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The layered structure of van der Waals compounds enables facile insertion of guest species between layers,
resulting in material multifunctionality through easily modifying its physical properties. Isostructural MPSs
compounds with 3d transition metal cations such as Mn, Fe, Co and Ni can serve as hosts for relatively
small alkali metals as well as larger organic molecules. NiPSs is the most exotic representative among
them, because despite 30 years of intense research, its electronic structure still evokes numerous
questions, not to mention the electronic structure of intercalated NiPSs. There are two possibilities for
electron transfer in semiconducting NiPSs upon insertion of electron-donating species, either to
a discrete Ni atomic level, or to a molecular level of the (P.Se)*~ unit. We performed a systematic
structural and spectroscopic study of NiPSs upon electrochemical intercalation of Li, Na and 1-ethyl-3-
methylimidazolium (EMIM) cations. Up to 0.5 Li or 0.5 Na per NiPSs formula unit can be inserted into
free octahedral spaces in the interlayers without visible changes in the diffraction pattern of the host. In
contrast, more than 1 EMIM per NiPSs unit can be intercalated between host layers leading to
a significant interlayer distance expansion from 6.33 A to 11.3 A. The charge compensation was found to
be different for the three intercalants: upon Li insertion, the electron density increases on the (PoSe)*™

unit and Ni remains redox-inactive, while intercalation of Na leads to reduction of Ni. In contrast, uptake
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Accepted 24th December 2023 of larger EMIM cations does not result in any changes in Ni, S and P K-edge near edge XANES spectra of

NiPSz and results in only very little change in their extended X-ray absorption fine structure spectra. It is
DOI: 10.1039/d3ta06196e likely that there is an electrochemical reduction of EMIM cations to heterocyclic carbenes with their

rsc.li/materials-a possible dimerization. The impact on magnetization of Li and EMIM intercalation was also studied.

crystallizes in a CdCl,-type structure with the monoclinic space
group C2/m, as shown in Fig. 1a. In the layers, transition metal
ions M, usually in the oxidation state 2+, are octahedrally sur-
rounded by S anions, which are interconnected via P cations.

1. Introduction

Layered transition metal phosphorus trisulfides (M,P,Ss or
MPS; where M = Ni, Mn, Fe etc.) have been of interest towards

opto-electronic applications due to their versatile anisotropic
properties® and the possibility of novel ground states.”* In the
recent decades, they have also been found to be promising for
electrocatalytic applications.* The family of MPS; compounds
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Since there are P-P bonds in the structure, the correct presen-
tation of the chemical formula corresponds to M,P,Ss showing
(P,S¢)*” units. There are competing inter- and intra-layer
magnetic interactions in the structure. The relatively weaker
van der Waals interaction between magnetic cations in neigh-
boring layers can be controlled through change of the interlayer
distance. Since it is not always feasible to synthesize the desired
structures, post-mortem intercalation of cations may allow
tuning of the structure.

Intercalation of alkali ions in MPS; and the corresponding
structural and electronic changes have been extensively studied,
especially with Li ions.**® Due to the limited absorption
capacity of lithium by MPS; and the modest influence on the
physical properties, lithium is only suitable for controlled
tuning of the magnetism to a certain extent.>'“'* It is under-
stood that the small alkali ions occupy two types of octahedral
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(a) Crystal structure of MPS3z compounds with M — Ni, Mn, and Fe; left — along the c-axis, and right — in the ab-plane. Metal cations (grey

spheres) are octahedrally coordinated by S anions (yellow spheres). P cations (violet) are 4-fold-coordinated by 3S and 1P atoms, resulting in

(P2Se)*™

units. (b) X-ray powder diffraction pattern of NiPSz with the observed (blue dots) and calculated (black solid line) curves together with

their difference curve (red solid line) and Bragg positions given as black vertical lines.

voids present within the layers, without affecting the interlayer
spacing.” An extended Li intercalation results in structure
decomposition into mainly metal-sulfur and metal-phos-
phorus compounds likely due to the high reactivity of alkali ions
with chalcogens.>'® However, there is still a discrepancy in the
literature regarding the electrochemical potential for interca-
lation as well as the composition of an intercalated compound
with structural stability. Moreover, the charge compensation
mechanism upon intercalation is still not completely under-
stood. Therefore, as an alternative, intercalation of large cations
or organic molecules, leading to detectable changes in the
crystal structure, is also of interest for these compounds. For
example, insertion of complex ammonium cations with
different organic groups such as tetrabutyl ammonium (TBA"),
tetrapropyl ammonium (TPA") and cetyltrimethyl ammonium
(CTA") were demonstrated in NiPS;,'*** while MnPS; is known
to be a host for poly(phenylene vinylene) and for pyridine.*>*®
In the family of transition metal phosphorus trisulfides,
different aspects of intercalation have been comprehensively
studied in NiPS;.>'*'”*® This compound attracts a special
attention due to a big difference in the mechanistic behavior of
organic molecule intercalation compared to that of other MPS;
systems regarding the charge compensation. For instance, it
was reported that there is a strong tendency in MnPS; and FePS;
for cation exchange, along with the creation of M>" vacancies
during intercalation.'*****' In contrast, no direct intercalation

3524 | J Mater. Chem. A, 2024, 12, 3523-3541

of pyridine was observed for NiPS;, although metal-to-ligand
interaction would be of a similar bond strength.*> Pattayil
et al. suggested that a possible reason for this is the difference
in the crystal field energy, which stabilizes Ni in the crystal
structure,* thereby impeding the pyridine intercalation. Simi-
larly, no reaction was reported with 1,10-phenanthroline on
NiPS;.*® It should be mentioned that intercalation into NiPS;
was only possible either by Na-ion mediation (first Na interca-
lation, followed by cation replacement) or by NiPS; doping with
other transition metal cations such as Fe?*.'®?* During the
electrochemical intercalation process with TBA', a decreasing
Raman band associated with octahedrally coordinated Ni**
cations was observed, giving an indication of the reduction of
nickel. Furthermore, it has been confirmed through electron
energy loss spectroscopy (EELS) analysis that both Ni and P were
reduced upon more than 1 Li intercalation per NiPS; formula
unit.*

Summing up, a solution for a controllable tuning of the
interlayer spacing in MPS; did not exist until now. The under-
standing of the charge compensation mechanism is in the
nascent stage. Even for the intensively studied lithium inter-
calation into NiPS3, to the best of our knowledge, no structural
monitoring via operando diffraction methods has been pub-
lished to date.

Therefore, in the present work we focused on the intercala-
tion principles of NiPS; with regard to small alkali metal cations

This journal is © The Royal Society of Chemistry 2024
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Li and Na as classical intercalation cations, along with a big
organic cation. We aimed to understand structural changes in
NiPS; and the redox activity of each element upon intercalation,
and to compare these with those of other MPS; compounds. For
this, we synthesized NiPS; powder of high quality (see Fig. 1b)
and performed a detailed operando X-ray diffraction and X-ray
absorption spectroscopy study on Li and Na intercalation. We
further presented successful organic cation intercalation in
NiPS; using 1-ethyl-3-methylimidazolium tri-
fluoromethylsulfonylimide [EMIM]'[TFSI| ™ ionic liquid (IL). ILs
are notable for their wide electrochemical stability window.**
EMIM-TFSI is one of the more commonly used ionic liquids,
being in the liquid state at room temperature.”*> More
importantly, EMIM-TFSI has a high conductivity (0.96 S m™")
and low viscosity (24.1 mPa s), which is favorable for electro-
chemical intercalation.”® Detailed ex situ and operando charac-
terization was performed to study the structure and morphology
of the intercalated materials, towards understanding the
mechanism and nature of charge storage upon intercalation in
NiPS;.

2. Experimental section
2.1 Synthesis of pristine NiPS;

The NiPS; sample was synthesized directly from the elements
via a solid-state reaction. Ni (powder, Alfa Aesar, 99.8%), P
(powder, Alfa Aesar, 99.999%), and S (powder, Alfa Aesar,
99.999%) were pressed into pellets (1 cm diameter at approxi-
mately 30 kN using a hydraulic press) in stoichiometric ratio
and sealed in a quartz tube (12 mm inner diameter and 3 mm
wall thickness) under 300 mbar Ar, after evacuation. After an
initial heat treatment at 573 K for 24 h, the sample was heated to
973 K and held for 12 days. The heating rate was 50 K h™*. After
this, the tube was cooled down to room temperature at the rate
of 300 Kh™" and opened under an argon atmosphere. The NiPS;
structure was confirmed by powder X-ray diffraction measure-
ments (Fig. 1b).

2.2 X-ray diffraction (XRD) measurements

Lab-based powder XRD was performed in transmission geom-
etry on a STOE Stadi P diffractometer with a curved Ge(111)
crystal monochromator and Cu K, radiation (A = 1.54056 A),
equipped with a Dectris single-strip Mythen 1K detector. In
order to avoid air exposure, the samples were sealed using
Kapton tape inside an Ar-filled glovebox. The NiPS; samples
after cation intercalation for ex situ measurements were washed
with acetonitrile and dried at 323 K under vacuum to remove all
organic residues. All handling was undertaken inside an Ar-
filled glovebox.

Operando XRD measurements were performed in the lab on
a STOE Stadi P diffractometer using Mo K,; radiation (A =
0.70926 A), at the synchrotron facilities DESY, Hamburg, Ger-
many (P02.1 beamline, A = 0.2074 A) and ALBA, Barcelona,
Spain (MSPD, A = 0.41273 A; and NOTOS, A = 0.6894 A, beam-
lines). All samples for operando measurements were prepared in
special coin cells with fused silica or Kapton windows. This

This journal is © The Royal Society of Chemistry 2024
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allows measurements in the transmission mode with simulta-
neous control of the potential of the cell. A multi-sample holder
for parallel operando measurements was used.* XRD analysis
was performed by the Rietveld method using JANA2006
software.*

Elemental analysis was performed by inductively coupled
plasma - optical emissions spectroscopy (ICP-OES) on an iCAP
6500 Duo View from ThermoFisher Scientific.

2.3 Electrochemical tests

A BioLogic VMP3 potentiostat was used for all electrochemical
studies, including galvanostatic cycling with potential limita-
tion (GCPL), cyclic voltammetry (CV), and the galvanostatic
intermittent titration technique (GITT). For electrode prepara-
tion, the NiPS; powder was mixed with Super P carbon (BASF) as
a conductive agent, and polytetrafluoroethylene (PTFE) binder
(Aldrich) for better contact with the current collector. The
mixture, in a 75:20:5 weight ratio, was pressed on a copper
mesh with an average loading of 11 mg cm™>. The electrodes
were assembled in Swagelok-type cells, using lithium chips
(12 mm diameter and 250 um thickness, Chemetall), platinum
mesh (12 mm diameter, 0.25 mm thickness, 99.9% purity, Alfa
Aesar) or sodium metal (Alfa Aesar, 99.95%), which was rolled
out into flat disks, as a counter electrode. Two glass fiber
separators (Whatman GF/D, GE) were applied and soaked with
electrolyte. Intercalation of alkali cations was performed with
a LP30 electrolyte containing 1 M LiPF¢ in ethylene carbonate
(EC, BASF)/dimethyl carbonate (DMC, BASF) in a 1:1 ratio
(LP30 Selectilyte, BASF), or with a home-made electrolyte
composed of 1 M NaPF¢ (abcr, 99%) dissolved in an EC/DMC
mixture (1:1). For intercalation of organic species, the ionic
liquid EMIM-TFSI from Sigma Aldrich was used as the electro-
Iyte. Electrodes and cells were built in an Ar-filled glove box
(H,O < 1 ppm, O, < 1 ppm) to avoid contact with oxygen and
water. All cells were operated in a climate chamber at room
temperature. For diffusion coefficient determination, the gal-
vanostatic intermittent titration technique (GITT) with
a constant current pulse of 0.1C (1C corresponds to the current
needed for intercalation of 1 EMIM ion per NiPS; formula unit
in 1 h) was applied, followed by an open circuit phase for several
hours. The steps were repeated until the EMIM content excee-
ded 4 times the formula unit.

2.4 X-ray absorption spectroscopy (XAS) studies

Operando X-ray absorption spectroscopy measurements at the
Ni K-edge were carried out at the DESY Synchrotron (P64 PETRA
III beamline, Hamburg, Germany) and at the ALBA synchrotron
(NOTOS beamline, Barcelona, Spain). The NOTOS beamline
enables a combination of XAS-XRD measurements. The
samples were assembled in electrochemical coin cells with
Kapton windows. A multi-sample holder for parallel operando
measurements was used.” The measurements were performed
in both transmission and fluorescence mode. Ex situ XAS
measurements of the S, P and Ni K-edges were carried out at the
BESSY II synchrotron (HiKE endstation located at the KMC-1
bending magnet beamline, Berlin, Germany).*"*

J. Mater. Chem. A, 2024, 12, 3523-3541 | 3525
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In case of the P and S K-edge, the incident X-rays were
monochromatized using a Si (111) double-crystal mono-
chromator and focused by means of a piezo refocusing capillary
to a size of 100 pm x 100 um (H x V), if the beam is perpen-
dicular to the sample. For the Ni K-edge, the Si (422) crystal pair
was used. The X-ray absorption near edge structure (XANES) was
collected in partial fluorescence yield (PFY) mode at a grazing
angle of 45° with a Bruker XFlash 4010 fluorescence silicon drift
detector (SDD). The incoming photon energy was calibrated
using Au 4f spectrum of clean Au foil. The obtained data were
processed with Athena software, including background
subtraction and normalization.*

2.5 Magnetometry

Magnetization measurements were performed on a super-
conducting quantum interference device (SQUID) magnetom-
eter (MPMS, Quantum Design) using powder samples. The
magnetization was measured as a function of temperature at an
applied magnetic field of 2 T in the field-cooled (FC) and zero-
field-cooled (ZFC) mode, in the temperature range of 5 to 330 K.

2.6 Single crystal X-ray diffraction (SCXRD)

SCXRD data acquisition was accomplished on a Bruker D8
Venture (Mo Ko, A = 0.71073 A) equipped with a PHOTON 100
CMOS detector. The measurement was performed at room
temperature. Indexing was performed using APEX3 software.’*
Data integration and absorption corrections were performed
using the SAINT and SADABS*** software, respectively. The
crystal structure was solved by dual-space methods imple-
mented in the SHELXT®® program and refined by the full-matrix
least-squares method on F* with SHELXL.*”
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2.7 High-resolution transmission electron microscopy
(HRTEM) and electron diffraction (ED)

HRTEM, ED and energy-dispersive X-ray (EDX) spectroscopy
measurements were performed with an aberration-corrected
FEI Titan 80-300 electron microscope (ThermoFisher, USA)
equipped with an in-column EDX detector. Diffraction patterns
were treated in the kinematical approximation.

2.8 Raman spectroscopy

Raman measurements were performed using a S&I Monovista
CRS+ confocal Raman spectrometer at 405 nm or 514 nm, with
a 2400 grating. The laser was adjusted and focused through
a Nikon 20x objective (N.A. 0.35; WD = 20 mm) to give an
incident laser power of approximately 0.5-5 mW, depending on
the sample being measured. Spectra were recorded for a total
accumulation time of 75-500 s, depending on the sensitivity
and spectral quality of the sample. The peak positions were
corrected with respect to the Raman spectrum of a toluene-
acetonitrile mixture. Baseline correction and spectral analysis
were performed using Qpipsi (a Matlab-based software for
spectral analysis) and OriginPro.

3. Results

3.1 Structural evolution of NiPS; upon alkali metal
intercalation

According to the literature reports, NiPS; can incorporate up to
1.5 Li per formula unit at a very low current density close to the
open circuit voltage (OCV) regime.*® The pristine structure of
NiPS; contains two different octahedral gaps in the van der
Waals interlayer, into which alkali-metal cations Li and Na can
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Fig.2 Waterfall plot, contour plot and potential profile from operando XRD. (a) Li,NiPSz, with a current density of 71 mA g~*; red boxes highlight
the intermediate phase, and (b) Na,NiPSs with a current density of 61 mA g‘l.

3526 | J Mater. Chem. A, 2024, 12, 3523-3541

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta06196e

Open Access Article. Published on 27 December 2023. Downloaded on 5/25/2026 3:58:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

potentially be intercalated without affecting the interlayer
distance.*® 1/3 of the octahedral spaces belong to the 2d Wyckoff
position and 2/3 to the 44 positions. However, the intercalation
behavior of MPS; (M - transition metal cation Fe, Mn or Ni)
compounds in electrochemical cells can depend on the applied
current density: a higher current abruptly decreases the cell
potential, thus influencing the Li-ion mobility and structural
changes.***°

We studied Li and Na intercalation behavior in NiPS; at
current densities significantly exceeding the OCV regime
(current densities of 60 to 70 mA g~ ). Fig. 2 shows operando
XRD data collected during intercalation of (a) Li and (b) Na
cations into NiPS;, in the form of a waterfall plot and
a contour plot for better visualization, including the corre-
sponding potential curve of an operando electrochemical cell.

At the beginning of Li-intercalation up to x(Li) = 0.5 (Liy 5
NiPS; composition), Bragg reflections in the diffraction patterns
remain unaffected, likely due to insertion into free octahedral
spaces.* The second step up to x(Li) = ~1.6 is accompanied by
a continuous decrease in reflection intensities of the parent
compound, until they completely disappeared, suggesting
structural degradation. This behavior, clearly confirmed by
evolution of the characteristic (001) and (002) reflections of
NiPS; shown in Fig. 2a, is in line with the DFT calculations of
Choi et al., which show a significant structural distortion at x(Li)
= 0.875 induced by Li intercalation.'® The authors also observed
some changes in the near surrounding of nickel cations starting
from Li, gNiPS3, using pair distribution function (PDF) analysis.
Evolution of reflections corresponding to Li,S is observed
starting from x = 1.6. This marks the end of the decomposition
process of NiPS; according to the reaction 9Li + NiPS; — 3Li,S +
LizP + Ni.** The fact that no reflections of elemental nickel and
lithium phosphide were observed could be due to an amor-
phous structure and/or a very small crystallite size. Additionally,
we could also identify Li,P,Se as an intermediate phase, based
on a set of reflections developing at 0.187 and 0.301 A~*.* This
phase is observed at a Li-content of 0.8 < x < 4.5 as a pathway for
decomposition of the parent structure to Li,S. The Li,P,Se
phase is not stable during the subsequent lithiation process, as
demonstrated by the disappearance of the reflection at 0.187
A™' and a slight shift of the reflection at 0.301 A™*.

Choi et al.,’ based on the results of XPS and Raman
measurements, also concluded a multistep reduction process of
Ni**, which includes partially reduced inorganic intermediates
such as Ni,PS, and Li,PS, that eventually leads to Li,S as the
final decomposition product. Formation of Li,S was also
observed by Foot et al.*® during intercalation at a low current
density for x > 1.6.

In a comparable study of Brec et al.,*® performed at a lower
current rate, two separate plateaus are visible in the range of
0 < x(Li) < 1.5 and above 2.25 V vs. Li'/Li (in contrast to the
first plateau at 1.75 V vs. Li'/Li in our case). These plateaus
were attributed to two stages of intercalation arising from
filling two different Wyckoff positions. Under those condi-
tions close to the equilibrium state, some metastable,
partially ordered phases can be formed, which are not
detectable when the current density is high. Note that the

This journal is © The Royal Society of Chemistry 2024
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authors®* measured single crystals in the presence of
a different electrolyte, which can slightly impact the total
potential vs. Li*/Li.

This brought us to the conclusion that the high galvanostatic
currents applied to NiPS;, result in aggravate filling of inter-
layers in the structure probably due to a kinetic reason, causing
an abrupt potential drop that leads to structural decomposition
of NiPS;, since other phases become thermodynamically more
stable at such a low cell potential. Therefore, we observed the
loss of crystallinity of the initial compound and the formation of
lithium decomposition products at much lower states of lith-
iation than reported in the literature.*® It should be mentioned
that in contrast to Foot et al.,*® who detected Li,S above x > 1.6,
the final transformation in our experiments is delayed. After de-
lithiation, some reflection shifts are visible, indicating re-
oxidation of Li,S, but in contrast to Choi et al. no crystalline
NiPS; could be observed."

A similar multistep decomposition process of NiPS; with the
formation of the Na,S end product was observed during galva-
nostatic sodium intercalation. The end of the first plateau at
x(Na) = 1.8 in the galvanostatic curve coincides with the
disappearance of pristine NiPS; reflections (Fig. 2b). However,
in contrast to lithium, no crystalline intermediate products
could be detected during structural decomposition. Moreover,
the reflections of Na,S are sharper than of its Li counterpart
suggesting a higher crystallinity of Na,S. However, the peak
evolution occurs at significantly higher x(Na) > 6 values, espe-
cially in a constant voltage profile.

3.2 Redox changes in NiPS; upon alkali metal intercalation

Furthermore, we performed operando XAS measurements at
the Ni K-edge upon Li and Na insertion into NiPS3, which
provide direct information about the valence state and local
surrounding of the absorbing atom.*®* Fig. 3a shows the
evolution of the Ni K-edge spectra recorded operando during
electrochemical Li-intercalation, which was limited to 1 Li per
NiPS; formula unit, together with the NiO reference spec-
trum. The edge positions of the NiO reference material and of
NiPS; are different. The difference arises mostly from various
chemical surroundings of Ni and different covalencies of the
chemical bonds, which can be qualitatively estimated from
Pauling electronegativity values. Although Ni is octahedrally
coordinated in both NiO and NiPS;, the more electronegative
oxygen atoms (3.44 Pauling units) in ionic Ni-O bonds
strongly attract the electron density from Ni, making it more
difficult to remove core level electrons and causing a shift to
a higher edge energy, in comparison to more covalent Ni-S
bonds with S having an electronegativity of 2.589 Pauling
units.

According to the work of Brec and Ouvrard,* the extended X-
ray absorption fine structure (EXAFS) analysis of chemically
lithiated Li,NiPS; samples points to pronounced migration of
Ni cations from the octahedral to tetrahedral sulfur
surrounding their simultaneous reduction. Therefore, as per
the work of Brec and Ouvrard,** 50% of Ni exists in the zero
oxidation state in sulfur tetrahedra in the Li;Ni, s°Niy s> PS;

J. Mater. Chem. A, 2024, 12, 3523-3541 | 3527
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Fig. 3 Operando XAS spectra of alkali ion intercalation into NiPSsz: (a) Ni K-edge and du(E)/dE plots of Li,NiPSz (0 = x = 1). (b) Ni K-edge and
du(E)/dE plots of Na,NiPS3 (0 = x = 1.1). Insets show the corresponding potential profiles and the specific points of measurement.

composition. The Ni-S distance for the first Ni coordination
sphere is reported to decrease from 2.45 A (NiSg-octahedra) to
2.30 A (NiS,-tetrahedra).

However, the reported Ni-reduction and Ni-diffusion in Li,-
NiPS; are in contradiction to our operando XAS measurements.
According to Fig. 3a, showing Ni K-edge spectra of Li,NiPS; also
as du(E)/dE derivative plots, there are no visible changes in the
spectra for compositions in the range of 0 < x(Li) = 1. As is well
known, the pre-edge of transition metals in the K-edge spec-
trum originates from a 1s — 3d electron transition and
depends, among other factors, on the symmetry and the coor-
dination number of the central atom.** In agreement with the
dipole selection rules, only a quadrupole transition is allowed,
hence showing either zero or a low intensity in the octahedral
environment.” In the case of tetrahedral surrounding, the p-
and d-orbitals of Ni overlap and can hybridize, thus enabling
a dipole transition from the 1s to a hybridized p-orbital.** This
should strongly enhance the pre-edge intensity with the
pronounced Li-insertion. However, such an enhancement could
not be detected in Li-containing compositions. There are also
no visible shifts in the main edge and post-edge regions of the
Ni K-edge spectra, indicating no change in the coordination
sphere and Ni oxidation state. Therefore, we conclude that Ni is
redox-inactive during lithiation of Li,NiPS;.

Similarly, sodium intercalation into NiPS; (Fig. 3b) was
studied up to x(Na) = 1.1. The normalized plots show many
more changes upon intercalation in comparison to lithium.
Here, the maximum in the derivative plots is shifted from
8340 eV to 8339 eV, showing the beginning of partial Ni
reduction, in agreement with the work of van Dinter et al.® The
changes in the post-edge region with increasing sodium content
are significant as well. Although no structural changes were
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observed till x(Na) = 1.5, the larger size of the Na-ion likely leads
to local distortions in the structure and the corresponding
partial redox.

In order to further explore interlayer modification, interca-
lation with a larger organic cation was undertaken. In contrast
to the literature where organic salts are used in solvent media,
an ionic-liquid mediated approach was used without the need
for additional component(s). EMIM-TFSI was selected and the
corresponding intercalation of an EMIM cation is presented
next.

3.3 Intercalation of EMIM and co-intercalation of (EMIM,Li)

Prior to galvanostatic EMIM insertion experiments, the elec-
trochemical stability window of EMIM-TFSI was probed using
a symmetric Pt-Pt two-electrode cell setup at room temperature
(Fig. 4a). Cyclic voltammetry measurements, performed
between —5 V and 1 V at a low scan rate of 0.1 mV s~ ', show an
irreversible redox process starting below —4.1 V, which lies
outside the working potential range of EMIM intercalation
between —2.4 V and —3.9 V vs. Pt.

Insertion of EMIM cations from the EMIM-TFSI electrolyte
was performed using either metallic Li or Pt as a counter elec-
trode. In the case of the using a Li-electrode, co-insertion of Li
during the long intercalation time is expected and the system is
referred to as EMIM-Li. A galvanostatic profile of NiPS; during
insertion, using EMIM-TFSI electrolyte and a lithium electrode
is shown in Fig. 4b along with the data for pure Li intercalation
for comparison. The potential curve for EMIM-Li shows two
distinct plateaus at 1.8 V and 1.2 V, similar to that of Li inter-
calation. However, the extent of the first plateau is significantly
less, ending at around x(Li) ~0.6.
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(a) Cyclic voltammetry of EMIM-TFSI in a symmetric Pt—Pt cell, (b) galvanostatic discharge of NiPSz with Li (black), (EMIM,Li) (red), and (c)

EMIM-only (blue), and galvanostatic discharge of a carbon black material in EMIM-TFSI vs. Pt (green).

Fig. 4c shows the electrochemical EMIM intercalation
against the Pt counter electrode. The overall potential difference
is due to the Pt-Li difference in the galvanic series. The refer-
ence measurement (green line) shows the galvanostatic curve of
the cell with carbon black as a working electrode. However,
since the potential drops below —4.1 V vs. Pt, the observed curve
most likely represents decomposition of the electrolyte. An
initial plateau is seen at ~-3.3 V, which gradually shifts to
a higher potential during intercalation likely due to a reduction
in the overpotential of the material with continued
intercalation.

3.4 Crystal and electronic structure changes

Structural changes in NiPS; during reaction with EMIM-TFSI
were monitored by operando XRD measurements using EMIM-
TFSI electrolyte. Fig. 5 shows the XRD data where Li and Pt
metals were used as counter electrodes. Here, a new crystalline
phase is formed during the insertion of EMIM-cations in cells
with both Li and Pt counter electrodes. In the case of (EMIM,Li)
co-intercalation (Fig. 5b), the conversion represents a two-phase
process with subsequent disappearance of the pristine phase,
which is characterized by the first galvanostatic plateau up to x
= 0.6, and growing reflections of a new phase. The most
pronounced change between two phases is related to the (00/)
reflections, see for example a clear shift of the (001) reflection
from 0.1578 A™* in pristine NiPS; to 0.0885 A™* in the new phase
(Fig. 5b). The newly formed phase has the (001') reflection at
much smaller reciprocal lattice lengths, signaling an expansion
of the NiPS; interlayers. This phase transformation is
completed with the EMIM, (NiPS; composition at the end of the
first plateau in the potential profile. During further intercala-
tion, no other changes occur in the lattice parameters. Only
a fading of the intensity of the (001') reflection is seen for x >
~1.4, likely as a result of continued Li intercalation. The
intercalation of pure EMIM ions into NiPS; is similar to the co-
intercalation process (Fig. 5a) with the evolution of a new phase.
In contrast to the loss of pristine NiPS; reflections in alkali
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metal intercalation (Fig. 2) and (EMIM-Li), with pure EMIM
intercalation the reflections of the initial compound are merely
faded until an effective inserted charge of ~2.4x. Although
a new phase is formed as well, the conversion process is not
completed even after reaching a composition of EMIM, 4NiPS;.
In addition, the new (001') reflection is at a slightly higher 1/
d position of 0.1010 A™*, indicating less expansion along the c-
axis. Its intensity does not appear to fade and, therefore, one
can conclude that there is no visible decomposition here, in
contrast to the co-intercalation.

For comparison, Fig. 5c shows the X-ray powder diffracto-
grams of pristine NiPS; and the materials after intercalation,
corresponding to the (EMIM,Li),sNiPS; and EMIM, sNiPS;
compositions. Additional reflections and an increas