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Transition metal chalcogenides with layered structures have emerged as promising materials for energy storage, catalysis,

and electronics, among other areas. We have identified a new layered phase of iron sulfide containing interlayer solvated

cations. We present an optimized synthesis for the Li*-containing material from an Fe(lll) xanthate complex. Structure and

composition data indicate the material consists of poorly-ordered iron sulfide layers separated by solvated cations. The

lamellar spacing in these materials can be tuned by changing the identity of the cation. Furthermore, the lamellar spacing

can also be reversibly tuned by the degree of solvation of the material. The material is electrically conductive and can serve

as a pseudocapacitor with comparable performance to commercial materials such as MnO,. Furthermore, these materials

also show promise as lithium or sodium ion battery cathodes with good capacity and reversibility.

Introduction

Layered structures containing transition metals demonstrate
appealing properties for applications in energy storage and
conversion.? Layered transition metal oxides, in particular
lithium cobalt oxide (LCO), have revolutionized the field of ion
batteries, enabling the first commercial rechargeable Li-ion
battery.>* They are also considered as promising candidates for
Na-ion batteries.> Other layered or monolayer transition metal
chalcogenide materials have attracted significant attention for
their promise in energy storage, energy conversion,
electrocatalysis, and electronics.t%° Layered iron
chalcogenides, such as lamellar iron selenides, have been
specifically targeted for applications in superconductivity.'6-27
While layered iron sulfides are known in some minerals like
tochilinite, there has been comparatively less work on synthetic
approaches to generate layered iron sulfides as compared with
their selenide congeners. This is despite the fact that iron
sulfides have favorable properties, including the low cost and
abundance of iron and sulfur, that make them promising
candidates for batteries, supercapacitors, and
superconductors.?8-30

Synthetic protocols for layered iron chalcogenide materials
typically proceed from direct combination of the elemental
constituents with subsequent incorporation of interlayer
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components by chemical or electrochemical
intercalation.16:17:20.23.2427 \While there are also some limited
examples of solvothermal syntheses, including some layered
iron sulfides,?®3137 we specifically were interested in
discovering low-temperature routes to lamellar iron sulfides
from well-defined molecular precursors. The thermal or
solvothermal decomposition of Fe complexes with S-containing
ligands such as dithiocarbamates and xanthates has previously
been shown to be a convenient route to films or nanocrystals of
iron sulfides such as greigite.3®*> We reasoned that these
precursors could also provide a route to lamellar iron sulfide
materials under appropriate conditions.

In this work, we report the synthesis of new lamellar iron sulfide
phases from the single-source dithiocarbamate and xanthate
precursors tris(N,N-diethyldithiocarbamato)iron(lll)
(Fe(DEDTC)3) and tris(O-ethylxanthato)iron(Ill) (Fe(EX)s) under
solvothermal conditions in the presence of appropriate salts.
Using this synthetic route, we show that cations can be
intercalated between the iron sulfide layers. The intercalated
cations have differing degrees of solvation depending on the
treatment of the materials. The iron sulfide sheets themselves
are composed predominantly of tetrahedral iron centers but
have no long-range order. Finally, electrochemical data shows
that the lamellar iron sulfide with Li* ions (1-Li) behaves as a
pseudocapacitor, and initial data suggests that this material
may also be useful for lithium and sodium ion batteries.

Results and Discussion
Synthesis

Lamellar iron sulfides can be obtained by heating Fe(DEDTC)3
with or without salt additives in dimethylformamide (DMF) for
several days at 140 °C. The material synthesized in the presence



of 5 equivalents LiCF3SOs is termed 1-Li. We are able to obtain
new materials using 5 equivalents of NaCF3SO3 (1-Na), KCF3SOs3
(1-K), or TMAPFg (tetramethylammonium
hexafluorophosphate; 1-TMA) which we tentatively assign as
isomorphous with 1-Li with Li* exchanged for the corresponding
cations. In the absence of added salts, a material with a similar
X-ray powder diffraction (XRPD) pattern is obtained; we suspect
this material may contain Me,;NH,* cations from thermal
decomposition of DMF but have not investigated it further. The
solvothermal decomposition of Fe(DEDTC)s in DMF proceeds in
low yield even after several days at reflux (27% for 1-Li,
calculated using the empirical formula determined below).
Following reports that metal xanthate complexes tend to have
lower decomposition temperatures than the corresponding
dithiocarbamates,*®* we also prepared Fe(EX)s;. Heating DMF
solutions of Fe(EX)s; to 50 °C yielded 1-Li in good vyield (91%;
Scheme 1), although this material is somewhat less ordered
than that prepared from Fe(DEDTC); as indicated by a broader
XRPD pattern.

The new lamellar phase we have observed was also found to
form slowly upon extended heating of DMF solutions of
[FesSa(SPh)4)? salts. When higher temperatures were tested for
the synthesis of our previously-reported coordination polymers
of [Fe;S4]%* and benzenedithiolate,*’ this phase was detected as
a minor contaminant, and increases in electrical conductivity of
several orders of magnitude were observed. The poor ordering
of the new sulfide phase when dry makes it difficult to detect in
XRPD patterns of dry samples, and the presence of this or other
poorly-ordered, conductive metal sulfide phases is highlighted
as a potential source of error when measuring electrical
conductivity of coordination polymers and metal organic
frameworks with S-based ligands. [FesS4]?* clusters without
bulky ligands are known to be oxidatively unstable,*® but the
only report of a solid material as a degradation product of a
similar cluster is a different phase containing chains of FesS,
clusters linked by disulfide ions.*®

Structure and composition

XRPD patterns of the iron sulfide materials measured as DMF
suspensions in sealed capillaries with a variety of intercalated
cations are presented in Figure la. Three major peaks are
observed that can be assigned to (001), (002), and (003)
reflections of separated iron sulfide layers in the formed
lamellar structures. Consistent with this assignment, scanning
electron microscopy (SEM) images of a dry sample of 1-Li show
a sheet-like structure (Figure S3). Similar wrinkled sheets have
been observed for related materials including MoS;°° and 2D
metal-organic frameworks.>! Going from 1-Li to 1-Na and 1-K,
OEt

5 eq. LICF350; 1-Li

Feg.775Lio.000(DMF,THF) g 19

DMF, 50 °C, 24 h

Scheme 1. Optimized synthesis of the lamellar iron sulfide 1-Li from Fe(EX)s.
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Figure 1. a) XRPD patterns of suspensions of 1-Li, 1-Na, 1-K, and 1-TMA in DMF, with
inset showing the (001) lamellar diffraction peak. b) XRPD patterns of 1-Li as a
suspension in DMF and following vacuum drying and resolvation with DMF.

the XRPD peak positions shift to smaller angles, showing a
progression of interlayer distances consistent with the
incorporation of these larger cations between the iron sulfide
layers. The interlayer lamellar spacings are calculated from the
XRPD patterns to be 15.80(3) A, 16.24(4) A, and 16.4(1) A for 1-
Li, 1-Na, and 1-K, respectively. It should also be mentioned that
material synthesized with LiCl as an additive shows an identical
XRPD pattern compared to material synthesized with LiCF3SO3
(1-Li; Figure S4). Upon drying, the XRPD patterns change as the
peaks shift to larger angles, indicating that the spacing between
the layers decreases, likely due to loss of solvation. For 1-Li, the
lamellar spacing in the dry sample is approximately 10.5 A. The
peaks also broaden, showing that there is some loss of lamellar
ordering in the dry material. Resolvation of 1-Li with DMF
results in restoration of the original XRPD pattern with some
slight broadening, showing that the solvation and desolvation
of the material is largely reversible (Figure 1b).

1-TMA, containing the even-larger TMA* cation, surprisingly
shows a lamellar spacing of 10.3(4) A which is smaller than that



in solvated 1-Li (Figure 1a). However, the XRPD pattern of this
material does not change upon drying, in contrast to the
materials containing alkali cations (Figure S5). This suggests that
the changes upon drying are related to solvation of the cations
between the iron sulfide layers, with the alkali cations being
bound to several solvent molecules while TMA* is present as the
bare ion. A similar phenomenon has been observed previously
in lamellar MoS; containing alkali and organic cations between
sulfide layers.®

X-ray fluorescence (XRF) spectroscopy was performed to
determine the Fe to S ratio in 1-Li. A molar ratio of 0.77(2) Fe/S
was found. Under the assumption that the material mostly
consists of Fe?* and S? ions, this Fe/S ratio indicates a charge
imbalance that can be resolved through 1) the presence of
additional cations such as Li* or Me;NH,*, 2) the presence of
some disulfide (S,%) ions, and/or 3) the presence of some Fe3*
ions.

The presence of additional cations is suggested by the changes
in the XRPD pattern with different salts added during synthesis.
To quantify the amount of Li* present, inductively coupled
plasma mass spectrometry (ICP-MS) was performed on acid
digests of 1-Li. A Li/Fe molar ratio of 0.118(7) was found,
consistent with a preliminary empirical formula of Feg 77SLio.090-
While the ICP-MS result shows conclusively that Li* is
incorporated into the material when LiCF3SO3 is added during
synthesis, the amount of Li* present is not enough to explain the
charge imbalance. The FTIR spectrum of 1-Li does not show any
features attributable to N-H vibrational modes near 2400 cm?,
indicating that Me,NH,* (derived from thermal decomposition
of the DMF synthesis solvent) is not present (Figure S14). Thus,
the material likely contains some disulfide and/or Fe3* ions.
Thermogravimetric analysis of dried 1-Li (TGA; Figure S11)
shows mass loss of approximately 7% between 25 and 200 °C
which is attributed to loss of THF and possibly water adsorbed
during TGA sample preparation. A sharper mass loss step
around 200 °C is attributed to loss of DMF.>? Consistent with this
assignment, the FTIR spectrum of 1-Li shows a band at 1656 cm~
1 from the C=0 stretch of DMF (Figure S14). An additional mass
loss step around 500 °C likely represents decomposition of the
material, possibly with release of sulfur. The TGA results suggest
incorporation of approximately 2.1(2) solvent molecules per Li*
ion, resulting in an empirical formula of Feg 77SLio.0s0(DMF,
THF)o.10.

Further information about the structure of the iron sulfide
layers was obtained from Fe K-edge X-ray absorption
spectroscopy on 1-Li (XAS; Figure 2). The edge energy of
7119.7(4) eV is consistent with a mixture of Fe?* and Fe3* in the
material.> The absorption edge of 1-Liis about 1 eV higher than
that reported for mackinawite (all Fe?*) but similar to that of
greigite (containing both Fe?* and Fe3*) (Figure S7).°* Reported
iron sulfide structures show octahedral or tetrahedral
coordination at Fe; the presence of a pre-edge feature near
7113 eV indicates that at least some tetrahedral sites are
present.>> Compared to mackinawite (tetrahedral coordination
at Fe), the relative intensity of the pre-edge feature in 1-Li is
lower, which might suggest the presence of some octahedral
sites. The extended X-ray absorption fine structure (EXAFS)
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Figure 2. a) Near-edge XAS (XANES) data for 1-Li. b) R-space EXAFS data from 1-Li
suspension in DMF, with fit to the structural model in c). ¢) Structural model based on
mackinawite crystal structure, with fitted distances for 1-Li.

region can be fit to models derived from the crystal structures
of smythite (octahedral coordination at Fe) and mackinawite
(tetrahedral coordination at Fe) (Figure 2b, c, S8, S9).56-58
Satisfactory fits could not be obtained using models based on

structures with S;2~

such as the iron disulfides pyrite and
marcasite, suggesting most of the sulfur is present as S?-. The
fitted Fe-S and Fe-Fe distances of 2.2257(6) and 2.71(2) A
respectively are closer to those in mackinawite (2.256, 2.598 A)
than to those in smythite (2.498, 2.860 A). A structure similar to
greigite containing both tetrahedral and octahedral Fe sites is
more difficult to exclude on the basis of the EXAFS data, though
we note that we were unable to obtain a good fit to the data
using a model based on greigite.>® Together with the indication
of some tetrahedral coordination from the pre-edge feature,
the XAS data indicate that the Fe sites in the disordered iron
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sulfide layers are likely most similar to those in mackinawite or
greigite. No significant difference was seen in either spectrum
between dry and DMF-soaked samples (Figure 2a, S10),
indicating that the layer structure is not significantly affected by
solvation.

Taken together, these data point to a likely structural model for
the materials: layers of poorly-ordered iron sulfide separated by
cations with varying numbers of bound solvent molecules.
These lamellar iron sulfide materials belong to a family of
layered iron chalcogenides containing various interlayer atoms,
including the aforementioned compounds investigated for
superconductivity and magnetism.16:17,27.60,18.20-26  Nany  of
these materials contain amine or hydroxide ligands bound to
the intercalated cations; we speculate that this may help
stabilize layered structures vs. bulk iron chalcogenides.
Presumably the relatively strong binding of Li* to DMF or to a
negatively charged iron sulfide layer in 1-Li could play a similar
role and may explain why this material is not obtained from
similar precursors under other conditions.

Electronic structure

57Fe Mdssbauer spectroscopy was used to assess the electronic
environment of the Fe atoms in 1-Li. The M&ssbauer spectrum
of 1-Li at 80 K shows a quadrupole doublet with broad shoulders
(Figure S13). The spectrum can be fit using two Fe sites with
relative intensities of 0.85(2) and 1.15(4), isomer shifts of
0.428(3) and 0.446(6) mm/s, and quadrupole splittings of
0.898(6) and 2.79(6) mm/s respectively (Table S2). These sites
can be tentatively assigned to high-spin tetrahedral Fe3* and
high-spin tetrahedral Fe?* respectively on the basis of the
quadrupole splitting values.>® Charge balance calculations
considering only Fe?*, Fe3*, Li*, and S in the material give an
Fe?* to Fe3* ratio of 1.0(2) to 1.0(2). This value is close to that
estimated from Mdssbauer spectroscopy (1:0.74), suggesting
that the content of disulfide is at most a few mol. %.

The spectrum of 1-Li is qualitatively different from those of
mackinawite and greigite. Mullet et al. report three Fe sites in
the Mossbauer spectrum of synthetic mackinawite: a singlet
assigned as low-spin tetrahedral Fe?* without neighboring Fe3*,
a doublet assigned as tetrahedral Fe3*, and a doublet assigned
as tetrahedral Fe?* with neighboring Fe3*.5? As 1-Li contains
similar amounts of Fe?* and Fe3*, all of the Fe?* sites are
expected to have neighboring Fe3* sites; thus this assignment is
consistent with the lack of a singlet peak in the spectrum of 1-
Li. The isomer shifts of both sites in 1-Li are similar, and their
values are close to those in [FesS;]%* clusters, which show
significant electronic delocalization and an average Fe oxidation
state of 2.5.52 Additionally, the isomer shifts in 1-Li correspond
to an oxidation state of 2.5 according to an empirical
relationship for tetrahedral Fe in sulfides.®® These observations
may suggest that there is electronic delocalization in 1-Li as is
observed in FesS4 clusters.

Pressed pellets of 1-Li show an electrical conductivity of 0.4(2)
S/cm at room temperature. This relatively high value suggests
that the material is either metallic or a heavily doped
semiconductor. Optical absorption spectroscopy shows broad
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absorption in the UV and visible regions, tailing off in the near-
IR region (Figure S12). A Tauc plot analysis®* suggests that the
material is a semiconductor with an indirect band gap of 0.2 eV.
The relatively high conductivity is likely a reflection of this small
bandgap and presumably high doping due to the disordered
layers and Fe3* sites, although more sophisticated experiments
would be required to concretely assign the mechanism of
charge transport.

Electrochemical properties

The high electrical conductivity and layered structure of 1-Li
might be conducive to electrical energy storage by allowing fast
transport of electrons and ions. To test this hypothesis, cyclic
voltammetry (CV) experiments were conducted on carbon
paper electrodes coated with 1-Li. CV measurements conducted
in 0.1 M LiCF3SO3/DMF electrolyte show a rectangular,
pseudocapacitive response from approximately -0.8 to —-1.8 V
vs. Fc/Fc* (Figure 3). An average specific capacitance (for the 1-
Li component) of 90(10) F/g was measured with a scan rate of 1
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Figure 3. a) Representative cyclic voltammograms from electrode coated with 1-Li
composite, in 0.1 M LiCF3SO3/DMF at 1 mV/s scan rate. b) Measured specific
capacitance of 1-Li at different scan rates.



mV/s. This value is comparable to those reported for other
supercapacitor active materials,®4%5>6% suggesting that with
further optimization, 1-Li might be useful in these applications.
At more reducing and more oxidizing potentials, Faradaic
features are observed near —1.8 V and -0.6 V vs. Fc/Fc* (Figure
S16). This raises the possibility of Faradaic electrical energy
storage in 1-Li in addition to the capacitive behavior described
above. Composites of other iron sulfides with carbon-based
materials have shown improved electrochemical performance
compared to iron sulfides alone.®””72 As such, composite
electrodes comprising 1-Li and multiwalled carbon nanotubes
(CNTs) were tested as cathodes for lithium and sodium ion
batteries. Electrochemical cycling tests show initial capacities
of 450 mAh/g and 600 mAh/g for Li and Na respectively (Figure
4, 518-S21). The lithium ion cathode shows retention of 95% of
the initial charging capacity after 16 charge/discharge cycles,
though the capacity drops with faster charge/discharge rates
(Figure 4b). The capacity retention for the sodium ion cathode
is slightly lower (87% over 6 cycles).
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Figure 4. a) Charge/discharge curves at 0.1C rate and b) cycle stability at different
rates for lithium ion battery cathode prepared with 1-Li.

The capacity in Li and Na electrochemical cycling tests are
similar to those for other iron sulfides investigated for use in
batteries,”>® which typically behave as conversion-type
electrodes. The first studies in this area were conducted with
pyrite, which shows poor cycling stability. The capacity fading
trends upon electrochemical cycling are similar to those
observed for crystalline forms of iron sulfide (e.g. pyrite or
mackinawite)’47>81 and can be attributed to the loss of sulfur
active material by the dissolution of Li,S, during discharge.8®
While the detailed mechanism of the charge/discharge
reactions is controversial, pyrite undergoes an irreversible
phase change during the first discharge step.’>7478 The initial
capacity loss observed in 1-Li is common in conversion-type
electrodes and may be due to a similar phase change and/or
irreversible  surface electrolyte
decomposition.®! The most similar materials that have been

reactions such as
studied for battery applications are mackinawite microsheets,
microspheres, and nanosheets.?%#7 Interestingly, these authors
also highlight the importance of strong ligands in forming the
layered mackinawite phase and controlling its morphology.8!
Lithium ion cathodes
microsheets show a similar voltage profile to those with 1-Li,

prepared from the mackinawite

suggesting a similar charge/discharge reaction mechanism.
While the mackinawite microsheets show good cycling stability,
the microspheres show lower capacity and stability; this result
suggests that optimization of the morphology of the 1-Li
electrodes is an important avenue for further study. Lithiation
(discharge) of the material by a conversion
associated with significant structural changes.® However, 1-Li

reaction is

electrodes revealed a rather noticeable voltage plateau in the
first discharge between 3 and 2 V that is not characteristic to
crystalline forms of iron sulfide and may be indicative of ion
intercalation. The dependence of the lamellar spacing on the
solvation of this material motivates us to explore a ion-solvent
co-intercalation mechanism utilized by graphite, which will
require optimization of the electrolyte composition.8°

Conclusions

We have identified a new lamellar phase of iron sulfide and
proposed several approaches using different iron complexes for
its synthesis. Structural and compositional data indicate that
the material consists of poorly-ordered iron-sulfur layers
separated by solvated ions. The composition and interlayer
spacing can be tuned with different degrees of solvation and
choice of intercalated cations. The identification of this phase
as a byproduct in the syntheses of coordination polymers raises
the possibility that poorly-ordered metal sulfide phases (which
may be difficult to detect by XRPD) can occur as contaminants
in studies of S-based metal-organic materials, where their high
electrical conductivity can be problematic. Electrochemical
studies on the Li-containing material 1-Li show voltage regions
with both pseudocapacitive and Faradaic processes. Preliminary
data indicates that this material may have potential for
applications in supercapacitors and lithium or sodium ion
batteries. The ability to prepare the material from low-cost
precursors is advantageous for further studies in this area.

J. Name., 2013, 00, 1-3 | 5



These results highlight a new synthetic route to lamellar iron
sulfides and lay the groundwork for more extensive studies of
their electrochemical properties.

Experimental
General Methods

All  manipulations with the iron sulfide products were
performed under an inert atmosphere of dry N, using a Schlenk
line or MBraun UNIlab glovebox unless otherwise noted. 'H
NMR measurements were performed on Bruker DRX 400 or 500
spectrometers. Dimethylformamide (DMF), tetrahydrofuran
(THF), and acetonitrile (MeCN) used in preparing the materials
were initially dried and purged with N, on a solvent purification
system from Pure Process Technology. DMF was then passed
through activated alumina before use. THF was stirred with
liquid NaK alloy and then filtered through activated alumina and
stored over 4A molecular sieves. MeCN was stored over 4A
LiCF3SO3
measurements was trace metals grade (99.95%, Oakwood
Chemical). Potassium ethyl xanthate (KEX) was synthesized

molecular sieves. used for electrochemical

following a previously reported procedure at 1/10 scale.®®
Dithio-p-urazine®* and (TBA),[FesS4(SPh)4]°? were prepared as
previously reported. All other chemicals were purchased from
commercial sources and used as received. Unless otherwise
stated, errors in all numerical values are estimated as the
standard deviation of the average of three measurements on
separate batches of material or are propagated from values
calculated in this way.

Synthetic Procedures

Fe(DEDTC);3 (tris(N,N-diethyldithiocarbamato)iron(lil)):
Fe(DEDTC); was synthesized following a reported procedure.®?
The 'H NMR spectrum does not appear to have been reported
previously; *H NMR spectroscopy was used along with XRPD to
assess the purity of the compound. *H NMR (400 MHz, CDCls): 6
40.3 ppm (broad, 6H), 0.9 ppm (broad, 9H).

Fe(EX); (tris(O-ethylxanthato)iron(lll)):

Note: this compound is temperature sensitive. An initial
recrystallization attempt at 50 °C resulted in decomposition of
the compound. All reaction and purification steps should be
conducted at or below room temperature, and storage of the
final product in a freezer is recommended.

Fe(EX)s was prepared via an analogous procedure to
Fe(DEDTC)s. Iron(lll) chloride hexahydrate (10.81 g, 40 mmol)
was dissolved in 400 mL H,O in an Erlenmeyer flask. In a
separate flask, potassium ethyl xanthate (19.23 g, 124 mmol)
was dissolved in 400 mL H,0. The solutions were combined with
stirring, resulting in formation of a black precipitate. After 10
minutes at room temperature, the precipitate was collected by
filtration and washed with H,O. The crude solid was dissolved in
DCM, transferred to a separatory funnel, and shaken with H,O.
The DCM layer was collected, dried over Na,SO,, and filtered.
An equal volume of MeOH (approx. 400 mL) was added and the
solution concentrated on a

rotary evaporator at room
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temperature until a solid began to precipitate. After storing the
solution overnight in a freezer at -35 °C, small black crystals of
Fe(EX)s were collected by filtration and washed with MeOH
(15.27 g, 91%). All reaction and purification steps were
conducted in air, and the product was stored at -35 °C in a N»-
filled glovebox. *H NMR (400 MHz, CDCl3): 6 9.45 ppm (broad q,
6H), 0.58 ppm (broad t, 9H).

1-Li:

All reaction and isolation steps were performed under N;. The
isolated material is noted to be unstable in air, converting to a
rust-colored solid after several hours. Additional synthetic
methods for this material are presented in the Supporting
Information.

Method 1

Fe(EX)s (1.13 g, 2.7 mmol) and LiCF3SO3; (2.11 g, 13.5 mmol)
were added to a 500 mL Schlenk flask. De-aerated DMF (90 mL)
and a magnetic stir bar were added and the mixture stirred at
room temperature until all solids dissolved. After approximately
10 minutes, the color of the solution changed from dark brown
to orange. The flask was heated to 50 °C for 24 h without stirring
(a magnet was used to suspend the stir bar), resulting in
formation of a dark solid. After cooling to room temperature,
the reaction mixture was stirred for 10 minutes to dislodge
solids from the walls of the flask. The suspended solid was
withdrawn with a syringe, isolated via centrifugation, and
washed 2x with DMF (40 mL) and 3x with THF (20 mL). Drying
under vacuum afforded 1-Li as a black solid (289 mg, 91%).

Method 2

Fe(DEDTC)3 (75 mg/vial, 0.15 mmol/vial) and LiCF3SOs (117
mg/vial, 0.75 mmol/vial) were added to each of three vials along
with DMF (15 mL each). The vials were sealed and shaken to
dissolve all solids, then heated to 140 °C for 3 days. The resulting
black solids were combined and isolated via centrifugation,
washed 3x with DMF (6 mL) and 3x with THF (6 mL) to obtain 1-
Li (14 mg, 27%).

General procedure for 1-Na, 1-K, and 1-TMA:

Fe(DEDTC);3 (25 mg, 0.05 mmol) and salt additive (0.25 mmol)
were added to a vial along with DMF (5 mL). The vial was sealed
and shaken to dissolve all solids, then heated to 140 °C for 3
days. The resulting black solid was isolated via centrifugation
washed 2x with DMF (2 mL) before preparation of XRPD
samples as suspensions in DMF. The remaining material was
washed 3x with THF (2 mL) and dried under vacuum to prepare
dry XRPD samples.

X-ray Powder Diffraction Measurements

X-ray powder diffraction measurements were performed on a
SAXSLAB Ganesha equipped with a Xenocs GeniX3D Cu Ka
source. Samples were loaded into 0.8-1.1 mm ID, 0.25 mm wall
borosilicate capillaries and sealed with wax under N,. Samples
in DMF. Data
reduction/integration was performed using Saxsgui software

were prepared dry, or as suspensions



and a background correction for the capillary or capillary plus
DMF solvent was applied.

Scanning Electron Microscopy

Scanning electron microscopy images were collected on a JEOL
7500F microscope operating in secondary electron mode with 5
kV accelerating voltage.

Digestion and ICP-MS Measurements

Safety warning: Reaction of iron sulfides with nitric acid or other
acids may produce toxic gases, including hydrogen sulfide and
nitrogen dioxide. Digestions should be performed in a fume
hood or with other adequate protection against toxic fumes.
Samples for ICP-MS measurements were digested in trace
metals grade conc. HNO3 (2 mg sample/1 mL acid) overnight at
room temperature in polypropylene centrifuge tubes. A small
amount of insoluble solid assumed to be Sg was observed.
Samples were serially diluted with deionized ultrafiltered water
and passed through 0.2 pum PET syringe filters before
measurement. ICP-MS data were obtained with an Agilent
7700x instrument and analyzed using ICP-MS Mass Hunter
version B01.03. The samples were diluted in 2% HNOs; matrix
and analyzed with a >°Tb internal standard against a 12-point
standard curve over the range from 0.1 ppb to 500 ppb. The
correlation was > 0.9997 for all analyses of interest. Data
collection was performed in Spectrum Mode with five replicates
per sample and 100 sweeps per replicate.

X-ray Fluorescence Measurements

Samples were ground in a mortar and pestle and passed
sequentially through 60- and 120-mesh sieves. The sieved
samples were placed in a polypropylene sample holder sealed
with 4 um polypropylene film under N,.

XRF measurements were performed on a Rigaku NEX DE VS
spectrometer using nitrogen as a balancing element. Samples
from three batches were measured to obtain an average Fe/S
ratio.

X-ray Absorption (XAS) Measurements

Wet samples for XAS were prepared as slurries in DMF, blotted
onto discs of ashless filter paper, and sealed in polyolefin bags.
The sealed bags were then folded into Kapton tape. Dry samples
for XAS were prepared by folding powder into Kapton tape. X-
ray near-edge absorption spectra (XANES) and X-ray absorption
fine structure (XAFS) spectra were employed to probe the local
environment around Fe. Data were acquired at the Advanced
Photon Source at Argonne National Labs with a bending magnet
source with ring energy at 7.00 GeV. Fe K-edge (7712 eV) data
were acquired at the MRCAT 10-BM beam line in transmission
mode. The incident, transmitted and reference X-ray intensities
were monitored using N,-filled ionization chambers. A metallic
iron foil standard was used as a reference for energy calibration
and was measured simultaneously with experimental samples.
X-ray absorption spectra were collected at room temperature.

Data collected was processed using the Demeter software
suite®* by extracting the EXAFS oscillations (k) as a function of
photoelectron wavenumber k. The theoretical paths were
generated using FEFF6 and the models were done in the
conventional way using the fitting program Artemis. The initial
models were taken from crystal structures of mackinawite,
smythite, greigite, pyrite, or marcasite. EXAFS data were
modelled in R-space with k-weights of 1, 2 and 3 until a
satisfactory fit describing the system was obtained. Full fitting
parameters are given in Table S1.

Thermogravimetric Analysis (TGA)

TGA was performed using a TA Instruments Discovery analyzer.
Approximately 2 mg of sample was loaded into a pre-tared Pt
pan and measured under N,. Brief (<1 minute) air exposure
occurred during sample loading. Samples were measured from
ambient to 700 °C using a linear temperature ramp of 5 °C/min.
Solvent content was calculated using the total mass loss by the
middle of the plateau region (350 °C). Due to overlap between
mass loss steps, no attempt was made to separate contributions
from THF and DMF in the calculations; the similar molecular
weight of these solvents means this assumption has negligible
impact on the calculated empirical formula and molecular
weight for 1-Li.

UV-visible-NIR Spectroscopy

UV-visible-NIR absorption spectra were collected on a Shimadzu
UV-3600 Plus spectrophotometer. Samples for absorption
spectroscopy were prepared by Method 4 above on sapphire
(0001). Coated substrates were placed into an N-filled cell
between two sapphire windows separated by a rubber spacer.
The extinction spectrum of an uncoated sapphire substrate in
the same holder was subtracted as a blank.

Maossbauer Spectroscopy

57Fe Méssbauer spectra were measured at 80 K with zero
applied magnetic field, using a constant acceleration
spectrometer with a >’Co on Rh source. Samples were encased
in Paratone-N oil and placed in a polyethylene sample cup inside
a Ny-filled glovebox. Samples were frozen in liquid N,
immediately upon removal from the glovebox and kept cold
while loading into the spectrometer. Spectra were analyzed
using WMOSS software. Fitting parameters are given in Table
S2.

IR Spectroscopy

Samples for infrared spectroscopy were prepared under N, as
KBr pellets. Infrared spectra were recorded on a Bruker Tensor
Il FTIR spectrometer with MCT detector operated at 77 K. Data
were processed and background corrected with OPUS software
(version 7.5). An additional manual correction for scattering was
also applied.

Electrode Fabrication for Capacitance Measurements
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A solution of natural rubber latex in heptane (ElImer’s No
Wrinkle rubber cement) was diluted 10x by volume with THF
and sparged with N,. A sample of this diluted solution was dried
under vacuum to determine the concentration of dissolved
solids (10.7 mg/mL). 1-Li powder (43 mg) was mixed with this
solution (0.5 mL) to prepare a 90% by dry mass mixture of 1-Li
with rubber cement. This mixture was sonicated in a sealed vial
under N3 for 1 hour to disperse the solid and stirred before use.
1 x 1 cm squares of conductive carbon paper (AvCarb MGL190)
were dip-coated with the above slurry and dried in N; and then
under vacuum. The mass of each substrate was measured
before and after coating to determine the mass of active
material deposited (approx. 1-2 mg/sample). Uncoated
substrates and substrates coated in only the 10% rubber
solution were used as controls.

Electrode Fabrication for Battery Measurements

The electrodes were fabricated using c-grade multi-walled CNTs
purchased from NanoTechLab (295% purity, 100 um long,
diameter of CNTs is in the range of 5-30 nm) according to a
modification of a previously reported approach.?® 2 mg of CNTs
were used for top and bottom layers and were dispersed in 50
mL solvent for 5 min under sonication. 1-Li was thoroughly
ground under inert atmosphere prior to use. The active layer
was obtained by mixing of ~¥33 mg of thoroughly grinded in the
inert atmosphere lamellar iron sulfide with ~2 mg CNTs in
anhydrous THF (50 mL) under sonication for 5 min. Each layer
was vacuum filtered using PTFE filter. The filtration station was
3.5 cm in diameter. Free-standing electrodes were further used
without additional processing (no metal current collector, no
polymer binders). The layered electrodes were annealed in a
vacuum oven at 50 °C for 2 hours.

Electrochemical Measurements

Electrical conductivity measurements were performed in a two-
contact geometry at room temperature under N,. Samples were
prepared as pressed pellets clamped between two brass
(4.8 mm diam.)
measurement of the sample thickness with calipers. Linear

electrodes in a glass sleeve, allowing
sweep voltammetry was conducted using a BASi Epsilon
potentiostat/galvanostat, with the reference and counter
electrode terminals connected to one electrode and the
working electrode terminal to the other. The resulting data
were fit to a straight line to obtain the sample resistance. All
values have been measured in triplicate on separate batches.

Electrochemical experiments for capacitance measurements
were performed using cyclic voltammetry (CV) on a BASi Epsilon
potentiostat/galvanostat. The lamellar iron sulfide-coated or
control substrates described above were used as the working
electrode. A conductive carbon felt (Alfa Aesar 43200) counter
electrode was used for all measurements. An Ag/AgNOs (0.01
M in 0.1 M TBAPFs/MeCN) reference electrode with Vycor frit
was used for all measurements. The reference electrode
potential was measured vs. the FeCp,*/FeCp, couple in a
separate solution of the relevant electrolyte (with glassy carbon
working electrode and platinum wire counter electrode) to
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correct for the liquid junction potential. Capacitance
measurements were performed in triplicate on electrodes
fabricated with different batches of material. Capacitance
values were calculated from CV data by integration of the
current in forward and reverse directions.

Battery tests were conducted on 1.4 cm diameter samples
punched from 3.5 cm diameter samples obtained by filtration.
The battery cycling tests were performed with the 2032 coin
type cells with Li or Na metal foil as the counter electrodes and
1.2 M lithium hexafluorophosphate (LiPF¢) in ethylene
carbonate/ethyl methyl carbonate (3:7 weight ratio) with 10
weight % of fluoroethylene carbonate (FEC) or 1 M NaPF¢ in
ethylene carbonate/diethyl carbonate + 2 weight % FEC,
respectively. Half-cell cycles were operated at 0.1 C rate (50
mA/g) between 1 and 3 V vs. Li/Li* using an automated Maccor
2000 battery tester. The rate performance study on electrodes
was conducted by cycling the coin cells between 1 -3 V vs. Li/Li*
at 0.1C, 0.5C and 1C charge/discharge rates. The coin cell tests
were conducted in an environment chamber set at 30 °C.
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Additional Synthetic Procedures

1-Li, Method 3

Fe(DEDTC)3 (25 mg, 0.05 mmol) and LiCF3SO3 (39 mg, 0.25 mmol) were added to a vial and
dissolved in DMF (2.5 mL). In a separate vial, dithio-p-urazine (15 mg, 0.1 mmol) was dissolved
in DMF (2.5 mL). The solutions were combined and heated in a sealed vial to 100 °C for 24 h.
The resulting black solid was isolated via centrifugation, washed 2x with DMF (2 mL) and 3x with
THF (2 mL) to obtain 1-Li (~7 mg, quant.).

1-Li, Method 4 (to prepare films for UV-visible-NIR spectroscopy)

Fe(EX)3 (17 mg, 0.04 mmol) and LiCF3SOs3 (31 mg, 0.2 mmol), and DMF (4 mL) were mixed and
the resulting solution divided between two 4 mL vials. A sapphire substrate was added to each vial
and the vials were maintained at room temperature for 2 days. During this time, a film of dark
solid formed on the vial walls and the surfaces of the substrates. The substrates were washed 2x
with DMF (2 mL) and 2x with THF (2 mL) before being dried under vacuum.

1-Na

Fe(DEDTC)3 (25 mg, 0.05 mmol) and NaCF3SOs3 (43 mg, 0.25 mmol) were added to a vial along
with DMF (5 mL). The vial was sealed and shaken to dissolve all solids, then heated to 140 °C for
3 days. The resulting black solid was isolated via centrifugation, washed 2x with DMF (2 mL) and
3x with THF (2 mL) to obtain 1-Na.

1-K

Fe(DEDTC)3 (25 mg, 0.05 mmol) and KCF3SO3 (47 mg, 0.05 mmol) were added to a vial along
with DMF (5 mL). The vial was sealed and shaken to dissolve all solids, then heated to 140 °C for
3 days. The resulting black solid was isolated via centrifugation, washed 2x with DMF (2 mL) and
3x with THF (2 mL) to obtain 1-K.

I-TMA

Fe(DEDTC)3 (25 mg, 0.05 mmol) and TMAPF¢ (55 mg, 0.05 mmol) were added to a vial along
with DMF (5 mL). The vial was sealed and shaken to dissolve all solids, then heated to 140 °C for
3 days. The resulting black solid was isolated via centrifugation, washed 2x with DMF (2 mL) and
3x with THF (2 mL) to obtain 1-TMA.
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NMR Spectra
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Figure S1: '"H NMR spectrum of Fe(DEDTC)3 in CDCls.
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Figure S2: 'H NMR spectrum of Fe(EX)3 in CDCls. Small unlabeled peaks are due to traces of
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Figure S3. Representative SEM images of aggregates (a-b) and an isolated flake (d) of 1-Li.
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X-ray Powder Diffraction Measurements
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Figure S4: XRPD patterns of materials synthesized from Fe(EX)s with different salt additives
(all measured wet as suspensions in DMF).
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Figure S5: XRPD patterns of 1-TMA wet with DMF and dried.
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X-ray Fluorescence Data
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Figure S6: Representative XRF spectrum of 1-Li.

X-ray Absorption (XAS) Data and Fits
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Figure S7: Comparison of Fe K-edge XANES (first derivative) from 1-Li to literature data for

mackinawite and greigite. Literature spectra adapted from Jeong et al., Water Res. 2013, 47, 6639-
6649.

S9



11-Li wet in DMF, mackinawite model
-10 -]— Experimental

—Fit

{— Fitting window
0 2 4 6 8 10 12 14

Wavenumber (A™")

Figure S8: EXAFS data from 1-Li (wet in DMF) with fit to mackinawite model presented in k-

space.
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Figure S9: EXAFS data from 1-Li (wet in DMF) with a) R-space and b) k-space fits to smythite
model.

S10



Table S1: EXAFS fitting parameters for 1-Li (wet in DMF) using structural models from
mackinawite and smythite crystal structures.

Mackinawite model N R (A) o2 (A?) R-factor  Reduced chi-square
Fei-S 4 2.257(6)  0.0028(8)
Fei-Fes 4 2712) o012 0007 484

Independent points = 9.8, number of variables = 6, AEy = 1.3(7) eV, S¢*> = 0.672, fitting range k =2.1-12 A" and R
=1-2.6 A, k weights = 1,2, 3

Smythite model
Fei-S 6 2.265(8) 0.004(1)
Fei-Fez 2 2.72(2) 0.003(2) 0.0097 802

Independent points = 9.8, number of variables = 6, AE, = 1.6(8) eV, So> = 0.496, fitting range k = 2.1-12 A" and R
=1-2.6 A, k weights=1, 2, 3

14
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Figure S10: Comparison of EXAFS data from wet (DMF) and dry samples of 1-Li in a) R-space
and b) k-space.

S11



Thermogravimetric Analysis (TGA)
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Figure S11: Thermogravimetric analysis data for three batches of 1-Li, measured under N2 with
a 5 °C/min ramp rate.
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UV-visible-NIR Spectroscopy
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Figure S12: UV-visible-NIR absorption data for 1-Li. a) UV-visible-NIR absorption spectrum of
1-Li on sapphire (0001) and sapphire blank. b) Comparison of Tauc plots assuming different types
of transitions. The indirect allowed transition produces the most linear plot. ¢) Tauc plot for
indirect allowed transition with linear fit corresponding to Eg = 0.23 eV. Dotted lines highlight
the X-axis and the linear fit as a visual guide. d) Photograph of 1-Li on sapphire (0001) sample
(center) in holder.
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Moéssbauer Spectroscopy
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Figure S13: >’Fe Mossbauer spectrum of 1-Li collected at 80 K with fit to a two site model.

Table S2: Mdossbauer fitting parameters.

Parameter Site 1 Site 2
Isomer shift () 0.428(3) mm/s 0.446(4) mm/s
Quadrupole splitting (AEQ) 0.898(6) mm/s 2.79(6) mm/s
Relative area 0.42(1) 0.58(2) mm/s
Gaussian broadening, FWHM 0.90(2) mm/s 2.43(3) mm/s
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IR Spectroscopy
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Figure S14: FTIR spectrum of 1-Li prepared as a KBr pellet.

Electrochemical Measurements
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Figure S15. Cyclic voltammograms (1 mV/s, 0.1 M LiCF3SOs in DMF) of carbon paper
electrode coated with 1-Li + 10% rubber slurry and control electrodes.
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Figure S16: Cyclic voltammetry data for 1-Li composite electrode in 0.1 M LiCF3SO3/DMF
showing Faradaic features. Data is plotted as current/scan rate, which for a capacitor gives the

capacitance in Farads. Pseudocapacitive features should show no scan rate dependence, while
Faradaic features should decrease at higher scan rates.
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Figure S17: Cyclic voltammograms of the same 1-Li composite electrode in different electrolytes,
measured at 10 mV/s. LiOTf = LiCF3S0:s.
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Figure S18: dQ/dV plot for 1-Li lithium ion cathode half cell tests at 0.1C.
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Figure S19: Charge/discharge curves for 1-Li sodium ion cathode half cell tests. V = 0.005 — 3.0
V vs. Na, [ =30 mA/g, IM NaPFe in EC/DEC + 2w% FEC.
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Figure S20: dQ/dV plot for 1-Li sodium ion cathode half cell tests.
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A new class of layered iron sulfide materials offers tunable composition and properties for
electrochemical energy storage.



TOC.docx (186.23 KiB) view on ChemRxiv - download file


https://chemrxiv.org/ndownloader/files/21086709
https://chemrxiv.org/articles/Synthesis_Modular_Composition_and_Electrochemical_Properties_of_Lamellar_Iron_Sulfides/10312529/2?file=21086709

	Item information
	Manuscript.pdf
	SI.pdf
	TOC.docx

