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ABSTRACT: The X-ray absorption spectra (XAS) of lithium polysulfides (Li,S,) of Li,Sg Sulfur K-edge XAS

various chain lengths (x) dissolved in a model solvent are obtained from first-principles % f internal

calculations. The spectra exhibit two main absorption features near the sulfur K-edge, which 5

are unambiguously interpreted as a pre-edge near 2471 eV due to the terminal sulfur atoms € -

at either end of the linear polysulfide dianions and a main-edge near 2473 eV due to the (x ¢

— 2) internal atoms in the chain, except in the case of Li,S,, which only has a low-energy Gt

feature. We find an almost linear dependence between the ratio of the peaks and chain £ kerminal

length, although the linear dependence is modified by the delocalized, molecular nature of g ;% ----------------------------

the core-excited states that can span up to six neighboring sulfur atoms. Thus, our results

indicate that the ratio of the peak area, and not the peak intensities, should be used when 2465 2470 2475 2480 2485

attempting to differentiate the polysulfides from XAS. Energy [eV]

SECTION: Spectroscopy, Photochemistry, and Excited States
here has been significant interest recently in lithium sulfur polysulfide formation from cyclic elemental sulfur and the
batteries because, with a theoretical capacity of 1642 mA chemical nature of the polysulfide species at a given state of

h/g and a specific energy of 2600 W h/kg,"' these cells already charge need to be addressed. Answers to these questions hinge
satisfy the energy requirement of the 2020 U.S. DOE goals for on the ability to identify the different polysulfides, and their

transportation.” However, large-scale adoption of this technol- relative amounts, in working cells.

ogy has been hampered by numerous shortcomings, in With the aim of determining polysulfide speciation in
particular, poor utilization of the active cathode material and working lithium sulfur cells or prepared Li—S mixtures, various
rapid capacity fading during cycling.>~> Despite intense effort, nondestructive characterization techniques have been applied,
the fundamental mechanisms underlying the operation of these including UV—vis,*” Raman,'* and NMR®'® spectroscopy,
batteries are still not well understood. What is known is that at HPLC and EPR,® and X-ray diffraction.'®'” Here, we focus on a
the cathode, elemental sulfur (crystalline a-Sg) is reduced to powerful complementary technique, X-ray absorption spectros-
lithium sulfide (Li,S) according to the following, straightfor- copy (XAS), which provides an element-specific probe of local
ward reaction: Sy + 16Li* + 16e~ —8Li,S. In reality, the electronic structure that can be interpreted near the absorption
cathode reaction is far more complex6 and possibly proceeds onset (so-called near-edge fine structure) to indicate details of
through a series of stepwise redox reactions and competing local chemistry, oxidation state, and/or atomic coordination.
disproportionation,7_9 forming various lithium polysulfide For example, a study at the sulfur K-edge (1s — 3p) attempted
intermediates'®!" (Li,S,; x = 2—8) with progressively shorter to quantify the effect of electrolyte solvent on polysulfide
linear sulfur chains until Li,S is formed."* These polysulfides formation.'® Another study at the carbon K-edge has been
are believed to be soluble in the electrolyte, migrating away interpreted to indicate the inc01r9poration of sulfur into a
from the cathode during cycling, thereby resulting in nanocomposite electrode material. ~ More recently, XAS at the
irreversible loss of active material’® and competing reactions S K-edge has been used to attempt to identify the polysulfide

at the unprotected anode surface. species formed during stages of electrochemical cycling."

Design principles for overcoming these limitations will

undoubtedly require a molecular-level understanding of the Received: February S, 2014
solution-phase chemistries and their evolution under applied Accepted: April 9, 2014
voltage. In particular, questions such as the reversibility of linear Published: April 9, 2014
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Underlying these experimental studies are the general
assumptions that canonical mixtures for a given ratio of Li/S
leads to pure molecular phases in solution and that plateaus in
cyclic voltammetry are indicative of the formation of soluble
molecular species, Li,S,, which migrate away from the cathode.

Interpretation of experimental XAS is commonly achieved by
fingerprinting, that is, comparison to known standards or their
linear superposition. To date, there have been relatively few
XAS studies of lithium polysulfides’>'®*® and no published
spectra of either pure or dissolved lithium polysulfides. As a
result, fingerprinting has been attempted using solid stand-
ards'®*° or sodium-substituted analogues.'® By contrast, in this
work, we directly simulate the XAS of lithium polysulfides
dissolved in tetraglyme (tetraethylene glycol dimethyl ether,
TEGDME) using first-principles molecular dynamics (FPMD)
and spectral simulations, offering clear interpretation of the
spectral features. Our goal is to determine the nature of the
electronic transitions that underlie the XAS spectra of lithium
polysulfides and thereby to assess the feasibility of XAS to
detect and differentiate between polysulfide chains of various
lengths.

Figure 1 shows the first-principles simulations of the sulfur
K-edge XAS of dissolved lithium polysulfides (see inset) with
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Figure 1. First-principles simulation of the sulfur K-edge XAS spectra
of Li,S, dissolved in TEGDME (x = 2—8) obtained from XCH-DFT
calculations of snapshots sampled from a 298 K FPMD simulation.
The position of the pre-edge (black dotted vertical line) and main-
edge (dashed vertical line) are shown to guide the eyes. (Inset)
Representative snapshot of our FPMD simulation of a Li,Sg molecule
with 10 TEGDME molecules. The sulfur (yellow spheres), lithium
(pink), oxygen (red), carbon (green), and hydrogen (silver) atoms of
TEGDME are shown.
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chain lengths varying from 2 to 8. Generally, the spectra can be
characterized by two peaks, a strong absorption feature between
2472.6 and 2473.9 eV (hereby denoted the main-edge), which
is reminiscent of the so-called “white line” peak of elemental
sulfur at 2472.6 eV (Figure Sla of the Supporting Information),
and another feature between 2470.6 and 2471.5 eV (denoted
the pre-edge). The only exception is di-lithium persulfide
(Li,S,), which is characterized by a single feature at 2471.3 eV,
lacking a main-edge peak (Table 1). The relative main/pre-
edge peak splitting of 1-2 eV is in good agreement with
experimental measurements on lithium polysulfide samples.>"®

Table 1. Average Sulfur K-Edge XAS Peak Position and Peak
Intensities of Li,S, dissolved in TEGDME Determined from
First-Principles Analysis”

normalized
intensity [arb.
peak positions [eV] units |
main/pre area

Li,S, pre main pre main ratio

2 24713 (0.6) 189

3 24715 (07) 24736 (04) 168 264 L1

4 24710 (07) 24729 (0.8) 100 211 2.6

s 24706 (05) 24728 (10) 94 209 43

6 24705 (0.6) 24727 (L1) 51 191 63

7 24708 (0.6) 24729 (1L0) 49 234 8.2

8 24710 (06) 24726 (10) 53 280 93

“The number in brackets represents the standard deviation (10).

Our calculations indicate that the main- and pre-edge XAS
features arise from differently coordinated sulfur atoms in the
same molecule. Consider Li,Sg, with a linear polysulfide dianion
composed of two terminal and six internal atoms. Schemati-
cally, S~ is often represented with a formal charge of le~
associated with each of the terminal (dangling) sulfur atoms,
with the internal atoms uncharged. Our density functional
theory (DFT) calculations indicate that, while the terminal
atoms do indeed have increased charge (i.e., increased local
valence electron density) compared to the internal atoms, the
charge is less than le™ (Figure S2, Supporting Information) due
to hybridization of the molecular orbitals. Additionally, we also
observe some charge transfer from the TEGDME solvent to the
lithium polysulfide molecules, except for the Li,S, and Li,Sg
molecules, which are found to donate a small amount of charge
to the solvent (Table S1 of the Supporting Information). The
increased electronic charge at the terminal sulfur atoms leads to
a reduced binding energy of the 1s core—electrons, and as
reactive sites, we would also expect the lowest unoccupied
molecular orbitals to be localized on these atoms. Both of these
factors conspire to red shift the absorption onset of the
terminal atoms with respect to those internal in the polysulfide
chains. Specifically, for Li,S;, we observe that the pre-edge
arises solely from the terminal atoms and sits 1.5 eV below the
main-edge, to which only the internal atoms contribute (Figure
2). The XAS of the terminal sulfur atoms alone greatly
resembles that of Li,S,, which is composed entirely of terminal
atoms, while the internal sulfur atoms have a spectrum that is
reminiscent of elemental sulfur (Sg), whose cyclic molecules
have no termini.

We find that there is a linear correlation between the
terminal/internal atom peak splitting and the associated partial
atomic charge difference. Thus, the more distributed charges in

dx.doi.org/10.1021/jz500260s | J. Phys. Chem. Lett. 2014, 5, 1547—1551



The Journal of Physical Chemistry Letters

(a)

.
25 F . I ]
20 1l ]
15| i Li,Sg (TEGDME) ]
10} } .
05 078 :
- f +—t .
(b) H o g
25 A
5 [0 00 1 [ &8 )
T2l Y d °QQ 4
=] L . . )
g L O .1 ol @4& A
S [ .
2z 15} i b
= _ iy
[}
€ 20 . 6 internal atoms em—
2 . Sg (xtal)
x .
05 [ : 7
25 s /ﬁ ]
PTG © &”;
[ . . (-] 1
2.0 _—Q % . . )&’ c /f K]
) % - i ) 4 ]
15 F . . ]
10 F Lo ]
F . 2 terminal atoms e ]
0.5 [ « Li»S, (TEGDME)/2.5
r 073 .
0.0: — . L ,
2465 2470 2475 2480 2485

Photon Energy [eV]

Figure 2. Sulfur K-edge XAS of Li,Sg dissolved in TEGDME. The
dotted vertical lines indicate the position of the peak maxima and are
presented to guide the eye. (a) Full spectrum including contributions
from all eight sulfur atoms. The intensity of the pre-edge feature is
indicated. (b) Spectral contribution of the six internal sulfur atoms
(blue line) and comparison with XAS of elemental a-Sg (dashed red
line). (Left inset) Schematic of the Sg*~ molecule showing the six
internal atoms in orange and the two terminal atoms in yellow. (Right
inset) Representative electron density of the resulting 1s — 3p excited
state for the internal sulfur atoms (yellow spheres). We adopt the
convention that the positive phase of the density is colored green while
the negative phase is colored blue. The carbon (gray), oxygen (red),
and hydrogen (silver) TEGDME atoms near the Li,Sg molecule are
shown. The lithium atoms (olive spheres) are also shown. The excited
sulfur atom is indicated by the crossed sphere. (c) The spectral
contribution of the two terminal atoms (as denoted by the left inset,
green line) compared to the XAS of Li,S, solvated in TEGDME
(reduced by a factor of 2.5) is shown for comparison.
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Li,Sg lead to a 1.5 eV peak splitting, which is visible as a
shoulder in the XAS spectrum, while the more localized charges
in Li,S; result in a 2.1 eV peak splitting and two well-resolved
peaks at 2471.7 and 2473.8 eV. On the basis of this
interpretation, one would naturally expect the XAS of Li,S,
to present only one low-energy feature; the S,>~ anion only has
terminal atoms.

The electron density of the core-excited states of the
dissolved lithium polysulfides is almost entirely confined to the
sulfur molecule but delocalized along the chain (see right insets
of Figure 2). This means that we can discuss changes in the
XAS peak positions by only considering local S—S bond
chemistry. Within this context, one might ask what are the
factors that drive differences in the pre- and main-edge XAS
features among the various polysulfides? Our calculations show
a general red shift of the XAS peaks with increasing chain
length, despite a calculated average decrease in the local valence
electron density”"** on the sulfur atoms (Table S1, Supporting
Information). We would rather expect a blue shift of the
excitation energies arising from increased core-level binding
due to reduced electronic screening™ offered by a decrease in
the local valence electron density around the excited sulfur
atom. In competition with this effect, an increase in the average
S—S bond length (as we observe in Figure S3 and Table S2,
Supporting Information) would red shift peak positions due to
a reduced splitting between bonding and antibonding valence
molecular orbitals, resulting from reduced spatial overlap of
atomic orbitals.”* Specifically, in Li,S, and Li,Ss, the overall
spectrum is red-shifted compared to Li,S; because the decrease
in the local valence electron density cannot compensate for the
bond length increase. In contrast, when compared to Li,S,, the
increased average S—S bond length in Li,S; does not result in a
red shift of the pre-edge peak position due to a relatively larger
decrease in local valence electron density on the terminal S
atoms, and ultimately the peak position remains unchanged.
The peak positions of Li,S, Li,S,, and Li,Sg are quite similar, as
expected from the similarity of their local valence electron
densities and S—S bond lengths.

Previously, the pre-edge feature in lithium polysulfide XAS
has been interpreted as arising from transient, radical anions,'®
perhaps based on purported evidence of their formation
(specifically S;°7) from EPR measurements.® Of course, the
inherently highly reactive, transient radicals would concurrently
need to be long-lived and of an appreciable relative
concentration in order to be visible to sulfur K-edge XAS.
Instead, we propose a simpler explanation, that the spectral
contributions of the terminal S atoms are the main contributors
to the pre-edge. In another previous study, Kosugi et al.*’
performed ab initio calculations and temperature-dependent
XAS measurements and showed that the spectrum of an
isolated S, molecule has a low-energy 1s — ™ feature at 2469
eV, which is 2.5 eV lower in energy than the 1s — o™ feature in
both S, and Sg. The pre-edge feature in the Li,S, XAS spectrum
has nothing to do with this transition because the 7* orbitals of
the dianions are filled and inaccessible to excited electrons. The
first available transition is to a ¢* orbital, which is significantly
shifted to lower energies with respect to the neutral molecules
by the increased electronic screening at the charged terminal
sulfur atoms.

Our results also raise the possibility of distinguishing the
polysulfides based on the main/pre-edge intensities.'> One
would expect the normalized intensity of the pre-edge feature
to decrease with increasing chain length because the number of
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terminal sulfur atoms (2) remains constant while the number of
internal sulfur atoms (x — 2) increases. Analysis of the intensity
ratios suggests a fundamental difference in the polysulfides with
x < 4 and x > 4 (Figure 3), which follow different linear trends.
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Figure 3. Plot of the main/pre-edge ratios versus x, the length of the
Li,S, polysulfide chain. The pre- and main-edge features of the XAS
from 2470 to 2475 eV are fit to a bimodal Gaussian function. The peak
area ratio (blue squares) and intensity ratio (green triangles) are
indicated. The lines are fits to the data (symbols) to guide the eye.

It is, perhaps, interesting to note that differentiation between
soluble and insoluble polysulfides has been made at x = 4.°
While conclusions can be made from peak intensities, we
propose the ratio of peak areas (assuming Gaussian line shapes)
as a better metric because bond length fluctuations at finite
temperature can lead to enhanced spectral broadening and,
therefore, less intense XAS features.”” By employing peak areas,
we incorporate the subtle finite temperature dependence, which
we sample directly in our FPMD simulations. This analysis is
also shown in Figure 3, where we find a monotonic increase in
the main/pre-edge area ratio with increasing chain length,
consistent with expectation. Li,Sg shows a slight deviation away
from linearity, with a depressed main-edge intensity relative to
that of the other polysulfides, a result that can be explained by
considering the nature of the core-excited states that give rise to
the XAS. As shown in the inset of Figure 2, these core-excited
states are molecular in nature, that is, they delocalize across
neighboring sulfur atoms, and initial analysis suggests that
spatially, they span up to six atoms. Thus, in Li,Sg, the core-
excited states of the internal atoms span the entire molecule
and are more delocalized than the terminal atoms, thereby
decreasing the main-edge peak intensity relative to the pre-
edge.

We conclude by noting that our simulated XAS avoids
numerous ambiguities present in experiments, including the
potential coexistence of multiple polysulfide species (not
necessarily at chemical equilibrium) in ratios that are likely a
complex function of experimental conditions and electro-
chemical state. These ambiguities further complicate attempts
to draw conclusions on the nature of polysulfide speciation
based solely on experimental peak ratios. We note that the role
of changes in bond length and partial atomic charges in
modifying XAS peak positions is a general phenomenon, and
even though these effects are often overlooked in contemporary
XAS literature, they can be powerful predictive tools,
particularly when considering the effect of the atomic
environment on measured XAS peak positions. Our future
work will extend beyond pure phases in dilute solution and
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focus on quantifying the effect of the local polysulfide
environment on X-ray absorption spectra.

B COMPUTATIONAL METHODS

Theoretical methods of calculating XAS from first principles all
involve approximations to Fermi’s golden rule. In this study, we
employ constrained-occupancy DFT calculations within the
excited electron and core-hole (XCH) approach.”® In brief, in
XCH, the core-hole produced by the absorption of the X-ray
photon is modeled in the presence of the associated excited
electron, placed in the lowest available empty state of the
system. The higher-energy excited states are approximated
using the unoccupied portion of the Kohn—Sham DFT
eigenspectrum, within the resulting XCH self-consistent field.
Details of the computational procedure are presented in the
Supporting Information. Other approaches for calculating XAS
spectra are found in the literature, such as those based on time-
dependent DFT or more computationally expensive calcu-
lations that explicitly account for the electron and core-hole
interaction by solving the Bethe—Salpeter equation.””™>* We
find that our approach achieves a reasonable balance between
the accuracy and efficiency needed to capture the physics in
these finite-temperature solution-phase systems.

We are able to predict absolute peak positions through an
energy alignment scheme based on formation energies and a
single element-specific calibration, in this case matching the
calculated XAS spectra of an isolated S, molecule to
experiment.”> In order to approximate the solution-phase
reality of a typical experiment, the ensemble-averaged XAS
samples an exploration of configuration space by a single
polysulfide Li,S, complex solvated by TEGDME based on
extracting snapshots from FPMD simulations®>>* at a temper-
ature of 298 K. This approach has been validated by
comparison to high-resolution experimental XAS measure-
ments in numerous previous studies.””*> We provide additional
validating here by showing excellent agreement with experi-
ment for elemental sulfur and lithium sulfide (Figure S1,
Supporting Information).

B ASSOCIATED CONTENT

© Supporting Information

Detailed computational methods, data for XAS spectra, Figures
S1—-S83 and Tables S1 and S2, showing a comparison of the
experimental and theoretical XAS of Li,S and Sg, the partial
molecular charges, and S—S bond length distribution on each
Li,S, molecule from the first-principles molecular dynamics
(FPMD) simulations. This material is available free of charge
via the Internet at http://pubs.acs.org.
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