microscopy (SEM). SEM analysis was per-
formed using a Carl Zeiss Merlin electron microscope with an acceleration
voltage of 3 kV, aperture size of 20.0 um, and in vacuum (10~% mbar). The

software used was SmartSEM.

Energy dispersive X-ray spectroscopy (EDS). EDS analysis was
performed within the SEM using an X Max 50 Silicon Drift Detector (Ox-
ford Instruments) with a polymer window. An acceleration voltage of 10
kV and an aperture size of 60.0 um were used at a working distance of 8.5
mm. The software used for the elemental analyses was AZtec 6. The cross
sections of the post mortem samples were analyzed first with SEM and then

with EDS.

X-ray photoelectron spectroscopy (XPS). XPS measurements were
conducted by using a PHI VersaProbe IV system (Physical Electronics Inc.).
A monochromated Al K X-ray source (Xray source 50 W 15 kV with beam
diameter of 200 m) was used. A step time of 20 ms, a step size of 0.2
eV, and an analyzer pass energy of 55.00 eV were used for the detailed
spectra. During measurements, the sample surface was charge-neutralized
and the pressure ranged from 10~7 to 107% Pa. The samples were prepared
in a glovebox (M. Braun Inertgas-Systeme GmbH, (O2 < 5 ppm, H20 <

5 ppm) and transferred from the glovebox to the analysis chamber with
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a transfer shuttle. The samples were mounted on a sample holder using

insulating tape and with the exposed positive electrode surface facing the

X-ray beam. The samples were sputtered with a gas cluster ion beam gun

(GCIB) (10 Kv 30 nA, 2 x 2 mm2, 5 min) and Argon clusters to clean the

surfaces. Data analysis was performed by using CasaXPS software. The

detailed fitting of the XP spectra are shown in Tables 2.

Table 2: Carbon 1s (RSF 0.314) components’ constraints used for calibra-

tion.
Component | Line shape | Binding energy constraint (¢V) | FWHM

C-C C-H GL(30) 284.8 1.0-1.5

C-O GL(30) C-C C-H 4+ 1.3 eV 1.0-1.5

C=0 GL(30) C-C C-H 4+ 2.8 eV 1.0-1.5

0-C=0 GL(30) C-C C-H + 4.0 eV 1.0-1.5

Table 3: Sulfur 2p (RSF 0.820) components’ constraints.

. Binding energy | FWHM 2p'/2 to

Component | Line shape constraint (eV) | constraint | 2p3/2 (eV)
PS,3~ GL(30) 161-160.6 1.0-1.7 +1.2
P=S GL(30) 161.7-160 1.7 1.2
S,%" GL(30) 163.5-162 0.7-1.5 118
Sy GL(30) 164.8-164.1 0.7-1.5 118
SO, GL(30) 169.8-169.2 0.7-1.5 Y118

Table 4: Phosphor 2p (RSF 0.605) components’ constraints.
: Binding energy | FWHM 2p/? to

Component | Line shape | |\ o0 (eV) | constraint | 2p®/? (eV)
PS5~ GL(30) 131.7-128.5 0.5-1.7 +0.89
PO, / P=S GL(30) 134-132.7 0.5-1.7 +0.89
PO;~ GL(30) 135-133.7 0.5-1.7 +0.89
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4 Sodium-Tin alloy as negative electrode

Although all solid-state batteries promise enhanced energy densities com-
pared to lithium-ion batteries (LIBs), this can only be achieved if metal an-
odes or anode free setups are employed [11]. However, in practical sodium
solid-state batteries that use sulfide-based SEs, this cannot be done due to
the poor interfacial stability between the SE (low reduction stability of the
SEs) and the metal electrode [52]. In particular, it has been shown that
NagP8S, is highly unstable when in contact with Na metal electrodes, lead-
ing to the formation of several decomposition products (i.e. NayS, NagP
and sodium polyphosphides) [52]. The formation of these interfacial side
products deteriorates the interface between Na and the SE, thus bringing
an increase in interphase resistance that leads to a decay of the cell per-
formance [52]. In solid-state batteries understanding the stability of the
anode in contact with solid electrolyte is essential. If the solid electrolyte is
thermodynamically stable against Na metal, then the interface between the
two materials will be stable. On the contrary, if the SE is not stable against
the metal anode, it might decompose forming different types of interlayers
(23, 52].

There are three main types of interphase layers:

o lonically insulating and electronically conducting layer
« ionically conducting and electronically conducting layer

« ionically conductive and electronically insulating layer

Figure 9 shows a schematic representation of the different types of in-
terphase.

The electronically conducting interlayers will continuously grow after
every cycle, leading to irreversible consumption of Na™ inventory. Usually,
the observed interphase layers are ionically and electronically conducting,
also known as mixed-conducting interface (MCI). MCI constantly grows,

leading to a significant capacity fade during cycling [23]. Because of the
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Figure 9: "Three different possible types of interphases: (a) a stable in-
terface, (b) the mixed-conducting interphase, and (c) the solid electrolyte
interphase, which only conducts ions. While the formation of a mixed con-
ducting interphase always deteriorates the battery performance, the forma-
tion of an SEI may be favorable if a good ionic conductor forms”. Adapted
from [52]

high instability of NagPS, in contact with Na metal (constantly growing
interphase), a suitable substitute to replace either one of them has to be
found. In this context, alloy anodes seem promising; in particular, for
Na-based batteries, the alloy elements in Group IVA stand out as anode
materials [53]. Among the alloys formed between Na and the elements from
Group IVA, sodium-tin alloys are gaining increasing attention. The Na-
Sn phase diagram shows eight thermodynamically stable alloys: NaSng ,
NaSns , NaSng , NaSny ,NaSn, NagSny, NazSn, and Na;5Sny. Figure 10
shows the Na-Sn phase diagram together with the voltages at which the
sodiation of tin occurs [54]. The sodiation / desodiation curves at ambient
temperature show four distinct plateaus, highlighting the fact that different
Na-Sn phases are formed. Figure 10 diagram clearly shows that the last
three plateus correspond to the formation of NaSn, NagSny, and Na;55ny.
However, many of the two-phase regions indicated in the equilibrium phase
diagram are absent in the voltage curve [54].

The setup investigated in this work is composed of a composite cathode
(FeSy / NagPS, / carbon black), NazPS, as separator and a Na-Sn alloy
anode. The alloy chosen for this investigation is Na;5Sn, due to its high
capacity (847 mAh g!) [53]. During cycling, the charge curves (desodiation
of the positive electrode) show the formation of voltage spikes, as shown in

Figure 11a. These voltage spikes appear as soon as the third/ fifth cycle and
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Figure 10: Voltage curves of the first desodiation and second sodiation of
tin superimposed on the Na-Sn binary phase diagram [54]. The voltage is
reported against Na / Na™.

get more pronounced in every subsequent charge; leading in the worst cases
to short circuits (Fig. 11b). This charging behavior reflects in unreasonable
high charge capacities (the capacity grows from approximately 0.6 to 4 mAh
g™1) that lead to coulomb efficiencies lower than 20 %. Additionally, the
voltage spikes seem to have a capacity-dependent behavior. As a matter
of fact, they are not present for cells that deliver capacities lower than
0.1 mAh. Moreover, the spike behavior is completely suppressed during

discharge (sodiation of the positive electrode).
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Figure 11: a) Voltage spikes appearing during charge. b) Effect of voltage
spikes on the charge capacity of the cells.

A possible explanation for this is the Na-Sn alloy used in combination

with NagPSy solid electrolyte, in particular the interphase forming between
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the two materials might not be stable. This behavior has already been
observed and can be explained with the formation of dendrites during charge
that are eliminated during discharge [55].

To assess the interphase stability and understand its contribution to the
charging behavior, two sodium-tin alloys were synthesized with different
ball milling procedures, starting from what reported by Goodwin et al.
[56]. Subsequently, their stability was investigated using electrochemical

impedance spectroscopy.

4.1 Interphase instability

To assess the role of interphase instability on spike formation and on cell
performance, two different Na-Sn alloys were tested in a half-cell setup
with NagPS, solid electrolyte and a pyrite-based composite cathode (FeSs
/ NagPS, / carbon black). Specifically, two different Na-Sn alloys were
synthesized via ball milling with different procedures. Table 5 summarizes

the procedures employed for the synthesis.

Table 5: Synthesis parameters used for the two Na-Sn alloys.

Sample | speed (rpm) | number of cycles | Na / Sn weight ratio (%)

Na-Sn A 600 30 40 / 60

Na-Sn B 550 60 43 | 57

The parameters used were chosen on the basis of the work by Good-
win et al. [56]. In particular, in the synthesis of Na-Sn B, harder milling
procedures (double the number of milling cycles) were employed to ensure
the complete alloying of Na and Sn. Furthermore, for Na-Sn B, Na and Sn
were mixed in a stochiometric ratio for Na;5Sn,, while for Na-Sn A the Na
/ Sn weight ratio was chosen to obtain a mixture of NagSny and Nal5Sny.
To investigate structure and morphology of the synthesized alloys, pristine
Na-Sn A and B powders were studied with XRD and SEM. In particular,
these techniques were used to assess which alloy was formed after the syn-
thesis and to compare the two. However, XRD can only detect crystalline

phases. Figure 12 shows a comparison between the diffraction patterns and
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the morphology of the two alloys under investigation.
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Figure 12: a) Diffraction patterns of the two synthesized alloys and those of
Nay55n, and NagSny for comparison [57]. b) SEM images of the the alloys
under investigation taken with an Inlens detector at the same magnification.

XRD patterns (Figure 12a) show the presence of the same reflections for
Na-Sn A and B. Moreover, the most intense reflections present in the diffrac-
tion patterns of Na-Sn A and B coincide with the reflections of both Na;5Sny
and NagSny. Not all the thermodynamically stable phases of sodium-tin are
crystalline; therefore, they cannot be detected. Goodwin et al. reported the
diffraction pattern of the Na-Sn alloy that partially matches (same reflec-
tions from 5 ° to 20 °) those measured in this work, suggesting the presence
of Naj5Sn4 and NagSn [56]. Likewise, the SEM pictures (Fig. 12b) do not
show great difference between the two alloys.

To effectively assess the stability of the Na-Sn / SE interphase, electro-
chemical impedance spectroscopy was employed. In particular, cells with
the two different alloys were cycled and EIS was recorded during the OCV
step. Figure 13 shows the time evolution of impedance spectra recorded
every hour for 12 h during the OCV step.

From Figure 13 it can be clearly seen that Na-Sn B is more stable com-

pared to Na-Sn A. In fact, Fig. 13 shows that for Na-Sn A, the resistance
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Figure 13: Time evolution of impedance spectra for a) Na-Sn A |NagPS,
|FeSs / NagPS, / carbon black and b) for Na-Sn B |NagPS, |FeS; / NazPS,
/ carbon black cells.

increases of more than 100 €2-cm in 12 h, while for Na-Sn B, the resistance
growth is only 50 2-cm . This could be due to an increase of interphase re-
sistance with time that could lead to enhanced solid electrolyte degradation
and deterioration of cell performance. This might be explained with the
presence of more unreacted sodium in the Na-Sn A alloy as a result of the
different synthesis procedures. To further investigate this effect, cells with
both Na-Sn A and B as negative electrodes were cycled. Figure 14 shows
the cycling curves for these cells and the capacity retentions calculated be-
tween the 2°¢ and the 20" cycle. The discharge curves show that initially
the cells with Na-Sn A (less stable interphase) deliver higher capacities than
those with Na-Sn B (more stable).

However, capacity retention improves from 86 % for cells with Na-Sn
A to 128 % for cells with Na-Sn B (Fig. 14b). These results show that
the interphase stability plays an important role in the overall performance
of a battery. In particular, higher instabilities may lead to the formation
of decomposition products that, on the one hand contribute to the decline
of the cell performance (worse capacity retentions) and, on the other hand
may lead to additional apparent capacities [52].

Nevertheless, for both Na-Sn A and Na-Sn B cells the spike behavior
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Figure 14: a) Discharge capacity vs. cycle number plot for half cells with
both Na-Sn A and Na-Sn B and b) their capacity retentions.

persists (Figure 15). The spike behavior is less significant in the case of Na-
Sn B, which means that it takes more cycles for the spikes to form and they
are less pronounced. However, their appearance and the observation that
in both cases they lead to extremely low Coulomb efficiencies (Figure 15 b)
highlight that, in addition to interphase instability, some other mechanism

might be playing a role in the formation of spikes.
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Figure 15: Voltage spikes and coulomb efficiencies for a) Na-Sn A |NazPS,
|FeSs / NagPS, / carbon black and b) for Na-Sn B |NasPS, |FeS; / NazPS,
/ carbon black cells.

A possible explanation for this behavior lies in the fact that the MCI
formed between the anode and the SE has a high electronic conductivity

that leads to dendrite formation [55]. In fact, the formation of spikes has
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been reported and studied by Yuan et al.; they showed the formation of hol-
low regions at the SE-anode interface that could promote localized dendrite
growth [55]. This phenomenon can be explained with a "soft short circuit”
or "dynamic short circuit” model. In this model, the short circuit path forms
at the interface between the anode and the SE and penetrates into the solid
electrolyte during stripping of the positive electrode (desodiation of the pos-
itive electrode, charge in this case). This happens because of the possible
accumulation of electronically conductive Na-rich phases at the interphase
between Na-Sn and the SE. However, when the positive electrode is plated
(sodiation of the positive electrode, discharge in this case), the short-circuit
path is temporarily eliminated [58]. Furthermore, since electron transport
in the MCI is enhanced at high capacities and under high currents, the
spike behavior is highly dependent on cell capacity [59]. To further analyze
this behavior, various analytical techniques can be employed. For example,
XPS and time of flight secondary ion mass spectrometry (TOF-SIMS) can
be used to detect the different products forming at the interphase between
Na-Sn and NasP§S;,.

In conclusion, this study highlights the importance of a stable anode
/ SE interphase. In fact, interface instability has proven to have a critical
effect on the cell performance. Moreover, additional studies are necessary
to find ways to inhibit dendrite growth and suppress spike behavior. For
experimental reasons, for the further studies performed on the positive elec-

trode, Na-Sn A was employed.
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5 Positive electrode microsctructure

In practical cells, pyrite cannot be used alone because of its semiconductor
properties. In fact, large amounts of ion (SE) and electron conductive (car-
bon) species have to be integrated in the cathode to ensure sufficient ionic /
electronic conductivity. This leads to two main issues; first, the addition of
conductive species reduces the active material fraction inside the cathode,
thus lowering the energy density of the cell. In addition, electrochemical
reactions, which are responsible for cell capacity, occur at the triple phase
boundary between FeS,, SE, and carbon. Therefore, good contact between
the different materials within the cathode is a necessary requirement for
suitable battery performances [5, 13]. For this reason, cathode microstruc-
ture plays a fundamental role in pyrite-based Na-S solid-state batteries and
needs to be investigated.

The influence of positive electrode microstructure for a range of differ-
ent active materials and composites has been widely studied. In general,
reducing the particle size within cathode composites leads to better cell
performance [60, 61, 62]. In fact, a smaller particle size can help limit
the formation of voids due to particle mismatch [62, 63], improve active
material utilization, and could partially alleviate volume changes [60]. In
addition, a good ionic conductivity is necessary inside the composites, since
the main bottleneck for Li-S SSBs is the effective macroscopic ion transport
in the composite. Therefore, finding solid electrolytes that possess high
ionic conductivities and small particle size is the key to improving battery
performance [61]. For this reason, in the following section, the influence of
cathode microstructure on battery performance will be discussed. To do
this, composites with FeSs, carbon black and two different solid electrolytes
(NazPS; and W-doped NazPS4) were prepared with different ball milling
procedures and the influence of microstructure on the electrochemical per-

formance of cells was assessed.
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5.1 Basic properties of the solid electrolytes

In this work, two different sulfide SEs were investigated as catholytes. In
particular, NagPS,; (NPS) and tungsten-doped NagPS; (NaggPosWo2Sy,
NPWS) were examined. Tungsten-doped SEs are considered particularly
suitable within cathode composites because of their high ionic conductiv-
ities. In fact, while the ionic conductivity of NPS is 0.17 mS cm™!, the

! making it exceptionally

W-doped version can reach up to 14.7 mS cm™
suitable as a catholyte [64]. However, to ensure optimal cycling perfor-
mance, SEs inside the composite need to have not only good ionic conduc-
tivity but also small particle size. For this reason, an investigation of the
particle size, composition, and morphology of these solid electrolytes was

carried out. To do this, different characterization techniques were employed,

such as SEM, particle size analysis, and XPS.
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Figure 16: SEM images of a) NagPS, and b) Nay sPosWq.2S, taken with an
Inlens detector at the same magnification. c) Particle size distribution for
NPS and NPWS. The measurements were performed dispersing the particles
in a mixture of xylene and oppanol (99:1 wt %).

Particle size and morphology were qualitatively investigated form SEM
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and a laser particle size analyzer, as shown in Figure 16. Both SEM images
(Fig. 16a and b) and the particle size distribution (Fig. 16 ¢ and d) show
that the tungsten-doped SE has a slightly higher particle size compared to
the undoped one (D50 = 0.42 pm for NPS and 0.50 gm for NPWS), which
is due to the synthesis procedures [64]. This might have an impact on the
overall cell performance; therefore, strategies to effectively incorporate it in
composites have to be investigated.

To study the composition and detect the presence of possible contami-
nants, X-ray photoelectron spectroscopy was employed. For calibration, the
Cls spectra of adventitious carbon was used, see table 2 in the experimen-
tal section. Figure 17a shows the survey spectra of both NPS and NPWS.
The survey spectra indicate that there is no significant contamination of the
samples. In addition, the highlighted region shows the presence of tungsten
in the W-doped NPS. The visible peak in the NPS spectra (Fig 17a, gray
region between 25 and 40 eV) can be attributed to the presence of Na2p
peak that partially overlaps with the W4f peaks.

In line with the chemical state expected for NazPS,, the S2p spectra
can be deconvoluted into two spin-orbit doublets, one with the main peak at
160.9 eV, and the other at 161.4 eV. A possible assignment for these doublets
is that the former corresponds to PS,3~ which is expected in the structure
of NagPS, [25]. The latter may be related to P=S. This assignment would
be in agreement with literature [52, 64]. The doublet with the main peak
at 132.2 eV in the P2p spectra of both NPS and NPWS could possibly be
attributed to the solid electrolyte- P=S peak, already present in the S2p
spectra, or the presence of phosphates (PO,). The detailed Ols spectra
of the SEs (fig. 17 d) further shows the possible presence of PO, species.
The presence of oxidized species in the P2p spectra could stem from the

synthesis precursors [64].

40



Survey spectra

a) b)

. S
= ©

m _—

‘,;_’.’ Na, gPo W0 254 % Na 5Py gWo oS,
& i IS
£ T 2 =

= o}
&
2 w
(@]
&
0.
1200 900 600 300 O 165 160 155
Binding energy | eV Binding energy | eV
c) P 2p d) O1s
Na,PS, A_ Na,PS,

_ 3
S ®
m ~
- =
‘é) Na, Py sWo 254 S
IS £
=

2 = 58 540 535 530 525
Binding energy / eV

Binding energy | eV
Figure 17: a) Survey spectra of NagPS, and Nag gPosW oS4, the gray region
shows the presence of W4f peaks that partially overlap with Na2p peaks.
Detailed spectra of b) S2p, ¢) P2p, and d) Ols of both NPS and NPWS.
5.2 Composite cathodes with NazPS,

To investigate the correlation between positive electrode microstructure and

electrochemical performance, two cathode composites (FeS, / NagPS, / car-
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bon black) were prepared by ball milling with two different procedures. In
particular, the composites were prepared using different weight ratios be-
tween the milling media and the sample. For the soft milled composite
(NPS SM), the weight ratio between the ZrO, milling medium and the
sample was 10:1, while for the hard milled composites (NPS HM) a 20:1
media-to-sample ratio was used. The milling procedures employed for these
composites are softer than the procedures used for pyrite-based Li-S com-
posite, because of the higher ionic conductivity of the SE used for Li bat-
teries (8 mS cm™! for LPSCI; 5 and 0.17 mS cm™! for NPS). To ensure that
the milling procedure did not lead to any unwanted side reaction and to
exclude contamination, XRD and XPS were employed. Figure 18 shows the
diffraction patterns of the solid electrolytes and cathode composites, as well
as FeS,. It was not possible to detect the carbon black contribution in the

diffraction patterns because of its amorphous nature.
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Figure 18: a) Diffraction patterns of the soft-milled cathode composite (NPS
SM) and those of FeSy and kapton foil as a reference. b) Comparison
between the diffraction pattern of the solid electrolyte (NPS) and both
soft-milled (NPS SM) and hard-milled (NPS HM) cathode composites.

All the diffraction patterns show a wide reflection appearing between

5 and 10°, this is attributed to the kapton foil that is used to avoid air
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exposure during the measurements. Figure 18a shows a comparison between
the diffraction patterns of FeS, and one of the cathode composites. From
this it can be seen that there is no significant loss of crystallinity of FeS, after
ball milling. This is in line with the high Mohs hardness (6-6.5) of pyrite
[60]. Figure 18b shows the comparison between the solid electrolyte (NPS)
and the two cathode composites (NPS SM and NPS HM). The most intense
reflections of the solid electrolyte are highlighted in gray. This comparison
shows that the intensity of the SE reflections is decreasing when using harder
milling procedures. This could be due to a decrease in crystallinity induced
by ball milling and might lead to a loss of ionic conductivity of the solid
electrolyte. In any case, all reflections present in the diffraction patterns of
the composites can be attributed to FeS, or SE, showing that there is no
side reaction during the preparation of the composite. However, since XRD
can detect only crystalline phases, XPS was employed to further exclude
the presence of side products and contamination. Figure 19 shows the XP

spectra of the two investigated cathode composites.
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Figure 19: a) Survey spectra for both soft (NPS SM) and hard-milled (NPS
HM) cathode composites. Detailed b) S2p and c) P2p spectra for both
composites.

Figure 19a shows the survey spectra of the analyzed samples. From
them the presence of FeSy and NazPS, can be seen (Nals, Fe2p, S2p, and

P2p peaks are labeled). Additionally, the detailed spectra of S2p and P2p
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are shown (Fig. 19b and c¢). From the comparison between the detailed
spectra shown in Figure 19b and ¢ and those of the solid electrolyte (Fig. 17)
it can be seen that there is a shift in the binding energies for the composites.
This shift could be due to surface charging effects. In fact, sometimes the
positive charge resulting from the emission of a photoelectron is not well
compensated, leading to a shift of the peaks to higher binding energies [65].
This normally happens in the battery field because of the inhomogeneity
of the samples. The S2p spectra show the two doublet peaks of the solid
electrolyte (PS4*~ and P=S) as well as a doublet that could be attributed
to the presence of FeSy (S2*7). Furthermore, the XP spectra for the soft
milled composite show the formation of SO, species (i.e. SO4*7) which is
probably due to the storage of the composite. Therefore, both XRD and
XPS data shows that there is no significant contamination in the composites
that could affect the electrochemical performance of the cells.
Consequently, the prepared composites were used as positive electrodes
in half-cell setups with Na-Sn (negative electrode) and NagPS, (separator).

Figure 20 shows the cycling performance of these cells.
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Figure 20: a) Discharge capacity vs. cycle number plots for Na-Sn A
|INagPS4 INPS SM and Na-Sn A |NagPS4 [NPS HM cells, and b) their
capacity retentions. The capacity retentions were calculated between the
24 and the 20" cycle.

The cycling curves show that initially higher capacities are achieved with
the hard-milled composite. This could be due to the smaller particle size for

the NPS HM composite, which could lead to more effective CAM utilization.
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The high deviation observed in the cycling curves for cells with the NPS
HM composite is due to the fact that one cell short-circuited after 15 cycles.
However, both cells with the hard-milled composite show a marked decrease
in capacity after only 10 cycles that leads to inadequate capacity retentions
(only 28 % of capacity retained after 20 cycles).

A possible explanation could be that better contact between the par-
ticles can lead to additional degradation of the solid electrolyte inside the
composites, which is reflected in the capacity retentions. To better under-
stand this behavior, SEM was employed to analyze the cross section of the
cathode composites. The average particle size of 100 particles was evalu-
ated using the software ImageJ and the results are shown in Figure 21b
and d. A log-normal distribution was used to describe the size of the par-
ticles within the composites, because it is particularly suitable to represent
positive quantities (such as particle size, energies, and concentrations) [66].

The size of the particles inside the composites differs from the particle
size measured for the solid electrolytes (Fig. 16), this could be due to several
factors. First, the average particle size of the composites was evaluated by
taking into account the size of both SE and FeS,. Second, smaller particles
are harder to measure with the software ImageJ and only 100 particles were
considered. Lastly, to measure the particles in the particle size analyzer, the
SEs had to first be dispersed in a solvent (mixture of xylene and oppanol).
Therefore, the larger particles tend to precipitate faster while smaller tend to
aggregate, leading to an inexact estimation of the particle size. In any case,
Figure 21 shows a decrease in particle size for the hard-milled composite.
Although this can effectively explain the higher capacities achieved with
NPS HM, the difference in capacity retentions is not as clear. In fact, the
size of the particles inside the hard-milled composites is still high. Therefore,
in the case of the hard-milled composite, the anode might play an important
role in the decreasing capacities.

To further investigate the cell performance, partial ionic and electronic
conductivities of the composites were determined using DC measurements.

To do this, a constant voltage was applied and the current response was
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Figure 21: a) SEM image of the cross section of the soft-milled cathode
composite (NPS SM) and c¢) the hard-milled composite (NPS HM). The
images were taken with an ESB detector at the same magnification. The
ESB detector allows to differentiate the components that are present in the
composite based on their mass. In a) and c¢) the black areas are carbon
black, the solid electrolyte is dark gray and FeS, is light gray. b) and d)
average particle size of the composites evaluated with the software Image.J.

recorded. The slope of i vs. U the plot gives the electronic and ionic resis-
tance from which the conductivities can be calculated (Eq. 16). For elec-
tronic conductivities, the experimentally determined resistance is directly
the electronic resistance of the setup. To calculate the ionic conductivities,
the resistance of the SE and the interface between SE and Na-Sn had to
be evaluated. Impedance spectroscopy was employed to estimate the re-
sistance. In particular, impedance spectra of a symmetric cell made of SE
and anode ( Na-Sn |[NagPS,; |[Na-Sn) were recorded and fitted to evaluate
the resistance. Figure 22 shows the voltage steps applied during the DC
measurements and the current recorded, as well as EIS evolution during 17
h and the fit performed on the first recorded spectrum.

Table 6 shows the calculated ionic and electronic conductivities of the

investigated composites, as well as the ionic conductivity of the solid elec-
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Figure 22: a) Voltage steps applied during the DC procedure and b) the
current response. The same steps are applied for both ion and electron
blocking setups. Setup used for evaluating ionic (c) and electronic conduc-
tivities (d), and ionic and electronic resistances evaluated from i vs. U plots.
e) EIS evolution for a symmetric cell Na-Sn |[NagPSy |Na-Sn. f) Fit of the
impedance spectra recorded right after attaching the cell.

trolyte, for comparison.

Table 6: Ionic and electronic conductivities for the SE and the soft-milled
(NPS SM) and hard-milled (NPS HM) cathode composites.

Tonic Electronic
Material | conductivity | conductivity
(mS cm™!) (mS cm™!)
NPS 0.17 -
NPS SM 5-1073 2 -10°
NPS HM 21072 103

Measurements for both the ionic and electronic conductivities were per-

formed once. Because of this and the intrinsic errors in the evaluation of the
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thickness of the samples, these measurements give a rough estimation of the
conductivities. Further analysis has to be performed to effectively assess the
conductivities of the composites employing both DC and AC methods. The
ionic conductivity of the composites is several orders of magnitude lower
than the electronic conductivity. The high electronic conductivities could
be due to the well-connected carbon domains that surround the SE parti-
cles (Figure 21) [60]. However, the low ionic conductivities show that Na*
diffusion inside the composites plays a key role on the cell performance.
Furthermore, the ionic conductivities of the composites are one order of
magnitude lower than the conductivity of the SE (Table 6), thus showing
that milling leads to a loss of ionic conductivity.

In conclusion, it has been shown that microstructure plays an impor-
tant role on cell performance, and, in particular, smaller particles inside
the composites lead to higher capacities. However, since both microstruc-
ture and high ionic conductivities are expected to be decisive for cell per-
formance [61], NazPS, was substituted with the more ionic conductive
NaggPosWg2S, in the cathode composites and the relationship between

particle size and cell performance was also investigated.

5.3 Composite cathodes with NassPysW(2S,

To effectively enhance Na* diffusion inside the positive electrode, Nay gPg g
Wo.2S4 (Ong+= 14.7 mS cm™!) was used as a catholyte instead of NazPS,.
Different composites (FeSs / Nag sPosWo2Ss / CB) were prepared with two
milling procedures. As before, soft-milled (media-to-sample ratio 10:1) and
hard-milled (media-to sample ratio 20:1) cathode composites were prepared.
For simplicity, the soft-milled composite will be called NPWS SM, while the
hard-milled one NPWS HM.

First, both XRD and XPS were employed to ensure that the milling
process did not lead to unwanted side reactions. Figure 23b shows a com-
parison between the diffraction patterns of the solid electrolyte (NPWS)
and the prepared cathode composites (NPWS SM and NPWS HM).
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Figure 23: a) Comparsion bewteen the diffraction patterns of the solid elec-
trolytes (NPS and NPWS). b) Diffraction patterns of the solid electrolyte
(NPWS), as well as those of the soft-milled (NPWS SM) and hard-milled
(NPWS HM) cathode composites.

In Figure 23b the most intense reflections of both FeS; and the SE are
highlighted. Compared to NagPSy, NaggPosWp2Ss shows a higher crys-
tallinity (Fig. 23a), which, however, is in part reduced in the cathode
composites, probably due to the milling procedures. To further study the
composition of the positive electrodes, X-ray photoelectron spectroscopy
was employed. Figure 24 shows the survey spectra and the detailed spectra
of S2p and P2p for both the soft- and hard- milled composites.

The survey spectra (Fig. 24a) show the presence of both FeSy (Fe2p and
S2p peaks) and the solid electrolyte (Nals, S2p, P2p and W4f peaks). The
fits of the S2p and P2p spectra are shown in Figure 24b and c. The S2p
envelope shows contributions from both FeSy (S?7) and NaggPosWo.2S4
(PS,*~ and P=S), while the P2p peak shows the possible presence of phos-
phates (PO,*~ and PO37). From the XRD and XPS analysis, it can be

concluded that the milling procedures did not lead to unwanted side re-
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Figure 24: a) Survey spectra of the two cathode composites (NPWS SM,
NPWS HM). Detailed b) S2p and c) P2p spectra for both soft- and hard-
milled composites.

actions. Furthermore, no significant contamination could be detected by
XPS.

Subsequently, the two prepared composites were used as positive elec-
trodes in pyrite-based Na-S SSBs with Na-Sn as the negative electrode and
NagPS, as separator. NagPS, was used as a separator because of the insta-
bility of Nag gPgsWp.2S4 in contact with the Na-Sn anode. The discharge
curves and capacity retentions for these cells are shown in Figure 25a and

25b.
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Figure 25: a) Discharge capacity vs. cycle number plot and b) capacity
retentions for Na-Sn [NPS |[NPWS SM and Na-Sn [NPS [INPWS HM cells.
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First, it can be observed that cells with hard-milled composites achieve
significantly higher capacities than cells with soft-milled composites (cells
with NPWS HM show an increase of approximately 100 mAh g=! compared
to NPWS SM cells). This can be ascribed once again to the smaller particle
size achieved with the hard-milled composites that increase the contact
between the different components inside the composites. Figure 26 shows
SEM images of the cross sections of the cathode composites (NPWS SM,
NPWS HM) as well as their particle size distribution. The SEM images were
taken with an ESB detector that allows to differentiate between elements
based on their mass. However, in this case, it is not possible to differentiate

between FeS, and the SE.
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Figure 26: a) SEM image of the cross section of the soft-milled cathode
composite (NPWS SM) and c¢) the hard-milled composite (NPWS HM).
The images were taken with an ESB detector at the same magnification.
b) and d)particle size distribution of the composites evaluated with the
software ImageJ.

The harder milling procedures were effective in reducing the size of the
particles within the composites, reflecting the cell performance. However,

it is not clear whether the larger particles still present in the composites are
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FeS, or SE particles. To distinguish the chemical composition, EDS maps
were used (Fig. 27). The presence of FeSy;, NPWS, and carbon black are
confirmed by the Fe, Na, and C maps in Figure 27, respectively.
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Figure 27: Top: EDS of the soft-milled composite with elemental map
distribution. Bottom: EDS of the hard-milled composite. The elemental
maps show the distribution of the different components inside the compos-
ites. FeSy is shown in green (Fe), NaggPgsWq2S, in purple (Na map) and
carbon black in red (C).

From the EDS maps it can be clearly seen that both the cathode active
material and the SE still have large particle size inside the composites. In
fact, even though the hard-milled composite does not show a large decrease
in particle size, it still has a significant effect on cell performance. This
highlights the importance of having good contact between the particles and
suggests that further reducing the particle size (with even harder milling
procedures) might lead to even higher capacities. In fact, previous studies
on FeS,-based Li-S SSBs show that higher capacities are obtained with com-
posites that have submicrometer FeSs particles confined in an homogeneous
matrix of SE [60].

However, the cells with the NPWS composites achieve capacities sim-
ilar to those of the cells with the NPS composites (200 / 250 mAh g=1).
To better understand this behavior, the ionic conductivity of the NPWS
composites was calculated, and the results are shown in Table 7.

It was not possible to obtain the ionic conductivity of the NPWS SM

composite because the i vs. U plots did not show a linear behavior. There-
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Table 7: TIonic and electronic conductivities for the solid electrolyte
(NPWS), soft-milled (NPWS SM), and hard-milled (NPWS HM) cathode

composites.

Ionic Electronic
Composite | conductivity | conductivity
(mS em™!) (mS cm™!)
NPWS 14.7 -
NPWS SM - 2 -10°
NPWS HM 5-1073 103

fore, to assess the ionic conductivity of this composite, AC methods should
be employed. Composites with W-doped NPS show conductivities similar
to those of the NPS composites. These results suggest that the initially
higher ionic conductivity of NaogPgsWg.2S, is substantially decreased due
to ball milling.

To investigate whether the loss in conductivity observed for the com-
posites studied in this work is in line with what observed for other systems,
the results obtained in this thesis were compared with other works. Fig-
ure 28 shows a comparison between the ionic conductivities of the SEs and
cathode composites for different CAMs.

The preparation of cathode composites by ball milling intrinsically re-
duces the ionic conductivity of the solid electrolytes. In fact, in the case of
LPSCI, 62 % of the ionic conductivity is lost after ball milling (Fig. 28) [40].
Furthermore, when carbon and CAM are added, the overall ionic conductiv-
ity of the composites additionally decreases. Ohno et al. studied the effect
of adding different carbon black percentages to a SE / CB cathode compos-
ite [40]. In this study, they show that increasing the carbon content inside
the composites strongly reduces ionic conductivity (only 26% of conductiv-
ity retained with 10% carbon content), suggesting that microstructure has
a relevant influence on ionic conductivity [40].

The results obtained in this work are in line with the results obtained
for the other analyzed systems. However, it is worth noting that in the case
of the NPWS composites almost all of the ionic conductivity of the SE is
lost after ball milling. Therefore, cells with NPS and NPWS composites
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Figure 28: Ionic conductivities of different solid electrolytes and those of
the ball-milled cathode composites prepared with those SEs and the labeled
CAMs. Left: comparison between the ionic conductivities calculated in this
work and those calculated by Wan et al. [67] for Na SSBs. Right: com-
parison between the ionic conductivities of SE and composites for various
cathode active materials. Adapted from [40, 60, 61, 62].

show comparable capacities. To explain the considerable loss of conductiv-
ity observed for NPWS, a greater knowledge of the properties of the solid
electrolyte (e.g. hardness) is needed, however, this goes beyond the aim of
this work.

However, the capacity retentions of cells with NPWS composites (Fig.
25b) are considerably different from those of the cells with NPS composites
(Fig. 20b). Specifically, cells with W-doped NPS as the catholyte show
improved retentions. This behavior has already been observed by Shen et
al. for all-solid-state lithium sulfur batteries [68]. A possible explanation
for this behavior lies in the formation of WSy at the interphase between
the active material and the catholyte. In fact, WS, is a mixed ionic and
electronic conductor that could facilitate electron and ion transport within
the interphase, therefore stabilizing the interphase reactions [68]. Further-
more, since WS, is redox active, it could facilitate the sulfur (FeSs) redox
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in the interphase, thus enhancing conversion kinetics and improving its re-
versibility [68]. Therefore, in the case of NPWS composites the possible
formation of insulating products that could affect cell performance might
be mitigated. The formation of WS, for pyrite-based Na-S SSBs still has to
be investigated. To do this, techniques such as XPS and TOF-SIMS could
be employed.

Although cells with NPWS as catholyte do not show the expected in-
crease in capacity due to the higher ionic conductivity of NPWS, they still
display capacities similar to those of cells with NPS composites while show-
ing significantly improved capacity retentions. Because of this, the hard-
milled NPWS composite was used for the experiments that will be discussed

in the following chapter.
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6 Sodium lIodide as an additive

6.1 Electrochemical characterization

This work focuses on understanding whether I can be formed from Nal
under the chosen cycling conditions and, eventually, whether it can mediate
the oxidation of the chemical species present during cycling to enhance
cycling stability and rate capability. However, it is not yet clear which
chemical species are produced during cycling in pyrite-based solid-state Na-
S batteries. In fact, while there are several reports on the reactions occurring
in pyrite-based Li-S solid-state batteries, up to now, no study has reported
on the reactions in pyrite-based Na-S SSBs.

Studies on FeSy-based Li SSBs report the formation of FeS, LiyS and
Fe’ during first discharge (Egs. 21) [60, 69].

FeSy +2Li" +2¢ — FeS + LiyS — Fe® + 2LiyS (21)

Therefore, assuming the same mechanism for FeSs;-based Na-S SSBs,

equation 21 can be rewritten as follows:

FeSy+2Na® +2e~ — FeS* + NapS* — Fe™ +2NayS*  (22)

The formation of the species labeled with an asterisk in Eq. 22 has not
yet been reported. In fact, studies on Na-S solid-state batteries reported the
formation of a wide range of polysufides during discharge, such as NaySs,
NaySy, NagSsy, and NayS, as well as high-order polysufides (NayS, with z=6-
8) [70]. Therefore, the reaction mechanism for FeSs-based Na-S SSBs could
be more complicated than is assumed in this work.

On the other hand, the redox reactions of Nal have previously been
studied for sodium ion batteries and are summarized in equations 23 and
24 [71]. During charging, Nal is oxidized to Nalz which is subsequently

oxidized to Iy. During discharging the inverse process is observed [71].
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3Nal = Nals +2Na + +2e” (23)

ONals = 31, + 2Na* + 2e~ (24)

The overall redox reaction of Nal is summarized in eq. 25.

2Nal = I, + 2Na™ + 2e~ (25)

To study the redox-mediating effect of iodine, cathode composites with
different Nal contents were prepared. In particular, three composites with
increasing Nal content were tested, the first composite was prepared by
mixing FeS;, NPWS and CB (volume fractions 27 %, 55 % and 18 %, re-
spectively) with hard-milling procedures (NPWS HM). The other compos-
ites were prepared by substituting different fractions of the solid electrolyte
with Nal. Specifically, composites with 5 % volume fraction of Nal (Nal 5
%), and 15 % of Nal (Nal 15 %) were tested. Figure 29 shows the vol-

ume (a) and mass (b) fractions of the different materials inside the cathode

composites.
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Figure 29: a) Volume fractions of the different materials (FeS,, SE, CB, and
Nal) for the three analyzed composites (No Nal, Nal 5 %, and Nal 15 %).
b) Mass fractions for the materials in the same composites.

On the basis of thermodynamic calculations, the reaction described in
eq. 25 is expected to occur at 2.96 V vs. Na / Nat. The potential of the

anode used (Na-Sn) was assessed to be 0.62 mV vs. Na / Na*t. Therefore,
o7



to effectively trigger the formation of I, all cells were cycled between 0.5
and 3.2 V vs. Na-Sn. Figure 30 shows the discharge curves for cells with
the three different cathode composites: without Nal (No Nal), with 5 % in
volume of Nal (Nal 5 %), and with 15 % in volume of Nal (Nal 15 %).
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Figure 30: a) Discharge capacity vs. cycle number plots for cells with
composites without Nal (no Nal), with 5 % in volume of Nal (Nal 5 %),
and 15 % in volume of Nal (Nal 15 %). b) Comparison between Na-Sn
INPWS |FeS, / NPWS / CB cells cycled with two different higher cutoff
potentials: 3.0 and 3.2 V vs. Na-Sn.

The composite Nal 15 % shows significantly lower initial capacities com-
pared to the other composites. This could be due to a decrease in the ionic
conductivity of the composite due to its lower amount of SE (38 % in vol-
ume of SE inside the composite). Therefore, for further analysis, only the
the composites without (No Nal) and with 5 % in volume of Nal (Nal 5 %)
will be considered.

From Figure 30b it can be seen that cells cycled between 0.5 and 3.2
V show a sharp decrease in capacities compared to cells cycled up to 3.0
V. Moreover, no substantial difference can be detected between the cycling
curves of cells with and without Nal. Therefore, to investigate this behavior,
cyclic voltammetry and differential capacity plots were employed, Figure 31
shows a comparison between them.

The differential capacities were calculated from the charge / discharge
curves of cells cycled at 0.1 C, while the scan rate used for the cyclic voltam-
metry was 0.05 mV /s. Both d@ / dU plots and CVs show the appearance
of a reduction peak around 0.8 V during the first discharge. This peak
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Figure 31: Differential capacity plots and cyclic voltammetries for cells
without Nal (a,b) and (c,d) with 5 % Nal in the composites.

might be attributed to the first irreversible reaction of FeS, that is reported
for pyrite-based Li-S SSBs [60, 69]. During the second discharge, a peak
around 1.5 V emerges and can be attributed to electrolyte decomposition
[26]. The peak-to-peak separation (AE,) in both CVs is approximately 1
V, suggesting that the reduction process may not be fully reversible [72].
Therefore, the worse cycling stabilities shown in Figure 30 could be due
to irreversible decomposition of the solid electrolyte at higher potentials.
However, no difference could be detected between the differential capacity
plots and the CVs for the cells with and without Nal. Therefore, to assess
the formation of Iy, cells were charged at lower C-rates (0.02 C and 0.05 C)
and discharged at a constant rate of 0.1 C; both at room temperature (25 °
C) and at 60 ° C (Fig. 32). This was done to improve the reaction kinetics.
In fact, at lower C-rates reactions inside the composites have more time to
occur, while higher temperatures enhance the reaction rate.

Figure 32 shows a second oxidation peak appearing around 1.2 V for
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Figure 32: Differential capacity plots for cells without Nal and with 5 %
Nal in the cathode composites. The cells were charged at 0.02 and 0.05
C and discharged at 0.1 C at 25 °© C and 60 ° C. The plots for the first
discharge are not shown.

the cells cycled at 60 ° C. Although it is not clear whether this is due to

electrolyte degradation or to any other reaction, since this peak is present for

both the cells with and without Nal, it cannot be ascribed to the oxidation

of Nal. In fact, there is no detectable difference between the cells with and

without Nal in the composites. For this reason, XRD and SEM analyses

were performed to detect any changes inside the composites and better

understand the electrochemical performance of the cells.
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6.2 Analytical characterization

To better understand the electrochemical performance of the cells contain-
ing Nal, XRD and SEM were employed. Specifically, the diffraction patterns
of the pristine composites were recorded to ensure that the preparation of
the composites did not produce any unwanted side product that might af-
fect cell performance. Figure 33 shows a comparison between the diffraction
patterns of Nal and the two composites with Nal (Nal 5 % and Nal 15 %).
The diffraction pattern of the composite without Nal (NPWS HM, No Nal)

was shown in Figure 23.

Nal 15 %
v NPWS
* FeS,

Intensity / a.u.

Nal

5 10 15 20 25 30 35 40 415 50
20/°

Figure 33: Diffraction patterns of the two composites with Nal (Nal 5 %
and Nal 15 %) as well as the diffraction pattern of Nal as a reference [73].

The XRD patterns show the presence of FeS,, NPWS, and Nal (grey
regions). As expected, the reflections of Nal in the composite Nal 5 % are
less intense than in the composite Nal 15 % due to its lower amount.

Furthermore, to better understand the electrochemical performance of
the cells with Nal 5 % composites, SEM-EDS images of cross section of
the pristine composite and after first discharge / charge were taken. Figure

34 shows the SEM-EDS images of the pristine cross section of the cathode
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composite with 5 % in volume of Nal.

Figure 34: a) Pristine cross section of FeSy / NPWS / CB / Nal 15 %
cathode composite, taken with an ESB detector. b) and ¢) EDS maps of
the pristine cross section of the Nal 5 % cathode composite. The element
maps show the presence of FeSy (Fe map, in green), NPWS (Na map, in
purple), carbon black (C map, in red) and Nal (I map, in blue).

The SEM image in Figure 34a shows the presence of brighter spots that
were not present in the composite without Nal (Fig. 26). The EDS maps
(Figure 34b and c) confirm that the white spots can be attributed to Nal.
However, the SEM images reveal that sodium iodide is highly inhomoge-
neously distributed. In fact, inside the composite there are spots in which
Nal is not present and areas in which Nal with particle size exceeding 2 pm
is detected. This might explain the electrochemical behavior. Indeed, be-
cause of the low amount and inhomogeneous distribution of Nal, the redox
mediating effect of iodine might not be detected. However, the question
of whether I is formed during cell charging remains, although it was not
electrochemically detected. To evaluate the possible formation of iodine, a
cell was discharged and then charged at 0.02 C at 60 ° C, after charging the
potential of the cell was held for 48 h and the cross section of the cathode
was analyzed with SEM-EDS. The SEM-EDS image of the cross section
of the composite (Nal 5 %) after discharge / charge are shown in Figure

35, in which Figs. 35b and ¢ are zoomed in images of the Nal spot shown
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in Figure 35a. XPS analysis was performed on the sample after charge /

discharge, however, the presence of I, could not be detected, possibly due

to oxidation of the sample during preparation.

Figure 35: a) SEM images of the cross section of the composite Nal 5 %
after discharge and then charge at 60 ° C. b) and ¢) zoomed in images of a).
The images were taken with an Inlens detector at different magnifications.
d) EDS maps of the same area analyzed with SEM, and elemental maps of
iodine (blue), sodium (purple), and iron (green).

The SEM-EDS images show that a morphological change is happening
inside the Nal particles. Specifically, the Nal particles after cycling appear
darker compared to the pristine ( Fig. 34). Additionally, a round-shaped
morphology for the sodium iodide particles is observed at high magnifi-
cations in the cycled composite. The EDS maps of the composite after
discharge / charge show the presence of an iodine-rich area surrounded by
Na- and Fe-rich areas. This observation further suggests that a change is
occurring inside the Nal particles; however, there is no clear evidence of
whether I or Nalz (I37) is forming, because EDS cannot detect the chemi-
cal state of the analyzed species. In this regard, XPS could give information
on the oxidation state of iodine.

This study suggests that the production of a composite with a higher
content of iodine-containing species (for example, additives or SEs contain-
ing iodine) could be effective in observing the redox-mediating role of iodine.
In fact, SEM-EDS suggests that morphological changes inside the Nal par-

ticles are happening; however, their effect on the cell performance remains
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unclear. To further analyze the Nal behavior, other characterization meth-

ods such as XPS and TOF-SIMS are needed.
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7 Conclusions

This work focused on the understanding of the intricate relationship between
positive electrode microstructure and electrochemical cell performance. To
do this, cathode composites with different SEs (NazPS, and Nag gPosWq.2S4)
were prepared using various ball milling procedures. In line with previous
reports, this work showed that small and homogeneously distributed par-
ticles inside the composites are effective in achieving high capacities. As a
matter of fact, smaller particles reduce particle mismatch, allow greater uti-
lization of the cathode active material, and help mitigate volume changes.
To ensure high conductivity inside the composites, NPS was substituted
as a catholyte with the more ionic conductive NPWS. However, the ionic
conductivity measurements performed on the cathodes show that the ball
milling procedures used to produce the composites lead to a huge loss of
ionic conductivity of the SE (99.9 % of conductivity loss). Therefore, the
capacities achieved for the cells with the NPS and NPWS composites were
comparable. To further study this behavior, a better understanding of the
properties of the SEs used is needed; however, this is beyond the aim of this
work. In any case, it was observed that tungsten-doped solid electrolytes
can effectively enhance cycling stability. This is possibly due to the forma-
tion of WSy which could stabilize the interphase reactions. To prove this,
further investigation is required.

This work highlights the importance of effectively tuning cathode mi-
crostructure and reveals the potential of achieving even higher capacities for
FeS,-based Na-S SSBs by further reducing particle size within the positive
electrode. Moreover, it was shown that the interphase instability between
the anode and the SE has an effect on cell performance. Therefore, to rule
out any contribution from the negative electrode, a stable anode / separator
interphase has to be found. A possible solution for this could be to replace
the NPS separator with more stable and conducting SEs, such as NayB, H,,
and NaCB,,_1H,,. This class of electrolytes is particularly suitable because

of their reduction stability, and high ionic conductivity, however, due to
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their high cost, they were not employed in this work.

In addition, investigation of Nal as a possible redox mediator was carried
out. To do this, composites with different Nal contents were prepared and
tested. However, probably because of the inhomogeneous distribution of Nal
in the positive electrode, the redox mediating effect of iodine still remains
unclear. In any case, SEM-EDS analysis performed on a cycled composite
shows a morphological change of Nal within the composite, suggesting a
chemical change.

In conclusion, to carry out further research on iodine as a redox media-
tor, a better understanding of the reactions that occur at the positive elec-
trode is needed. Therefore, a detailed study of the positive electrode with
different characterization techniques (e.g. XPS, TOF-SIMS) is required.
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