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Abstract

In this work the valence-to-core (VtC) Kf sulfur X-ray emission spectroscopy (XES)
was used to perform quantitative analysis of different sulfur compounds produced in the
lithium sulfur (Li-S) battery during discharge. The analysis is based on the theoretical
sulfur K XES spectra obtained from the ab-initio quantum chemical calculations
based on the density functional theory. The emphasis is given on the Kg sulfur XES
spectra of the polysulfide molecules (LisS,, z = 2,--- ,8) produced electrochemically
within the Li-S battery. Ab-initio molecular dynamics calculations are used further to
calculate also the Kf spectra of LisS, dissolved in a model solvent. Calculated spectra
were directly compared with the experimental ones collected with the Johansson type
tender XES spectrometer on laboratory synthesized LisS, reference standards and pre-

cycled battery cathodes. These results demonstrate that sulfur VtC XES can be used



effectively to analyze quantitatively electrochemical sulfur conversion also in a smaller

laboratory without the need for large scale synchrotron facilities.

Due to its high theoretical capacity and energy density, lithium-sulfur (Li-S) batteries
are one of the most promising candidates for the next-generation batteries.! The fundamen-
tal mechanism of Li-S batteries is based on the reduction of sulfur (a-Sg) in the cathode
to lithium sulfide (LipS) through a series of redox reactions forming intermediate soluble
LiyS,, z = 2,--- , 8 polysulfides.? Continuous improvement of the Li-S batteries relies on the
level of our understanding of the basic mechanism. Here the development and application
of bulk-sensitive nondestructive characterization techniques able to address complex sul-
fur electrochemical conversion play a major role. Currently, X-ray absorption spectroscopy
(XAS) performed at synchrotron beamlines has been most commonly used for this pur-
pose.®® Despite excellent analytical capabilities of XAS, the limited access to synchrotron
beamlines represents a bottleneck for more routine analysis. Alternatively, complementary
element specific information of sulfur local electronic structure can be obtained using X-ray

912 which can be successfully performed also in a smaller lab

emission spectroscopy (XES),
employing laboratory excitation sources. However, due to specific tender X-ray range, sulfur
XES requires dedicated in-vacuum emission spectrometers being introduced only very re-
cently. 17 Consequently, despite its large potential, sulfur XES has not yet been exploited
for the analysis of Li-S batteries.

The terminal sulfur atoms in the LiyS, polysulfides give rise to characteristic pre-edge
absorption peak in the measured sulfur XANES spectra!® and fingerprinting approach using
spectra recorded on reference standards is commonly used in XAS analysis on Li-S batteries.
Because of less pronounced spectral differences such approach is not applicable in case of XES
analysis. Due to disproportionation reactions inevitably leading to the formation of multiple
polysulfide species, ¥ it is basically impossible to isolate clean pure LiyS, polysulfides, which

could be used to obtain reliable XES experimental reference spectrum. In our work, we,

therefore, use the analysis based on the theoretical VtC XES spectra of pure polysulfides.
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Figure 1: (a) Calculated S VtC XES spectra of the central (blue), internal (violet) and
terminal (green) S atoms within the LiyS, (x = 3,---,8) molecules. Lighter color represents
spectra of separate sulfur atoms and darker color represents the average XES spectra of three
groups of differently coordinated sulfur atoms within the polysulfide chain. The VtC XES
spectrum of the LiySs molecule differs from XES spectra of terminal sulfur atoms in long
chain polysulfides and is plotted separately. (b) Measured high energy resolution proton
induced sulfur VtC XES spectra of a-Sg, and LisS,. The fit of the theoretical model to the
experimental data is also presented.

These are used to analyze experimental spectra collected from battery cathodes in order to
assess the feasibility of the sulfur VtC XES to perform laboratory characterization of Li-S
batteries.

The theoretical VtC XES spectra of lithium polysulfides were obtained from first-principles
quantum chemical calculations. Two different program packages, StoBe-deMon?’ and CP2K /Quickstep,?!
both based on the density functional theory (DFT)?? approach, were used. Comparison of
the sulfur VtC XES of a-S with both programs is given in Fig. S1, ESI{. After the geometry
optimization, VtC XES spectra were calculated for each separate sulfur atom within the
LiyS, polysulfide molecule. Based on the calculated spectral shape, we can separate three
groups of differently coordinated sulfur atoms within a polysulfide molecule. In one group we
have terminal sulfur atoms, bound directly to Li atoms on the edge of the polysulfide chain.
The second group contents internal atoms inside the chain. In longer polysulfides, with five

to eight sulfur atoms, we can additionally separate internal atoms, bonded directly to the



terminal ones, from the atoms in the middle of the chain, which we will refer to as central
sulfur atoms from here on. Theoretical average VtC XES spectra for these three groups of
differently coordinated sulfur atoms within Li,S, polysulfide molecules are presented in Fig.
la together with XES spectra of each separate sulfur atom within the polysulfide chain. The
final theoretical VtC XES spectra of polysulfides were then built as a linear combination of
corresponding XES spectra from the terminal, internal and central sulfur atoms (Fig. S2,
ESI}). The only exception was the LisSs molecule exhibiting characteristic XES spectrum
which differs from the spectra of longer LiyS, polysulfides discussed above and was calculated
separately. In case of central sulfur atoms in polysulfides and atoms in elemental «-S, the
electronic structure of occupied valence orbitals was found very similar and the theoretical
VtC XES spectra from these two types of sulfur atoms are practically the same. Besides
polysulfides the reduction of Sg can produce also polysulfide radicals. ?>?* Especially the rad-
ical trisulfur anion S3 might play an important role in the electrochemical process.? For that
purpose, we have calculated also the VtC spectrum of LiS3 radical. However, the spectral
difference with respect to the spectrum of LiyS;3 polysulfide (S4, ESIt) was found within our
experimental uncertainty so radicals were omitted in further discussion.

Table 1: Relative amplitudes of separate spectral contributions obtained from the fitting
procedure explained in the text. The error estimates from the fit are given in parentheses.

chemical Amplitudes of
formula  central atoms internal atoms terminal atoms
Ss 0.98(1) 0.009(6) 0.009(6)
LisSg 0.61(1) 0.195(5) 0.195(5)
LisSe 0.40(1) 0.300(7) 0.300(7)
LisSy 0.32(1) 0.339(6) 0.339(6)
LisSo 0.04(2) 0.43(2) 0.53(1)

In order to validate our theoretical approach, the LisS, polysulfides were synthesized by
mixing the stoichiometric amounts of lithium and sulfur in dried tetrahydrofuran. After
removing the solvent under reduced pressure, the solid target pellets, suitable for XES mea-
surements, were prepared.? X-ray emission was induced by irradiating the samples with 2

MeV proton beam and the VtC sulfur spectra were collected with our tender XES spectrom-
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Figure 2: The relative amount of the nonterminal sulfur atoms obtained from the fit com-
pared to the nominal values for pure LisSx polysulfides.

eter.?® The final measured spectra are presented in Fig. 1b. Next, we have built a model
spectrum as a linear combination of theoretical VtC XES spectra calculated for the terminal,
internal and central sulfur atoms within polysulfide molecules as described previously. This
model was fitted to the experimental XES spectra with relative amplitudes of each spectral
contribution being the only fitting parameters. In the case of LisSg, LisSg and LisSy, the
number of internal and terminal atoms should be the same so relative amplitudes for these
two contributions were kept the same during the fit. Results of this fitting procedure are
presented in Fig. 1b, where they are compared to the measured spectra, and the relative
amplitudes obtained from the fit are given in Table 1. The fitted model describes well the
measured spectra, confirming our theoretical model. From the relative amplitudes presented
in Table 1, the relative amount of nonterminal (internal+central) sulfur atoms can be ob-
tained, which is a characteristic of the polysulfide chain length. The numbers obtained from
the fit can be directly compared to the nominal relative amount of nonterminal atoms ex-
pected in pure LisS, polysulfides and this comparison is presented in Fig. 2. Although close
agreement is observed for long chain polysulfides, our values start to differ from the nominal
ones while going to shorter polysulfides. The difference is most pronounced for the shortest
measured polysulfide sample. This is consistent with the results of recent XAS measurements

on polysulfide standards where this difference was attributed to the disproportionation re-



actions of lithium polysulfides in solution and precipitation of less soluble short chain solid
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Figure 3: (top) Comparison of sulfur VtC XES spectra of isolated LiyS; molecule and
(left) LisS; molecule in first (six DOL molecules) and (right) second (five DOL and one
LiTDI molecule) model solvent. (bottom) The relative difference of the XES spectra of LiyS;
molecule in both model solvents with respect to the spectrum of isolated LisS; molecule.

Within a working battery, lithium polysulfides are dissolved in an electrolyte, therefore in
the next step we try to study the effect of solvent on the VtC XES spectra. For that purpose,
the ab-initio molecular dynamics (AIMD) calculations were performed. Since the VtC XES
spectra of the terminal, internal and central sulfur atoms calculated for isolated polysulfide
molecules were independent of the polysulfide chain length, we can restrict the AIMD cal-
culations to one particular LisS, and the results can be generalized for all polysulfides. The
calculations were performed for the LisS; dissolved in two different model solvents. In the
first model LiyS7 molecule was surrounded with six 1,3-dioxolane (DOL) molecules and in the
second model with five DOL molecules and one 4,5-dicyano-2-(trifluoromethyl)imid-azolide
(LiTDI) molecule. We have simulated 21 ps AIMD in the constant volume and temperature
ensemble (NVT). The radial distribution functions calculated for LisS; surrounded with six
DOL molecules (Fig. S5, ESI}) were found in good agreement with the work of Kamphaus
and Balbuena.?® Sulfur VtC XES spectra were calculated for several consecutive snapshots

of the system taken every 3 ps. The final spectra were constructed in the same way as for
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isolated polysulfide molecules and normalized to the overall intensity, Fig. 3. Compared
to XES spectrum of isolated LisS; molecule, only minor differences were observed for the
first model solvent. In the case of second model, solvent differences are more pronounced,
suggesting that the Li-ion in LiTDI might be responsible for this change. This is confirmed
by taking an AIMD snapshot at 15 ps and removing from the system all solvent atoms
except for lithium. The VtC XES spectra calculated on this modified system exhibit very
similar shape as the solvent model, confirming that the Li atom in the solvent is changing

the electronic structure of sulfur atoms (Fig. S6, ESIT).
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Figure 4: Experimental sulfur VtC XES spectra from several pre-cycled battery cathodes
fitted with the theoretical model presented in the text. Electrochemical curve obtained
during battery discharge with the points corresponding to our cathode samples is given at
the top.

Finally, we tried to use theoretical VtC XES spectra to analyze experimental spectra
from Li-S battery cathodes and address electrochemical sulfur conversion during the battery
working cycle. For that purpose, MeV proton induced sulfur VtC XES spectra were collected
from several pre-cycled battery cathodes which were stopped at different points during the

first plateau of the battery discharge curve. Carbon/sulfur composite with PVAF binder and
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conductive multiwalled nanotubes was used for battery cathodes and the electrolyte was 1
M LiTDI in TEGDME:DOL.?® The measured spectra of the so-called ez-situ samples are
presented in Fig. 4 together with the corresponding electrochemical curve obtained during
battery discharge. During the first plateau of the discharge curve, the elemental a-Sg sulfur
in the cathode is converted into polysulfides, reaching maximum polysulfide content at the
end of the plateau. The formation of LiyS phases starts at the begining of the second plateau
and it is not discussed in this work. The longer polysulfides (LipSs-LisS5) are expected in our
samples and their relative amount should be increasing towards the end of the first plateau.
In order to analyze sulfur conversion, two different model spectra were built and fitted to the
measured ez-situ cathode spectra. The first model was built from the theoretical VtC XES
spectra of the terminal, internal and central sulfur atoms in isolated LisS, molecule. The
second model was built from XES spectra calculated for LisS; molecule in a model solvent
composed of five DOL and one LiTDI molecule. In this case, calculated XES spectra from
the central sulfur atoms within the polysulfide are not anymore the same as for the a-Sg as
it was the case for isolated molecule. In order to take this into account, pure a-Sg theoretical
XES spectrum was additionally included in the model.

Both models were fitted to the experimental cathode spectra with relative amplitudes of
separate components being the only free parameters. Similar to the analysis of polysulfide
standards, in this case the relative amplitudes of the terminal and internal atoms were also
fixed to the same value. The first cathode spectrum corresponds to pure a-Sg, representing
the initial cathode state and fitting nicely to the theoretical a-Sg model spectrum. Both
model spectra described above were fitted to the experimental spectra collected from the
next two cathodes, and the relative amplitudes of different type of sulfur atoms obtained
from both fits are given in Table 2. Within the first model, we cannot resolve XES signal
of elemental sulfur from the ones of central sulfur atoms in long chain polysulfides so the
relative amplitude for this component actually corresponds to the sum of both contributions.

Within the second model, these two signals are resolved and the amplitude of elemental sulfur



given in Table 2 corresponds to the actual amount of initial sulfur remaining in the cathode.
Slightly more than half of the initial sulfur has been converted into polysulfides by the end
of first plateau, which indicates a bit less efficient conversion compared to the results of
previous XAS studies.®® Most importantly, the general sulfur conversion into polysulfides
during battery discharge is clearly confirmed by our results. Also, the relative amplitudes
obtained from the fit confirm the formation of predominantly long chain polysulfides. On
the other hand, an increase of the relative amount of central sulfur atoms towards the end
of the first plateau is observed. This is not consistent with generally expected shortening of

the polysulfides along the discharge.

Table 2: Relative amplitudes of different model components obtained from the fit, amplitudes
of terminal and internal atoms were kept fixed to the same value during the fit

Amplitudes of sample 2 sample 3
model 1 elemental S 0.80(2) 0.69(3)

internal atoms  0.10(1) 0.16(1)
terminal atoms  0.10(1) 0.16(1)
model 2 elemental S 0.64(3) 0.48(3)
central atoms  0.13(6) 0.27(7)
internal atoms  0.11(3) 0.12(4)
terminal atoms  0.11(3) 0.12(4)

In this work sulfur VtC XES was used to perform laboratory analysis of sulfur conversion
within the Li-S battery cathodes. Sulfur VtC XES spectra of lithium polysulfides in model
solvent were obtained from first-principle calculations and used to analyze experimental
spectra from polysulfide standards and several pre-cycled Li-S battery cathodes. Our results
exhibit high sensitivity of sulfur VtC XES to sulfur electronic structure and demonstrate
the feasibility to analyze quantitatively electrochemical sulfur conversion in Li-S battery.
XES method is compatible with operando measurements on working battery and can also
be applied to other upcoming sulfur based systems, such as Mg-S? and Ca-S.3?" Using new
dedicated high efficiency tender XES spectrometers!? and powerful laboratory sources of
ionizing radiation, the approach presented here has the potential to bring characterization

of sulfur based battery systems from synchrotrons down to smaller laboratories.
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