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ABSTRACT: H,CrS,_; is produced by the proton exchange of NaCrS, and features alternating

layers of crystalline and amorphous lamella. It exhibits superior performance as a Na-ion battery
electrode compared with its parent compound with faster Na* diffusion, higher capacity, and better
cyclability. This work explores the nature of the unique biphasic structure of H,CrS, s using both
powder and single-crystal X-ray diffraction, as well as electron microscopy. Additionally, ex situ
characterizations using X-ray absorption spectroscopy, X-ray total scattering, and magnetometry
are employed to study the mechanism by which this superiority arises. These reveal that migration
of Cr does not impede battery performance and may, in fact, be crucial to the observed
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performance improvements. These studies show that Cr redox is not only possible but abundant in i VEAVA Y4

H,CrS,_s while accessing it in NaCrS, at lower voltages results in irreversible structural transitions

that limit cycling stability. Additionally, we highlight the potential of biphasic structures such as
H,CrS,_5 to enable high performance in energy storage electrodes.

B INTRODUCTION

A growing body of recent literature has highlighted the role of
transition metal migration in energy storage systems and how
its detrimental effects may be avoided.' ® It is, at this point,
well-known that transition metal migration in layered materials
and a hysteretic voltage profile are correlated and that, in
extreme cases, migration may result in disproportionation and
complete dissolution of the transition metal ion into the
electrolyte.”® The traditional method to prevent these
problems is simply to limit the cell voltage, thereby preventing
transition metal migration from occurring, as was done in
LiCoO, to enable its commercialization.”” However, this limits
the electrode to only a fraction of its theoretical capacity, as
complete deintercalation of the alkali ion is precluded by the
voltage constraint.

Recently, several methods to alleviate these effects by
preventing or augmenting transition metal migration have been
investigated. For example, it has been noted that introducing
disorder to the structure of the electrode inhibits or hinders
this migration, resulting in longer-lasting electrodes with better
performance.”* In particular, several publications have utilized
structural or compositional defects either in the transition
metal coordination or the alkali cation site to introduce
disorder with some success in preventing voltage hysteresis."”
Some of these efforts have focused on disorder at the transition
metal site through the mixing of the alkali metal onto the site,
which eliminates “collective” migration while allowing random
migration of the transition metal." Others have investigated the

© 2024 American Chemical Society

7 ACS Publications

9469

effects of transition metal vacancies to allow reversible
migration of the metal."’

While most of the literature on mitigating the effects of
transition metal migration focuses on lithium metal oxides, the
problem persists both in sulfides and in sodium electrodes." ">
In Li-ion batteries, addressing this issue became straightfor-
ward by lowering the operating potential. However, in the case
of Na-ion batteries, the combination of inherently lower cell
potentials and a general dearth of low-voltage, high-capacity
anodes presents a further challenge.”''* Restricting the
already limited potential window of Na-ion batteries presents
a less optimistic outlook. There is, therefore, a necessity to
approach the problem of transition metal migration in Na-ion
electrodes to identify methods for preventing these challenges
without further limiting the practicality of Na-ion batteries. As
in lithium, defects and disorders have been found to improve
the performance of Na-ion hosts.”® To this end, amorphous
materials offer an alternative that exists at the extreme of
disorder and may provide the key to alleviating the detriments
of transition metal migration.

Although less popular than crystalline hosts, amorphous
structures have shown promise as battery electrodes with some
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Figure 1. Precession images from single-crystal XRD showing reflections in the hk0 (a), h0l (b), and 0kl (c) planes. (d) Powder XRD data (black
circles) with Rietveld refinement for Cr,S; and Pawley fit for a secondary (P65/mmc) phase (red line). Stars indicate peaks due to the slab-to-slab
spacing caused by the amorphous intergrowth. (e) Pair distribution function (blue circles) and fitting (red line) of H,CrS,_; using both a large and
small crystallite size to simulate an amorphous phase. (f) Proposed structure of H,CrS,_s. (g) Cross-sectional STEM image showing the
crystalline—amorphous motif in H,CrS,_s and the amorphous spacing. Inset highlights that the amorphous spacing corresponds to the refined value

of 14 A.

success.'” Among these, amorphous FePO, V,Os, other
transition metal oxides, and alloys have all demonstrated
high capacities with good reversibility.”'*™'* However, many
of these examples undergo amorphization in situ and therefore
experience significant volume changes during cycling, which
result in cracking of the electrode. One solution to the volume
change has been through nanocompositing with a mesoporous
carbon matrix to allow for expansion.'” In fact, the majority of
amorphous electrodes are composites of the amorphous
compound with some other more structurally rigid material
to produce an amorphous hybrid. Coupling the amorphous
active material with an often inactive crystalline scaffold
inherently limits the practical capacity of such hybrid
electrodes.

Our group recently reported on a unique “biphasic”
structure type found in H,CrS,_;, which is an intrinsic hybrid
compound composed of alternating crystalline and amorphous
phases.”””' The parent structure of H,CrS, 5, NaCrS,, is
known to undergo migration of chromium into sodium
vacancies on charging, resulting in the aforementioned voltage
hysteresis and poor cyclability.'"' Our initial study demon-

9470

strated that the production of a “biphasic” structure can
dramatically improve electrode performance but made no
speculations about the potential mobility of the transition
metal. However, it did seem likely that a more flexible lattice
from the amorphous interphase chromium should maintain
some of its mobility. In fact, in some cases, a flexible or even
mobile lattice has previously been demonstrated to enable
ionic motion.”

In the initial report of H,CrS,_5 Song et al. demonstrated
that during chemical deintercalation and formation of the
amorphous phase, a significant degree of sulfur dimerization
takes place. The presence of protons in the material was
verified with Raman spectroscopy, which showed a very
intense S—H stretching mode. The authors also reported on
the compositional differences between the amorphous and
crystalline components of H,CrS,_g, using electron energy loss
spectroscopy (EELS) to identify some changes in the
coordination of Cr in the amorphous phase. Using scanning
transmission electron microscopy-based energy-dispersive X-
ray spectroscopy (STEM-EDX), it became visible that the
amorphous phase is relatively sulfur-rich compared to the
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crystalline phase. Exfoliation of H,CrS, 5 was achieved by
shaking in an alkylammonium solution to separate the
crystalline layers, resulting in single crystalline nanosheets.*

In our report on the electrochemical behavior of H,CrS,_s
we demonstrated that this new structure promotes fast Na*
diffusion (D =~ 10™° cm?/s), exceeding the diffusivity of Na*
through NaCrS, by over 3 orders of magnitude. We also found
that H,CrS,_s exhibits a high reversible capacity of 728 mAh/
g, whereas NaCrS, has a reversible capacity of just over 100
mAh/g when used as a Na-ion battery electrode.'"”
Additionally, we demonstrated that in H,CrS,_s S, redox is
maintained during cycling. By virtue of the high capacity and
by some initial spectroscopic evidence, we also found that Cr
participates in charge storage and undergoes redox.”’ By
contrast, in NaCrS,, only S redox contributes to charge balance
during cycling through the formation and breaking of (S,)*~
dimers."" Raman spectroscopy revealed that the protons
remain bound to S during discharge. Further, electrochemical
evidence showed that it is Na" and not H" that is responsible
for the fast diffusion and high capacity in H,CrS,_s.*' The
electrochemical behavior of H,CrS,_; has been summarized in
Supplemental Figure S1.

We now present a larger mechanistic exploration of this
system to better understand the roles of the amorphous and
crystalline lamella and how the structure of each varies during
cycling. We used X-ray diffraction and electron microscopy to
investigate the structure of annealed H,CrS,_s. We then probe
the structure during electrochemical cycling through a number
of ex situ techniques, including X-ray absorption spectroscopy,
X-ray diffraction, X-ray total scattering, and magnetometry. We
find that the crystalline phase of H,CrS,_; adopts a defective
Cr,S; structure and that the amorphous phase has a regular 14
A size separating the crystalline lamella. We find, using
magnetometry, strong evidence of Cr redox during cycling.
This is further supported by probing the local structure of Cr,
which also identifies significant changes in the geometric
coordination. Additionally, we find that during discharge,
H,CrS,_s undergoes significant amorphization that is partially
reversed on subsequent charging. Lastly, in tandem with our
previously reported electrochemical cycling, we present further
evidence through galvanostatic titration that H,CrS,_ s under-
goes significantly less polarization and voltage hysteresis while
supporting high capacities and fast ionic diffusion over a wide
potential window.”'

B RESULTS AND DISCUSSION

Atomic and Electronic Structure. In our initial report of
H,CrS,_s, the samples were studied directly after proton
exchange; we found that annealing the powder or crystals at
150 °C improves the electrochemistry and slightly alters the
structure.”””" Our previous studies on H,CrS,_; discussed the
alternating structure and presence of protons and included
some analysis of the composition and structure.”’ We
demonstrated through X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy that an S—H stretch was
present in H,CrS,_s. We also found that the amorphous phase
is significantly more sulfur-rich than the crystalline phase. In
unannealed samples, the spacing of the amorphous layer was
found to be fairly irregular using high-angle annular dark field
scannin§ transmission electron microscopy (HAADE-
STEM).”” We now present a full analysis of the annealed
structure. While it is difficult to probe amorphous materials
using X-ray diffraction (XRD), it is still a powerful technique to
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identify the structure of the crystalline phase of H,CrS,_s. In
Figure la—c, single-crystal XRD data are presented, along with
powder XRD in Figure 1d, pair distribution function analysis
(PDF) in Figure le, and STEM imaging in Figure 1f.

Initial Rietveld refinements against powder diffraction data
showed little promise for a full structural solution. Most of the
peaks in the pattern are readily indexed to the structure of
Cr,S;, but there is still a clear mismatch between the pattern
and the refinement. In particular, two peaks (indicated by stars
in Figure 1d and Supplemental Figure S2) at 2.78 and 5.70° 26
continuously eluded rigorous fitting despite trying numerous
space groups. Performing a Rietveld refinement while
disregarding these two low-angle peaks results in Cr deficient
Cr,S; (R 3H) with a fractional occupancy on one of the Cr
atoms. A fit to the data with only one phase is shown in
Supplemental Figure S2 and shows that the single phase is
insufficient. However, by adding a second phase (P6;/mmc)
with an artificially large interstitial gap, we are able to identify
the two low-angle peaks corresponding to the amorphous
spacing between crystalline slabs. The fit of both phases to the
experimental data is shown in Figure 1d, with the peaks for
each phase labeled. The P6;/mmc phase is fit with a Pawley fit
since its amorphous nature prevents a conclusive structure
from being solved. Furthermore, this second phase is used to
model the slab—slab distance, which is somewhat variable.

Due to the large degree of disorder in H,CrS, 5 and
relatively large thermal displacements, any refined formula is
unlikely to be completely correct, so we will continue to refer
to the material as H,CrS,_s. Additionally, the biphasic nature
somewhat complicates attempts to characterize the composi-
tion of the crystalline phase. Song et al. showed that the two
phases have different compositions, with the amorphous being
richer in S than the crystalline.”” EDX data and inductively
coupled plasma optical emission spectroscopy (ICP-OES)
both show an average Cr:S ratio of about 0.52 (Supplemental
Figure SS and Supporting Information Table SS), which is
lower than the ratio obtained from Rietveld refinement. This
may also be due to the previously reported lower S content
observed in the crystalline phase.”

Single-crystal XRD reveals that the crystal is well ordered
within the a-b plane (Figure 1a), and all disorder comes from
increased spacing due to amorphous interlayer lamella in the ¢
direction. This is to be expected, as the amorphous phase
interrupts periodicity along that axis and causes the streaking
seen in Figure 1b,c. In order to account for the two peaks at
2.78 and 5.70°, we conducted a Pawley fit against powder XRD
data using a second phase (P6;/mmc) to represent the
interstitial spacing; this also resulted in a 14 A spacing and can
be seen in Figure 1d. Adding this second phase decreases the
Rwp from 20.11 to 4.28% by fitting the initial two peaks as well
as accounts for some peak broadening throughout the pattern
as tabulated in Supplemental Tables S1 and S2. That being
said, we do not intend for this to be viewed as an actual second
phase but are merely using it as a tool to model the large
interstitial space containing amorphous material.

In addition to XRD, we employ PDF to investigate the
disorder present in H,CrS, s Figure le shows the best fit,
which was obtained using both a Cr,S; phase and a nanosized
Cr,S; phase to simulate an amorphous component. Addition-
ally, the best fit was obtained by allowing anisotropic
displacement values with an extremely large Us;, indicating
disorder along the c-axis in the stacking direction in agreement
with the single-crystal XRD.”> Demonstrations of fits without
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Figure 2. ZFC susceptibility vs temperature plots (blue, left axis) measured at 1000 Oe, 1/(y—y,) vs temperature plots (pink, right axis), and
associated Curie—Weiss fits (dashed black line) with the 150 to 300 K regions of (a) pristine H,CrS,_;, (b) H,CrS,_s discharged to 0.1 V, and (c)
H,CrS,_; discharged to 0.1 V and subsequently charged to 3 V demonstrate the reversible Cr redox of H,CrS, s A small y, value was subtracted

from each fit to account for the effects of impurities and additives.

this amorphous component or with isotropic displacement are
shown in Supplemental Figure S3 and the fitted parameters for
the fits are shown in Supplemental Table S4.

Comparing the unit cell obtained from single-crystal data
with the structure determined from powder diffraction and
scanning transmission electron microscopy (STEM) images
indicates that the starred peaks may be attributed to increased
spacing in the c direction caused by the amorphous layers. The
low-angle peaks in both single-crystal (Figure 1b and c) and
powder data (Figure 1d) agree with a d-spacing of 14 A. This
distance is measurable in TEM, in which a lattice fringe is
visible in crystalline regions, and an incoherent region between
the crystalline slabs indicates the amorphous layer. The inset in
Figure 1g shows the same 14 A separation between crystalline
slabs that is determined from XRD. High-resolution STEM
(HRSTEM) imaging of H,CrS,_s at a variety of magnifications
in Supplemental Figure S4 reveals the alternating layers in
H,CrS,_s which are reminiscent of lamellar block copolymers,
although admittedly somewhat more ordered and with much
thinner lamella.”* HRSTEM images additionally show that the
spacing is significantly more regular after annealing.”® This
marks a significant difference between annealed and unan-
nealed H,CrS,_;. As shown by Song et al., before annealing,
the structure more closely resembles a disordered Cr,_,g, and
the size of the amorphous phase lacks the regularity we report
here. In our group’s initial report on H,CrS,_5 we proposed a
multistep formation of the crystalline phase in which Cr
migrates through the sodium site into an ABA stacking pattern
as in both CrS and Cr,S; that occurs as the sample dries.”” It is
possible that by annealing, this migration is driven further to
produce the regularity and crystal structure we present here.
These data provide an in-depth understanding of the structure
of the crystalline scaffold of H,CrS, s and yield the
approximate structure shown in Figure 1f, in which the
amorphous phase is indicated by randomly spaced Cr and S
atoms.

With this new structural description of H,CrS,_, it is worth
revisiting a fundamental question. There is no literature
suggesting that Cr,S; is likely to host sodium to any
satisfactory degree. How is it then that H,CrS, ; exhibits
such remarkable performance as a Na" host? One potential
reason may lie in the electronic structures of NaCrS, and
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H,CrS,_s Since we have modeled the crystalline component of
H,CrS,_5 as defective Cr,S; and density functional theory
(DFT) is limited in its ability to model nonperiodic systems or
fractional occupancy, we here use Cr,S; as a model for the
electronic structure of H,CrS,_s NaCrS, exhibits only S redox
as it is cycled. This can be explained by the S dominant density
of states (DOS) below the Fermi level, as shown in
Supplemental Figure S6a. As NaCrS, is oxidized, electrons
must be removed from these S states rather than from Cr. Cr
redox is therefore inaccessible before entering the potential
window in which transition metal migration takes hold. By
contrast, Cr,S; has a Cr dominant DOS immediately above the
Fermi level, where electrons may be added during reductive
discharge, as shown in Supplemental Figure S6b. In our
group’s previous reports on H,CrS, ; we have shown the
formation of S,>” dimers during proton exchange and their
reversible cleavage during cycling.””*" In conjunction with the
Cr,S; DOS, this may enable Cr redox in addition to S redox in
H,CrS,_; allowing for higher capacities. We note, however,
that due to the amorphous interphase and interactions
between the two phases, the electronic structure for Cr,S; is
not a perfect model for H,CrS,_s but rather is a tool to identify
potential redox mechanisms.

It seems as though the amorphous phase is crucial to the
electrochemical improvements that have been reported.”!
Additionally, the changes in the electronic structure appear
to allow additional redox pathways. While Cr,S; is known to
limit capacity in Na-ion batteries, it has shown promise in Li
systems when paired with a porous carbon structure to
alleviate volume expansion-related problems.”” It is possible
that the amorphous interphase of H,CrS,_; achieves a similar
effect. We pursue clarity of the structural and electrochemical
mechanisms at play through a combination of magnetometry,
X-ray absorption spectroscopy, and electrochemical titration.

Magnetometry. We employ magnetometry to quantita-
tively study changes at the Cr center at the termini of charge
and discharge to track changes in the Cr oxidation state. Zero-
field-cooled (ZFC) susceptibility vs temperature plots reveal a
broad feature reminiscent of the Cr,S; ferrimagnetic transition
starting just above 100 K in the pristine material, which is
consistent with the structure of the crystalline phase of
H,CrS, 5 as well as an antiferromagnetic transition at about
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Figure 3. (a) Cr K-edge XANES shows the evolution of the edge structure during charge and discharge of H,CrS,_s as well as that of CrS and
NaCrS, (the top and second black lines, respectively) as standards. A typical charge—discharge profile and points at which electrodes were
harvested for study by XAS are provided as a legend. The discharge capacity of the cell that produced this data was 619 mAh/g. (b) A
representative fit to the pre-edge feature in pristine H,CrS,_s and discharged H,CrS,_s (c) in which the blue line is a fitted background, the pink
lines are fitted peaks, and the red line is the sum of the fit. (d) The location of the pre-edge fit centroid follows the expected trend for Cr redox

during charge and discharge.

14.3 K as seen in Figure 2a.”° The ferrimagnetic transition is
more pronounced at lower fields (~500 Oe) and is shown in
Supplemental Figure S7a. After discharge, that magnetic order
is largely lost, presenting a mostly featureless paramagnetic
response (Figure 2b). Following the subsequent charge, the
Cr,S; ferrimagnetic response can still be seen at low fields
(~500 Oe) Supplemental Figure S7c but is mostly invisible at
higher fields (1000 Oe), where only the antiferromagnetic
transition at 12.5 K is present (Figure 2c). This shows that
some of the original crystalline structure is recovered during
charging and desodiation, even after near-complete amorphiza-
tion of the material during discharge.

More quantitative analysis in the form of Curie—Weiss fits
can be applied to the magnetometry data (shown by the black
dashed lines in Figure 2). The multiphasic nature of the
material and the additives needed to operate as an electrode
necessitate small y, subtraction from each sample due to
temperature-independent effects on susceptibility.”” In pristine
H,CrS,_5 a pyy of 3.36 py is found, corresponding well with
previously reported values.”” This also coincides with the
expected spin-only moment for a nearly perfect 1:1 ratio of
Cr**:Cr*" (d%:.d?), in agreement with previous reports on
H,CrS, 5°%" After discharge, u, increases to 5.92 up,
corresponding well with that for high spin Cr'* (d°), which
confirms the expectation that Cr must participate in redox to
achieve the measured capacity of 728 mAh/g.”' Measurements
of samples that had been discharged and then charged show a
Hefy of 3.85 pp, indicating that at least 2 out of the 3 electrons
required to achieve that capacity come from reversible Cr
redox. Curie—Weiss fits reveal not only that Cr is redox-active
but that in H,CrS, 5, Cr undergoes two-electron redox as
expected, given the high observed capacity. Additionally, we
see that further sodiation is limited, at least in part, due to the
spin pairing energy barrier that would need to be overcome in
order to further reduce to Cr metal. While Cr'* is rare, it is not
without a literature precedent. In fact, Cr'* has been identified
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in CrF,, in linear chain lattices, and in redox-active systems
such as chromium phthalocyanine, in which a Cr** enter can
be reduced to Cr'* and further reduction results in
demetalation.”* ™"

X-ray Absorption Spectroscopy. X-ray absorption fine
structure spectroscopy (XAS) and its subclasses (extended X-
ray absorption fine structure (EXAFS) and X-ray absorption
near edge spectroscopy (XANES)) are powerful techniques for
probing the aggregate local coordination and oxidation states
of specific elements. We employ Cr K-edge XAS to study
changes in the environment of Cr atoms at various states of
charge indicated along the charge—discharge curve in Figure
3b. Ex situ spectra were collected over the course of two full
cycles to ensure that any changes seen were reversible and not
simply due to initial rearrangements or surface-electrolyte
interphase (SEI) formation during the first discharge.

The XANES region (Figure 3a) demonstrates a clear change
in the qualitative shape of the rising edge and its surrounding
area, indicating possible changes in the ligand geometry. The
edge position, usually defined as either the first peak of the
derivative or the position of half-maximum intensity, is
convoluted by shakeup/shakedown processes, as shown in
Supplemental Figure S8, and is therefore not useful for
identifying Cr oxidation states.”"* This is discussed further in
the Supporting Information. However, a trend can still be
identified in the pre-edge, supporting Cr redox. While a 1s —
3d pre-edge peak is formally “forbidden” in octahedral
geometry, a weak response is still often observed exper-
imentally.”” In our Cr XAS experiments, we see this weak peak
appearing before the edge and perform fitting, examples of
which are shown in Figure 3b and c. By fitting this pre-edge
feature, we are able to identify that the intensity weighted
average position (centroid) of the pre-edge follows the
expected trend for Cr redox in this system, that is, decreasing
in energy during discharge and increasing during charging, as
shown in Figure 3d. Formally, multiplet analysis is necessary to
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Figure 4. Cr K-edge EXAFS radial distribution (a) shows the evolution of the first coordination shell as a function of the charge and discharge of
H,CrS,_s A typical charge—discharge profile and points at which electrodes were harvested for study by XAS are provided as a legend. (b) Example
fit of discharged H,CrS,_s and (c) example fit of charged H,CrS,_; illustrate the lower bond distance that grows during discharge.

fully characterize the excited electronic state in this pre-edge. A
discussion of multiplet analysis and why it cannot be employed
in this study is provided in the SI. By fitting with two peaks, we
can identify that the effective nuclear charge changes as a
function of charge and discharge as indicated by the centroid
position. The decreasing energy of the pre-edge during
discharge makes clear that Cr reduction occurs, as determined
from magnetometry, and that it is reversible as the pre-edge
recovers to a higher energy during charging. This result
supports those of our magnetometry experiments and indicates
a strong likelihood of Cr redox in this system. A further
explanation of this analysis and all fits to the pre-edge are
provided in the SI and Supplemental Figure $9.** As the pre-
edge peaks remain quite small during cycling, little can be
inferred from these data about the coordination of Cr.
Therefore, it is necessary to consider the EXAFS region.

To pursue the geometric changes suggested by the edge
position and shape, we turn to the radial distribution (Figure
4a), which shows a contraction of the first coordination shell
bond length during discharge. The two bond lengths are
indicated by dashed vertical lines to guide the eye. This is
somewhat unexpected as the reductive environment of
discharge would ordinarily cause the bond to relax. However,
thorough characterization by fitting the EXAFS region can
reveal clearer information about these changes.”> While six-
coordinate Cr fits well to the pristine H,CrS, 5 the EXAFS fits
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suggest that the inclusion of four-coordinate Cr is more
plausible and necessary to fit the discharged samples (Figure
4b). Figure 4c illustrates that subsequent charging results in a
diminishing of this four-coordinate Cr, indicating a reversible
change in the coordination of Cr during cycling. Fits shown in
Supplemental Figures S10—S13 show that this additional Cr
site can be fit by either a shortening of the Cr—S bond and
concurrent change in coordination number from 6 to 4 or by a
similarly four-coordinate Cr—O bond. All data was fit using
both models and are compared in Supplemental Tables S6—
SI1.

The mode], including two Cr—S paths corresponding to a 6-
coordinate and a 4-coordinate Cr, fit the data better in 4 out of
10 data sets, namely, the first discharge at 0.5 V and 0.1 V, the
first charge at 2.5 V, and the second charge at 2.5 V. The
model with one 6-coordinate Cr—S path and one 4-coordinate
Cr—O path fit slightly better in S out of 10 data sets, those
being the first charge at 1.5 V, the second discharge at 1.5, 0.5,
and 0.1 V, and the second charge at 1.5 V. In the first discharge
at 3'V, the Cr—O model exhibits a marginally better fit. We will
discuss here two potential explanations of the data, one of
which is supported by the model with two Cr—S paths and the
other by the model with one Cr—S and one Cr—O path.
However, in both cases, it is clear that Cr must move into and
subsequently back out of a 4-coordinate environment and,
therefore, demonstrative that the migration of Cr is not
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Figure S. Galvanostatic intermittent titration identifies both a smaller voltage hysteresis and lower polarization in H,CrS,_5 (a) than that in NaCrS,

(b).

hindered in H,CrS, s despite measurable improvements in
electrochemical performance.

In the case of Cr—O bond formation, there are several
possibilities that must be ruled out. First, exposure to air could
result in the formation of Cr,O;. However, the samples were
treated in the same manner as those for magnetometry and for
ex situ XRD (Supplemental Figure S14), neither of which
indicates evidence of Cr,O;. Additionally, in Cr,O; Cr is
coordinated to 6 O atoms, and the inclusion of a six-coordinate
Cr—O path in fitting was unsuccessful in all cases. Therefore,
exposure to the atmosphere does not fit with the data and is
unlikely. Second, the electrolyte solvent is an ether (diglyme)
and so could feasibly cleave and react with the low valent Cr
atoms in the electrode. However, this would certainly appear in
the electrochemical data, and no such electrolyte decom-
position was observed. There has been some literature that
suggests diglyme can act as a tridentate ligand of Cr in which
each O atom of the diglyme is bound to the Cr center.*®
Additionally, organic ligands, particularly alkyl amino carbenes,
have been demonstrated to stabilize Cr(I).”” This may indicate
that the organic solvent plays a role in facilitating the migration
of Cr during the cycling of H,CrS, s and assists in stabilizing
the low oxidation state at deep discharge. However, the
reversibility of the Cr movement similarly suggests that this
explanation too is incorrect, as the dissolution of Cr into the
electrolyte would likely result in a significant loss of capacity as
active material is lost. It is therefore useful to consider the
alternative, a model with only Cr—S paths.

In the model with only Cr—S pathways, the second pathway
is similarly shortened and 4-coordinate. Such geometries
include both tetrahedral and square planar. Each octahedron in
the crystalline structure shares a face with a tetrahedral
vacancy, so the Cr atom could, in principle, migrate through it.
Another possibility may be a distortion of the Cr—S octahedra,
resulting in a formal square planar geometry for Cr. This could
occur if the fully occupied Cr—S layers migrated in opposite
directions parallel to the a—b plane. It should, however, be
noted that XAS is not limited to the response from the
crystalline phase, so it is also possible that the change in
coordination is indicative of a further amorphization of the
structure during discharge, resulting in 4-coordinate molecular
or polymeric CrS, species, perhaps related to amorphous
CrS;*%? In fact, ex situ XRD (Supplemental Figure S14)
demonstrates that as H,CrS, ;5 is discharged, it undergoes
significant amorphization, and some peaks (albeit incredibly
broad) return on subsequent charging. This suggests that
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rather than any coherent migration of the Cr during discharge,
loss of crystalline Cr to the amorphous phase is likely
responsible for the change in coordination number. This seems
to be the more plausible explanation of all of the data as it is
supported not just by the XAS but also by XRD and magnetic
susceptibility measurements.

In both models, it is evident that the Cr migration is
persistent during cycling. Additionally, in neither case was
fitting with exclusively 6-coordinate Cr successful, indicating a
necessary decrease to a 4-coordinate environment. Represen-
tative fits of discharged and charged H,CrS,_ 5 are shown in
Figure 4 ¢ and d, illustrating these geometric changes during
cycling.

This introduces a curious result. Despite improved electro-
chemical performance, Cr migration still occurs and, in fact,
appears to be nearly completely unhindered. Since this is the
source of capacity fade in NaCrS,, it at first seems odd that
such motion should not elicit the same issues in H,CrS,_s.
However, it could be that Cr in the amorphous phase has a
lower barrier to migration, allowing smaller overpotentials in
H,CrS,_s than those seen in its counterpart. Additionally, the
pliability of the amorphous phase likely allows for the diffusion
of Na" jons through the structure despite the motion of the
transition metal, whereas a more rigid structure might collapse
as a result of Cr migration and trap the Na*. The result of all
this is that the introduction of the biphasic structure of
H,CrS, 5 allows for reversibility within a larger operating
regime, which enables higher capacity.

Galvanostatic Intermittent Titration Technique. Our
previous report on H,CrS, s used the galvanostatic inter-
mittent titration technique (GITT) to confirm the fast
diffusivity of Na* through the material.*' In this study, GITT
is used to identify polarization during the cycling of both
H,CrS,_s and NaCrS,. GITT utilizes a brief constant current
pulse followed by a 10n§ relaxation to measure equilibrium
potentials during cycling.” This also affords the opportunity to
measure polarization, as identified by the magnitude of the
relaxation curve. Previous studies on transition metal migration
have demonstrated lower polarizations with the introduction of
defects in the active material crystal structure.' Our previous
work on H,CrS,_; shows that the charge and discharge curves
of H,CrS,_; operate at far more similar potentials than those of
NaCrS,, so it can be expected that polarizations will be
lower.”" GITT was performed on both H,CrS,_s; and NaCrS,
(Figure Sa and b, respectively) and as predicted, we see lower
polarization in H,CrS, 5 than in its precursor. As noted in the
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previous literature, we see a decrease in voltage hysteresis as
well." This provides further evidence that the formation of
biphasic H,CrS, 5 and the mechanistic and structural changes
that come with it enables superior performance compared to
NaCrS,. With H,CrS,_; as a model system, this demonstrates
the capabilities of biphasic structures to improve the existing
canon of energy storage materials.

Conclusions. Our results demonstrate that the biphasic
material H,CrS, 5 enables high performance through a
complex interplay of structural and electronic reorganization.
Through XRD and TEM, we presented here a rigorous
structural description of H,CrS, 5 XRD and PDF positively
identify the crystalline structure as Cr,S; after annealing, while
the techniques agree that the amorphous gap in the material is
consistently ~14 A. DOS of Cr,S; and NaCrS, are compared
to identify possible reasons for the differences in their
electrochemical behavior. The presence of Cr dominant states
immediately above the Fermi level in Cr,S; provides an
explanation for the observed reversible Cr redox in H,CrS,_;
that is absent in NaCrsS,.

Ex situ magnetometry measurements and the shifts in edge
position in XANES provide substantial evidence of reduction
from Cr**/Cr* to Cr'* during discharge and demonstrate that
this reduction is reversibly reoxidized on charging. In
conjunction with our previous demonstration that S redox
persists in H,CrS, s, this provides reasonable proof of both
cationic and anionic redox during cycling.”" Rigorous fitting of
EXAFS data additionally reveals that during discharge, Cr
moves from a 6-coordinate site into a 4-coordinate site. In
tandem with the amorphization seen in ex situ XRD, this
indicates that as Cr moves out of the crystal lattice during
discharge, it also undergoes changes in coordination number
and ligand geometry.

Despite apparent transition metal migration, GITT measure-
ments and our previous report demonstrate that the electro-
chemical behavior of H,CrS,_s does not suffer from the effects
of migration that are typically seen in layered crystalline
materials.””*' This appears to be in large part due to the
inclusion of an amorphous layer between Cr,S; lamella
providing a pliable medium in which Na* can diffuse readily.
Simultaneously, the crystalline scaffold of H,CrS,_; appears to
provide stability to the electrode, which allows for better
cycling behavior than bare amorphous structures.

This work investigates the interplay of Cr redox and
dynamics during the electrochemical cycling of an intrinsically
biphasic material. In particular, we have demonstrated, through
H,CrS,_s, the potential of biphasics to improve the capabilities
of materials in which transition metal migration is the leading
limitation to capacity. This is accomplished not through
freezing the transition metal but rather through a complex
interaction at the interface of the amorphous phase and its
crystalline scaffold. This novel structural motif enables the
usage of amorphous electrodes within a compositionally
matched lattice scaffold that supports it and allows for better
reversible cycling. Biphasic structures offer a new system in
which to study transport and redox phenomena that may reveal
a wealth of new energy storage materials.

B EXPERIMENTAL SECTION

Materials Synthesis. NaCrS, powder was prepared by solid-state
reaction of Cr powder (~100 mesh 99% metals basis, Alfa Aesar),
Nayg, and S powder (~100 mesh 99.5%, Alfa Aesar) in a 1:2:10 molar
ratio. After grinding with an agate mortar and pestle, the mixture was
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transferred to an alumina crucible sealed in a fused silica tube under
vacuum (65—75 mTorr) that had been flushed with Ar. The powders
were heated to 700 °C at 2 °C per minute and held at temperature for
48 h before being allowed to cool to room temperature. Powders were
washed with DI water and ethanol before characterization or use as
electrodes. Single crystals of NaCrS, were produced according to the
synthesis by Song et al.*® The same Cr, Na,S, and S powders were
combined in a 1:3:4 molar ratio. After similar grinding, the powder
was sealed in an alumina crucible in a fused silica tube under a
vacuum. The powder was heated to 1000 °C at 2 °C per minute, held
at this temperature for 24 h, and then cooled to 300 °C at a rate of 25
°C per hour. Single crystals with a lateral size of ~5 mm were
harvested and washed with DI water and ethanol before proton
exchange, as described below.

H,CrS,_s was produced from NaCrS, according to our previously
reported proton exchange method.””*' Powders or crystals were
shaken in a 1 M solution of HCI in 25% DI water in ethanol for 4
days, exchanging the solution every day. After proton exchange,
samples were washed with DI water and ethanol before being
transferred to an alumina crucible in a fused silica tube, flushed with
Ar, and sealed under a vacuum. The sample was then annealed at 150
°C for 72 h. As a safety precaution, ampules were opened in a fume
hood due to the potential production of H,S during annealing. After
being annealed, powders were ground and prepared for character-
ization or use as electrodes. Single crystals were picked and used for
STEM or single-crystal XRD preparation.

X-ray Diffraction. Powder XRD patterns were collected using a
STOE STADI P diffractometer with a monochromated Mo source
(Ager = 0.7093 A). Ex situ patterns were collected by harvesting
electrodes after either the first discharge or the first full discharge/
charge cycle. The pristine pattern was refined using TOPAS V7
(Bruker AXS).*"*?

Small-single crystals were picked for single-crystal X-ray diffraction
analysis using an APEX2 CCD diffractometer equipped with a Mo
(Aka1 = 0.7093 A) sealed-tube X-ray source and graphite
monochromator at 300 K. Indexation was completed for a full
hemisphere collection to a resolution of 0.5 A. Run list generation and
frame data processing were done in APEX2.

Pair Distribution Function Analysis. The diffraction patterns
for PDF analysis were collected over a range of Q = 0.2 to 15.8 A™' on
a STOE STADI P diffractometer with a monochromated Mo X-ray
source (Agq = 0.7093 A), with an exposure time of 35 s and a PSD
step of 0.03°. The powder samples were contained in Lindeman
capillaries with a 0.3 mm diameter that had been flame-sealed. An
empty Lindemann capillary was measured by using the same
instrument settings for background subtraction. PDFs were produced
using the PDFgetX3 software with a Qmax = 12.1 A™! and an r-poly
value of 1.0.** PDFgui v2.0 was employed for structural refinement in
real space.” Refined variables included scale factor (s), lattice
parameters a and ¢, quadratic coeflicient 2, and the isotropic thermal
displacement parameters (U, }; Uy, and Usy;), which were assumed to
be element specific.” Instrument parameters were derived by using
LaBg as a calibrant.

Electron Microscopy. Thin lamella was prepared for STEM
imaging by using a Helios NanoLab G3 UC dual-beam focused ion
beam and scanning electron microscope (FIB/SEM) system. Single
crystals of H,CrS,_s were prepared, and a flake measuring ~20 um by
1S pm was cut and thinned to a thickness of ~50 nm. Sample
thinning was accomplished by gently polishing the sample using a 2
kV Ga" ion beam in order to minimize surface damage caused by the
ion beam.

Atomic resolution HAADF-STEM imaging and EDX mapping
were performed on a Titan Cubed Themis 300 double Cs-corrected
scanning/transmission electron microscope (S/TEM) equipped with
an extreme field emission gun source and a super-X EDS system. The
system was operated at a voltage of 300 kV.

Density Functional Theory Calculations. Density functional
theory (DFT) calculations were performed using Vienna Ab initio
Simulation Package (VASP) 6.3.1.***” Spin-polarized calculations for
both the parent compound and H,CrS, s were conducted with
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Perdew—Burke—Ernzerhof (PBE) functional*® for exchange—correla-
tion and recommended projector augmented wave (PAW) potentials
for all atoms.*”*® The U,y value is set to 3.5 eV according to previous
studies.”’ The size of a I'-centered Monkhorst—Pack mesh®® was
increased until the convergence was reached. Calculations on NaCrS,
performed on experimental geometry are reported in the Inorganic
Crystal Structure Database™ without additional relaxation. Similarly,
the calculation on H,CrS,_5 was performed on the experimental
structure parameters without additional relaxation.

Magnetometry. Magnetometry measurements were carried out in
a SQUID-VSM magnetic property measurement system (MPMS3:
Quantum Design). Samples were kept air-free in an Ar atmosphere
glovebox, and powder holders for the MPMS were kept air-free by
sealing them with GE varnish and Teflon tape under Ar. M vs T
measurements were done from 2 to 300 K at 500 and 1000 Oe.
Elemental compositions of the ex situ samples were obtained from
EDX, as summarized in Supplemental Figure S15 and Supplemental
Table S12.

X-ray Absorption Spectroscopy. XAS spectra were collected at
the Cr K-edge from about 150 eV below the edge at 5850 eV up to
about 900 eV above the edge at 6930 eV. In the XANES region, the
step size was 0.3 eV; beyond the XANES, up to 130 eV past the edge,
the step size was 1 eV, and beyond that was 2 eV. Ex situ collection
points were chosen based on the voltage profile, and electrodes were
harvested during both the first and second cycles. Spectra were
collected at 0.5 and 0.1 V in the first discharge, 1.5, 2.5, and 3 V in the
first charge, 1.5, 0.5, and 0.1 V in the second discharge, and 1.5 and
2.5 V in the second discharge. These cells had a typical capacity of
about 620 mAh/g. Additionally, spectra were collected for pristine
H,CrS,_ 5 and NaCrS, as well as CrS for comparison. Samples were
first cycled to each point of interest in a coin cell before being
harvested and washed with fresh diglyme to clean off excess
electrolytes and then washed again with hexane before mixing with
BN to dilute the material for XAS. All spectra were collected at the
Cornell High-Energy Synchrotron Source at the PIPOXS beamline
(2A) in transmission geometry with a Si (111) monochromator.
Harmonic rejection and focusing of the incident beam were achieved
using a pair of focusing mirrors upstream of the sample set to 4 mrad,
providing a beam size of 1 mm by 1 mm at the sample. Beam intensity
before and after the sample was recorded using N-filled ion
chambers, and the incident energy was calibrated using the first
inflection point of an in-line Cr foil (5989.0 eV). The samples were
maintained at room temperature and held under vacuum throughout
the measurement. The raw data contained systematic glitches at 6726,
6510, 6630, and 6330 eV, at which energies a single data point caused
nonphysical spectra in k-space. These individual data points were
removed manually. Since these occurred in all spectra and were
present in the incident beam, we assign them as monochromator
glitches that are not representative of actual physical phenomena.

EXAFS data was processed and fit using XAS Viewer in the X-ray
Larch software package.”* The spectra were normalized and weighted
by k® before the Fourier transform to the R space for EXAFS analysis.
For the Fourier transform, a k-window from k = 2 to k = 12 and fitted
data used a Hanning window from R = 1 A to R = 3 A. Fitted
parameters are shown in Supplemental Tables S6—S11, and the fitted
spectra are shown in Supplemental Figures S10—S13.

XAS Viewer was also used to fit the pre-edge using a Linear+Voigt
background to accommodate the rising edge and two Voigt peaks in
the pre-edge itself. The fwhm of the two peaks were fixed to each
other as was done by Westre et al.** Fits were visually inspected to
ensure that no additional features contributed to the fitted peaks. All
fits are shown in Supplemental Figure S9.

Electrochemistry. Electrodes were prepared differently according
to each need of the characterization technique. For ex situ XAS
experiments and GITT, H,CrS,_; was mixed with carboxymethyl
cellulose (CMC) and SuperP Carbon C-65 in an 80:10:10 ratio by
weight and cast on the copper foil as a water-based slurry. Electrodes
with a diameter of 7/16 in. were then punched out and used in
CR2032 coin cells. The electrodes had a typical active mass between 2
and 4 mg/cmz. The electrolyte was 0.5 M NaPF in bis(2-
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methoxyethyl) ether (diglyme), and Celgard 2320 separators were
used. For ex situ XRD and magnetometry, a larger mass was necessary,
so pellet electrodes were used. H,CrS, s was mixed with
polytetrafluoroethylene (PTFE) and SuperP Carbon C-65 in an
80:10:10 weight ratio and pressed into 1/2 in. diameter pellets with a
typical mass of around 30 mg. Since PTFE is etched by Na salts in
diglyme, NaClO, in 1:1 ethylene carbonate/dimethyl carbonate was
used as the electrolyte.®® A glass fiber separator was used for these
experiments.

The counter electrode in all cells was sodium metal that had been
rolled out to a thickness of about 100 ym. Coin cells were cycled on a
Biologic BCS-805 battery cycler at a rate of C/20 to the intended
point and then held at that potential to ensure equilibrium and to
prevent self-discharge or equilibration to an unknown potential before
electrodes were harvested. Each electrode was washed with diglyme
and hexanes to remove any remaining electrolytes. This process also
dispersed the electrode powder in hexane, after which the dispersion
could be centrifuged to recover the powder for subsequent
characterization.

GITT experiments were carried out with the same cell construction
as for XAS on a Biologic SP-150 potentiostat using a 30 min current
pulse at an equivalent current to a rate of C/20 followed by a 2 h
relaxation in a potential window from 0.1 to 3 V. GITT was measured
on the second discharge—charge cycle to avoid any formation effects
at the anode during the first cycle. The total charge passed through
the electrode was limited to the theoretical capacity in order to trigger
the next step in the experiment. NaCrS, cells were prepared in the
exact same way as H,CrS, s using the same additives at the same
ratios as well as the same electrolyte and cycling parameters.
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