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ABSTRACT: Cation deintercalation with soft-chemical methods 1.5 ——605.C
provides a route to synthesize new layered compounds with ) " .,‘, "".f / ——120s, (‘3??:00
emergent physical and chemical properties that are inaccessible by PRIIIID 180's, Ciyq00
conventional high-temperature solid-state synthesis methods. One 1 Feddydd ::2538 2 g"“°°
example is CrSe,, a van der Waals (vdW) material that is promising @2 360's, O
as an air-stable two-dimensional (2D) magnet. Cation dein- < ——KI, Cy100
tercalation has rarely been studied mechanistically, and optimized 0.5

reaction pathways to yield high-quality materials are often poorly

understood. In this work, we perform a detailed study of the

oxidative deintercalation process of KCrSe,. We prove for the first 0 .

time using high-resolution scanning transmission electron micros- 200 300 400 500 600 700 800

copy (STEM) that even though CrSe, indeed exists in a true vdW-
layered structure, K-intercalated crystalline defects exist in the final
product, even when an excess of oxidizing agent was used. We then study the kinetics of the oxidative deintercalation process,
showing that it is a zeroth-order reaction with an activation energy of 0.27(6) eV, where the solid-state diffusion of K* cations in the
potassium deintercalation process is the rate-limiting step. Finally, we study the relationship between Cr—Cr distances and the
change in magnetic order by tracking how the properties change as a function of varying potassium content due to deintercalation.
These data suggest that it might be possible to switch between magnetic states in CrSe, monolayers by varying its lattice parameters
with methods, such as applying strain. Our study also provides a deeper understanding of the cation deintercalation process from a
mechanistic perspective that will be helpful for the future development of synthetic methodology that can lead to other new layered

Wavelength (nm)

materials.

B INTRODUCTION

Soft-chemical methods are an elegant way to synthesize new
layered quantum materials with unconventional properties that
typical high-temperature solid-state methods cannot directly
access.'™® For example, Na,C0oO,-1.3H,0 (x = 0.3), synthe-
sized via the Br, oxidation of Na,,CoO,, is a superconductor
that displays a similar kind of chemical doping behavior as the
high-temperature copper oxide superconductors.”® 2M-WS,, a
metastable 1T’-type transition-metal dichalcogenide (TMD),
synthesized by oxidizing K,,WS, with K,Cr,O, in aqueous
H,SO,, has the highest reported superconducting transition
temperature among TMDs and is predicted to be a topological
superconductor.” Finally, van der Waals (vdW)-layered CrSe,, a
potential parent compound for air-stable ferromagnetic two-
dimensional (2D) CrSe,,'’ can be synthesized via K-
deintercalation from KCrSe,."" However, almost all of these
reports focus on the properties of the product materials while
overlooking the chemical process of deintercalation itself.
Generally, group VIB vdW-layered TMDs generate a lot of
excitement as many members of this class can be easily exfoliated
down to two dimensions and exhibit properties that their bulk
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forms do not have. For example, two-dimensional (2D) 1T-
MoS, shows enhanced catalytic performance in the hydrogen
evolution reaction.'” 1T'-WTe, is the first known 2D
topological insulator and is found to host a large variety of
exotic physics, such as the quantum spin Hall effect, quantum
oscillations in the insulating gap, or the presence of excitons in
its ground state.”””'” The lighter member of group VIB
transition metals, Cr, could introduce intrinsic magnetism to
TMDs, which would enrich their physical properties. However,
vdW-layered bulk CrX, (X = S, Se, and Te) cannot be
synthesized directly from the elements. van Bruggen et al
adapted the cation deintercalation method and synthesized
metastable vdW-layered 1T-CrSe, from KCrSe, by I, oxidation
in acetonitrile,'" as shown in Figure 1. Bulk 1T-CrSe, adapts the

Received: July 29, 2021 B
Revised:  September 21, 2021 &
Published: October 7, 2021

https://doi.org/10.1021/acs.chemmater.1c02620
Chem. Mater. 2021, 33, 8070—8078


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyu+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+N.+Schneider"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangming+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jason+F.+Khoury"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Milena+Jovanovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nan+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leslie+M.+Schoop"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leslie+M.+Schoop"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.1c02620&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02620?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02620?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02620?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02620?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02620?fig=abs1&ref=pdf
https://pubs.acs.org/toc/cmatex/33/20?ref=pdf
https://pubs.acs.org/toc/cmatex/33/20?ref=pdf
https://pubs.acs.org/toc/cmatex/33/20?ref=pdf
https://pubs.acs.org/toc/cmatex/33/20?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c02620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

Partially
occupled K

) Q

OSe
Q@ Cr ¢

D

000

I,/acetonitrile

I OO

KCrSe2

Intermediate phase

PO

000

e

I,/acetonitrile
B

Rt ed

CrSe,

Figure 1. Illustration of the K-deintercalation process of KCrSe, by I, oxidation. The intermediate products are indicated by a partially occupied K*.
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Cd(OH),-type structure and exhibits a charge density wave with
linear Cr trimerization at low temperatures.1 U181t has a metallic,
antiferromagnetic ground state.'"'*'? So far, 2D layers of CrSe,
have not been exfoliated from the K-deintercalated bulk CrSe,.
Recently, however, CrSe, nanosheets were epitaxially grown on
a WSe, substrate.'” Unlike bulk CrSe,, these epitaxially grown
CrSe, nanosheets exhibit intrinsic ferromagnetism. In addition,
they are robust in air, which is in contrast to most of the known
magnetic nanosheets that tend to be highly air-sensitive,
granting CrSe, potential for applications in magnetoelectronics
and spintronics.'’ Therefore, it is clear that CrSe, is a promising
2D quantum material candidate, but there are many unresolved
questions regarding its synthesis, stability, and magnetic
properties. One point that should be clarified is whether bulk
CrSe, is a true vdW material or if it suffers from defects as a result
of Cr migration upon cation deintercalation. Such migration has
been frequently observed in other layered Cr chalcogenides,
such as LiCrO,,”° NaCrO,,”' NaCrS,,"?**? and
NaCr, 3 Ti; 58,

Currently, synthetic descriptions of CrSe, in the literature are
rather vague and merely state that a “slight excess” of the
stoichiometric ratio of I, was used for deintercalation.'"”'®*® To
the best of our knowledge, the reaction has never been fully
quantified and it seems unclear as to what types of impurities
exist in the products. Although it has been shown that only very
little K remains in samples, as no K-intercalated phase was
detected in laboratory powder X-ray diffraction (PXRD), and
chemical composition analysis revealed only traces of
K,' "% the presence of any defects, even in very small
fractions, can still have important ramifications for potential
exfoliation. The impurity regions may hinder the 2D community
to obtain uniform monolayers by mechanical exfoliation.”®
Despite several reports characterizing CrSe, via XRD, no direct
atomic-resolution cross-sectional imaging has been reported on
CrSe, so far. Such a cross-sectional analysis is critical, however,
as it can reveal hidden defects (which, for example, could result
from Cr migration or remaining K) in layered systems.”

In this work, we used XRD and high-resolution scanning
transmission electron microscopy (STEM) to study the
structural changes of KCrSe, during the K-deintercalation
process. Then, we study the kinetics of K-deintercalation to
understand this reaction from a chemical perspective. Previous
kinetic studies on K-deintercalation in KNi,Se, found that the
process is likely zeroth-order,” but the reaction order had not
been confirmed by time-dependent measurements. Here, we
show that the deintercalation of KCrSe, is a zeroth-order
reaction at room temperature with an Arrhenius activation
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energy of 0.27(6) eV. In addition, we investigate the magnetic
properties of the intermediate, as well as end products, revealing
a clear correlation of in-plane Cr—Cr distance and magnetic
properties. A few previous works have studied the magnetism
and lattice constant correlations in alkali metal-intercalated Cr
dlchalcogemdes, usually comparing several different structural
analogues.’*** In this study, we focus on one compound and
study its magnetism and lattice constant correlations as we
chemically modify its alkali cation content. KCrSe,, which is
used in this study as the starting compound, is known to exhibit
A-type antiferromagnetism (AFM), where ferromagnetlc (FM)
layers are aligned antiparallel to each other.”* However, when K
is removed from the system, the magnetic order within the layers
changes to AFM.'” The cause of this has not yet been fully
investigated. We believe that our study will help the community
to gain a deeper understanding of the K-deintercalation reaction
mechanism of KCrSe, and its magnetostructural correlations,
along with further developing synthetic methodology for other
vdW-layered compounds from alkali metal-intercalated com-
pounds.

B EXPERIMENTAL DETAILS

The synthesis of polycrystalline KCrSe, powder was based on
previously published procedures.'"** The experiments of I, oxidation
of KCrSe, powders were designed based on a previously published
paper'' and performed in an Ar-filled glovebox. Kinetic studies were
based on both time and temperature. Details can be found in the
Supporting Information (SI).

Powder X-ray diffraction (PXRD) patterns were collected on a
STOE PXRD with Mo K, radiation and a single-Mythen detector,
working in the Debye—Scherrer geometry. Polycrystalline powders
were ground with amorphous boron powders (PVZ nanoboron
elemental amorphous boron powder with a >99 % boron content) in
a 1:1 volume ratio in the Ar-filled glovebox before being sealed in 0.3
mm amorphous quartz capillaries for the measurements. The PXRD
data were refined with the Fullprof Suite.’® The crystallographic
information framework (CIF) file from a previously published paper'®
was used for CrSe,’s structural refinement.

Single-crystal X-ray diffraction (SCXRD) was performed on a small
(~100 pm) crystal picked from a powdered sample. Measurements
were performed at 299(1) K on a Bruker APEX-II CCD diffractometer
with Mo Ka radiation (1 = 0.71073 A). A multiscan absorption
correction was applied using SADABS. The data were solved using
SHELXT with 1ntr1n31c phasing and refined with SHELXL via the least-
squares method.*

For cross-sectional analysis, the samples were cut and transferred
onto a Cu TEM grid with a Helios NanoLab G3 UC DualBeam FIB/
SEM. The grid was then transferred to a Titan Cubed Themis 300
double Cs-corrected S/TEM. Details about sample preparation,
transfer, microscopes, and image simulation can be found in the SI.
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Figure 2. (A) Fitted powder XRD data of KCrSe, measured at room temperature with Mo K, radiation; (B) crystal structure of KCrSey;™ up: (110)
plane, down: (001) plane; (C) a high-angular annual dark-field (HAADF) STEM image of KCrSe,, zone axis [001] (green spheres represent Se atoms
and cyan spheres represent Cr atoms); (D) an iDPC STEM image of KCrSe, at the same zone axis (green spheres represent Se atoms, cyan spheres

represent Cr atoms, and magenta spheres represent K atoms).

The magnetic susceptibility data were acquired on a Quantum
Design DynaCool Physical Property Measurement Setup (PPMS) with
a vibrating sample magnetometer (VSM) model. Details about the
scans can be found in the SI.

B RESULTS AND DISCUSSION

Structure and Composition of KCrSe,. Before studying
the cation deintercalation process, we first carefully studied the
parent compound KCrSe,. Using SCXRD, we found that the
KCrSe, has a different structure than previously pub-
lished;*"*”*® KCrSe, crystallizes in the monoclinic space
group C2/m (Table S1 gives the structural details). The
structure found with SCXRD was then used for a Rietveld
refinement of the PXRD pattern, which resulted in a good fit
with an agreement factor (y*) of 2.15 and a Bragg factor (Rg) of
1.90. Figure 2A shows the fitted results, and structural
parameters are listed in Table S2. In KCrSe,, [CrSe,]” slabs
form a layered structure that is intercalated by K* cation layers,
as shown in Figure 2B. Each Cr’* atom is octahedrally
coordinated by six Se®” atoms, but unlike other sibling
compounds, such as LiCrSe,”” and NaCrSe,,*® that crystallize
in higher symmetry groups, the CrSe4 octahedron is distorted
with four longer Cr—Se bonds of length 2.58102(11) A and two
shorter Cr—Se bonds of length 2.55616(13) A. Refinements of
the PXRD pattern using the previously reported structure (space
group R3m)** result in poorer agreement factors due to lower
calculated intensities for several peaks (i.e. the (009), (107), (0
18),(0012),(1010),(113),and (01 11) reflections). The
intensities agree well if the space group C2/m is used, which
allows for the distorted CrSeq octahedra described above. This is
in agreement with the solution found in SCXRD.
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Previous reports suggested that the direct mixing of K, Cr, and
Se is more likely to yield K-deficient phases, such as
KooCrSe,"*” rather than the fully occupied KCrSe,. However,
both our SCXRD and PXRD refinement results indicate a full K
occupancy in this compound but with a large displacement
factor. This stoichiometric ratio is also confirmed by energy-
dispersive spectroscopy (EDS), as shown in Figure S1 and Table
S3. We noticed that some batches yield a mixture of KCrSe, and
a K-deficient phase, most likely due to the volatility of K metal,
but a single pure K-deficient phase was never isolated in our
syntheses.

We then studied the cross-sectional structure of KCrSe, with
high-resolution STEM to later compare with K-deintercalated
samples. We noticed that high-angular annual dark-field
(HAADF)-STEM images do not reveal any K* ions, as only
[CrSe,] ™ layers, separated by a large gap, are visible, as shown in
Figure 2C. Such a large gap indicates that another layer of atoms
should exist to stabilize the structure. STEM image simulations
(Figure S2) of KCrSe, show that the K atoms have very weak
contrast, which explains why they are not visible in real imaging
conditions. To confirm the existence of K* layers, integrated
differential phase contrast (iDPC) STEM® was performed on
the same sample area, revealing the K" layers, as shown in Figure
2D.

Structural Evolution of KCrSe, during the I, Oxidation
Process. Next, we investigated the structural evolution of
KCrSe, during the K-deintercalation process. To obtain crystals
with different degrees of K-deficiency, we added different
volumes of 0.01 M I,/acetonitrile solutions to the same amount
of KCrSe, powders such that KCrSe, reacts with I, in molar
ratios of 1:x (x = 0.05,0.1,0.2,0.3,0.45, 0.5, and 1.0) in each vial.
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Figure 3. (A) PXRD of the products of KCrSe, reacts with I, in molar ratios of 1:x in comparison with KCrSe,’s PXRD data (top) to show the trend of
PXRD evolution during the K-deintercalation process; (B) a HAADF-STEM image showing the phase transition between the partially K-intercalated
phase and CrSe,, zone axis [001]; (C) an atomic-resolution image of CrSe,, zone axis [001] (green spheres represent Se atoms and cyan spheres

represent Cr atoms).

The normalized PXRD patterns of different reaction products
together with the pristine KCrSe,’s pattern are shown in Figure
3A to show the trend of the structural evolution. Refinements
and structural parameters for each product are shown in SI
(Figures S3—S10 and Tables S4—S11). In general, the
substoichiometric reaction products consist of one to two K-
deficient phases with the space group C2/m, the same as
adopted by KCrSe,. The stoichiometric x = 0.5 reaction product
is a mixture of a K-deficient phase and CrSe,, and the two
overstoichiometric x = 1 reaction products both yielded CrSe,
but with different lattice constants.

The products of the two lowest substoichiometric reactions (x
= 0.0S, 0.1) are similar and contain three phases. The majority
phase is slightly K-deficient and has lattice parameters very close
to those of pristine KCrSe,. The second phase is more K-
deficient, which leads to smaller in-plane lattice parameters, a
larger c lattice constant, and a larger f angle. However, the layer
distance, calculated by ¢ X sin f3, only experiences a slight change
as compared to the pristine KCrSe, and the majority phase. The
third phase is less than S wt % of the total product. This small
impurity phase has a broadened (001) peak at a low angle, almost
half of CrSe,’s (001) peak position. Thus, we tentatively assign
this phase to a solvent-intercalated CrSe,-type phase.

In the case of higher, but still substoichiometric I, amounts (x
=0.2,0.3,0.45), the products are more K-deficient but maintain
the C2/m space group. The resultant products have phases with
larger interlayer distances and smaller intralayer Cr—Cr
distances compared with the pristine KCrSe, and the main
phases of the products of the two lowest substoichiometric
reactions (x = 0.05, 0.1; see Tables S6—S8 for structural details).
The product of reaction x = 0.2 is a mixture of two K-deficient
phases, and the products of x = 0.3 and 0.45 are single phase.
Thus, the optimized conditions to synthesize a pure, K-deficient
phase with the structure shown in the middle panel of Figure 1
are x = 0.3 and 0.45. An abrupt increase of the layer distance and
a decrease of in-plane lattice parameters are observed in the
above phases as compared to KCrSe, and the phases in the
products of the reactions with less I,.
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The product of the stoichiometric reaction (x = 0.5) is a
mixture of monoclinic K-deficient K,,CrSe,, based on the
Rietveld analysis, and hexagonal vdW-layered CrSe,. Note that
the K content from the Rietveld analysis might not be very
accurate in this case due to the multiphase analysis and fixed
displacement factors. The lattice parameters of monoclinic
KCrSe, are close to those found for the x = 0.2, 0.3, and 0.45
reactions. The hexagonal-layered CrSe, phase agrees well with
the previously reported 1T-CrSe, structure.'® The resultant
mixture of a K-deficient phase and CrSe, at the stoichiometric
reaction condition confirms that excess I, is important for a
complete K-deintercalation reaction.'" Therefore, we prepared
an overstoichiometric reaction (x = 1) to see if twice the amount
of I, is enough to remove all K. When the reaction was carried
out for the same duration as the stoichiometric reaction (x =
0.5), the product’s PXRD pattern can be fitted well with the 1T-
CrSe, structure,'® as shown in Figure S9. The broadened
reflections in the PXRD pattern suggest the presence of defects
in 1T-CrSe,, which are likely caused by the oxidation process.
We also kept the reaction running for a longer time (x = 1, 3
days) and found that the product of this reaction is also 17T-
CrSe, (Figure S10), with slightly larger in-plane lattice
parameters and a smaller layer distance (details in Tables S10
and S11). High-resolution STEM studies on the side view of 1T-
CrSe, (x = 1, 3 days) reveal that small areas of K-intercalated
CrSe, with larger layer distances, highlighted in purple in Figure
3B, coexist with the fully K-depleted CrSe, (marked by the blue
color in the figure). This is in contrast with NaCrS,, where Na*
cations can be fully removed by proton exchange.” The gray
region in the middle of Figure 3B connects the K-intercalated
phase and K-depleted phase. An atomic-resolution image in the
fully K-depleted region shows clean vdW CrSe, layers, as shown
in Figure 3C. Our EDS analysis (Figure S11 and Table S12)
confirms the presence of K in areas with larger layer distances
and the absence of K in the K-depleted regions. In general, there
are only very few regions that contain K; the majority of the
sample is CrSe,. A larger-scale image, where the amount of K is
quantified, is shown in Figure S11. We also observed fewer K-
rich regions in the 3 day sample as compared to those in the 1

https://doi.org/10.1021/acs.chemmater.1c02620
Chem. Mater. 2021, 33, 8070—-8078


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02620/suppl_file/cm1c02620_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02620/suppl_file/cm1c02620_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02620/suppl_file/cm1c02620_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02620/suppl_file/cm1c02620_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02620/suppl_file/cm1c02620_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02620/suppl_file/cm1c02620_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02620/suppl_file/cm1c02620_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02620/suppl_file/cm1c02620_si_001.cif
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02620?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02620?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02620?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02620?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c02620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

day sample. With our reaction conditions, we do not observe Cr
migration to the interlayer space, which is common in other
alkali-depleted ACrX, materials.**°~** van Bruggen et al. had
discussed that small amounts of native crystalline defects such as
K, 5CrSe, and Frenkel disorder defects from Cr migration likely
exist in CrSe, made by the I, method, as these defects would
explain their magnetic data.'’ They did not, however, provide
direct proof of the existence of these disorder defects at the time.
With our high-resolution STEM studies, we have confirmed the
existence of K-intercalated crystalline defects but did not
observe Frenkel disorder in CrSe, in our current experimental
conditions. However, the appearance of Frenkel disorder could
still be possible if harsher reaction conditions are applied.
Kinetics of the K-Deintercalation Process. The reaction
order of the K-deintercalation process at room temperature was
determined by the concentration of I~ (where x = 0.1), as a
function of reaction times (60, 120, 180, 240, 300, and 360 s)
(Figure S12 and Table S13). The fit of I”’s concentration versus
reaction time is linear (Figure 4A), while both the natural

(A) 21

Cy, (MM)

x =0.1
potassium deintercalation

3 . . . . ! .
150 200 250 300 350

Time (s)

In(k)

AG = 0.27(6) eV

3.05
1000/T (K"

-7

2.85 2.95 3.15 3.25

Figure 4. (A) Time dependence of I” concentration [C-] (blue). A
linear fit of C;- versus reaction time shows that the K-deintercalation
process is a zeroth-order reaction; (B) Arrhenius temperature
dependence of the zeroth-order average rate constant (k) (blue)
from 308 to 351 K, linearized as the natural logarithm [ln(kavg)] as a
function of the inverse reaction temperature [1000/T] (red) to
estimate an activation barrier for the K-deintercalation process.

logarithm of I” concentration versus reaction time and the
inverse of I” concentration versus reaction time gave nonlinear
fits, as shown in Figure S13. Therefore, we determined that
KCrSe,’s K-deintercalation process is a zeroth-order reaction.
We subsequently studied the activation energy of the K-
deintercalation reaction at the same x = 0.1 condition. The rates
of K-deintercalation (k,,) were determined by the end-of-
reaction time at different temperatures (310.15, 321.15, 328.15,
341.15, and 347.15 K). For the reaction at x = 0.1, the activation
energy was estimated from the Arrhenius relationship, ln(kavg) =
AG/(RT) +In(ky), where AG = 0.27(6) eV, as shown in Figure
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4B. The experimentally determined activation energy for x = 0.1
in this study is similar to that of the early-stage K-deintercalation
of KNi,Se,” and the diffusion of alkali metal ions in layered
compounds,**~* validating that the rate of K-deintercalation
limits the overall reaction rate, and solid-state diffusion of K* is
the rate-limiting step for the overall reaction when x < 0.1.

Evolution of Magnetism upon Potassium Deinterca-
lation. After having established the structural evolution during
potassium deintercalation, it is of interest to investigate how this
affects the magnetic properties. Pristine KCrSe,’s A-type AFM
behavior is evident in the y—T plot (Figure SA), which shows a
decrease in susceptibility below the Néel temperature at 85 K as
well as a divergence of the ZFC and FC curves. A large positive
Curie constant and prominent FM behavior in M—H data
(Figure SB) indicate strong FM interactions. The observed Néel
temperature is different from that in an earlier report (40 K),**
which can be attributed to the smaller applied magnetic field of
0.02 T in our measurement compared with the 0.861 T used in
the earlier report. While measured with 0.861 T, the Neel
temperature of our sample decreases to 53 K, suggesting that the
decrease of Néel temperature with a higher applied field is
intrinsic to KCrSe,. The temperature-dependent inverse
magnetic susceptibility of KCrSe, is almost linear in the high-
temperature region. The Curie—Weiss fit of this region results in
an effective magnetic moment of about 4.3 yy, higher than the
theoretical magnetic moment for spin-only Cr** of 3.87 u and
the saturated moment extracted from the M—H data of 3.5(4)
Up. An earlier study suggested that the nonlinearity in 1/y
between 125 and 500 K is due to short-range order and that
Curie—Weiss-type behavior is not reached until temperatures
above 500 K, which is beyond our measurement range.’*
Therefore, we only show the linear fit line in the 1/y—T plot
(Figure SA) to highlight the positive Curie constant as an
indication of strong FM intralayer interactions. The magnet-
ization of KCrSe, increases linearly with the field (Figure SB)
until it saturates, indicating A-type AFM behavior, where the
antiparallel aligned spins of the adjacent layers will align parallel
as the magnetic field increases.

The first two substoichiometric reaction products (x = 0.05
and 0.1) also exhibit A-type AFM behavior and strong in-plane
FM interactions (Figures S14 and S15). In the y—T plots, both
reaction products show a second Néel transition at around 120
K, besides the one around 85 K, which could come from the
second K-deficient phase that is present in these products
(Tables S4 and SS). In the M—H plots, a metamagnetic
transition to the FM state (Figures S14B and S15B) at low field
suggests that the interlayer coupling is weak.'® The decrease of
the saturation magnetic moment from 3.59 y/Cr in KCrSe, to
2.59 pg/Cr when x = 0.05 and 2.53 py/Cr when x = 0.1,
respectively, indicates that the Cr** cations are oxidized as the K*
cations deintercalate from the structure.

As more potassium cations are deintercalated from the layered
system, the resultant reaction products (x = 0.2, 0.3, 0.45, 0.5,
1.0 for 1 day, and 1.0 for 3 days) show more prominent AFM
behavior, as their field-dependent magnetization no longer
saturates (Figures SD, 6B, 6D, and S16B—S18B). The reaction
product of the reaction with x = 0.2 is composed of two phases
with similar crystal structures (Table S6), where the fraction of
each phase is approximately 50 %. This can be seen in the broad
Neéel transition at around 79 K in the y—T plot (Figure S16A).
As the reaction product becomes single phase for x = 0.3, it
exhibits a sharper transition at around 96 K. In the meanwhile,
kinks start to appear in the high-temperature range from 150 to
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Figure S. (A) Temperature-dependent magnetic susceptibility and inverse susceptibility of KCrSe,; (B) field-dependent magnetization of KCrSe,;
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1:0.3; the insets highlight transitions at higher temperatures; and (D) field-dependent magnetization of the reaction product for a reaction with a molar

ratio of KCrSe,:I, = 1:0.3.

350 K and the 1/y—T curve is no longer linear, as shown in the
inset of Figure SC. This nonlinearity in 1/y might indicate short-
range correlations. The high-temperature features are likely
related to previously observed charge density wave (CDW)
transitions in CrSe, around this temperature.'® Interestingly,
while the product of reaction with x = 0.45 shows a single phase
in the PXRD (Figure S7 and Table S8), it shows multiple
magnetic transitions between 40 and 130 K, as well as a
prominent nonlinear behavior between 150 and 350 K in the 1/
x—T plot (Figure S17A). The product of the stoichiometric
reaction is a mixture of a K-intercalated phase and CrSe,, which
is reflected in its 1/y—T plot (Figure S18A), as one transition at
around 85 K can be assigned to the AFM transition of the K-
intercalated phase, while the other transition at around 25 K and
multiple structural transitions at a temperature above 100 K are
features of the CrSe, phase.'"' %2>

The products of x = 1.0 (1 day) and x = 1.0 (3 days) are both
phase-pure CrSe,, as characterized by PXRD (Figures S9—S10
and Tables S10 and S11). However, small regions containing
partially K-intercalated phase are seen under high-resolution
STEM and EDS, as discussed earlier (Figures 3B and S11 and
Table S12). This tiny amount of impurity is reflected in the low-
temperature Curie tails seen in both samples’ field-cooled y—T
curves (Figure 6A and C). Earlier papers on the magnetic
properties of CrSe, synthesized with the same method also
report the presence of a Curie tail, which was attributed to native
defects of the remaining K, ;CrSe,, as well as Frenkel disorder
defects resulting from Cr migration.'”**’ A clear paramagnetic
to AFM transition can be seen around 35 K in both samples,
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which is close to that seen in the earlier report (42 K)."' The
nonsaturating increase of magnetization with an increasing field
in the field-dependent magnetization plots also suggests that the
majority phase is in the AFM state (Figure 6B,D). The small
hysteresis loop in the M—H data indicates some canting of the
spin or some disorder effects that result in a small net moment in
the system, despite the overall AFM order. In the 1-day sample,
successive structural changes can be seen in the y—T plot from
76 to 260 K (Figure 6A). In the 3-day sample, a small cusp at 59
K corresponds to the Néel temperature of the K-intercalated
phase (Figure 6C),"" corresponding to the impurities that we
observed in the STEM studies (Figures 3B and S11 and Table
S12). Successive structural changes in the 3-day sample’s y—T
plot merge into a broad transition that starts from 91 K and is
seen until 250 K (Figure 6D). The susceptibility y of the 3-day
sample (Figure 6C) is an order of magnitude larger than that of
the 1-day sample (Figure 6A), despite the fact that both samples
are pure CrSe, under PXRD. Temperature-dependent magnet-
ization measurements taken a year later on the same batch of a 3-
day sample (which was stored in an Ar-filled glovebox) show the
same magnetic transition in the y—T plot as the freshly made 3-
day sample, but y increased further. PXRD on this sample shows
extra peaks, suggesting that metastable CrSe, either decomposes
or gradually transforms to a more stable phase over time. This is
similar to K-deintercalated NiSe where a structural trans-
formation of the metastable phase over time has been
documented.” It is possible that the structural transformation
or decomposition already occurs during the I, oxidation process
when the reaction time is prolonged but is too small to be
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captured by XRD or STEM at the time. The discrepancies in the
two CrSe, samples show that the exact synthesis and defect
control matter when investigating the properties of deinterca-
lated materials.

Structure and Magnetic Correlations of the Reaction
Products Obtained during the K-Deintercalation Proc-
ess. Figure 7 puts the observed magnetic properties in
correlation with the structural data discussed earlier. Note that
here, the A-type AFM phase is labeled as FM, as this figure only
refers to the intralayer magnetic order. If the [CrSe,] ™ layers in
this phase exist in monolayer form, the resulting sheets would be
ferromagnets. Figure 7 highlights that the layer distance
increases abruptly at the boundary between intralayer FM and
AFM ordering, suggesting that the AFM interlayer super-
exchange interaction is weaker in the products of x = 0.2, 0.3,
0.45, and 0.5 compared with those in x = 0, 0.05, and 0.1.
Therefore, we infer that intralayer AFM interactions are
dominant in the products of x = 0.2, 0.3, 0.45, and 0.5 to result
in an overall AFM behavior. This coincides with a drastic
decrease of the closest intralayer Cr—Cr distance, as shown in
Figure 7 at the same boundary. The overall in-plane magnetic
behavior results from a competition of AFM direct exchange and
the FM superexchange.10’43 In the case of x = 0, 0.05, and 0.1,
FM superexchange is more favored because of the larger Cr—Cr
distance. In the case of x = 0.2, 0.3, 0.45, and 0.5, AFM direct
exchange becomes dominant as the Cr—Cr distance decreases.
In the fully oxidized products (x = 1.0, 1 day, and 3 days), the
interlayer distance decreases by more than 2.5 A, while the
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intralayer Cr—Cr distance also decreases further, leading to an
AFM in-plane coupling and an overall AFM behavior.

The intralayer Cr—Cr distance plays a key role in the magnetic
properties of CrSe,, as a result of the competition between the
AFM direct exchange and the FM superexchange within the
layers.'” In general, a larger Cr—Cr distance seems to favor FM
over AFM; this was used to explain the FM behavior in
epitaxially grown CrSe,. Epitaxially grown 2D CrSe, has a lattice
constant of 0.363 nm,'® which falls into the FM section of our
phase diagram, explaining the observed FM behavior in these
nanosheets. We have demonstrated a way of fine-tuning
KCrSe,’s magnetism by K-deintercalation. Our results suggest
that it might be possible to switch between magnetic states in
CrSe, monolayers by varying its lattice parameters by, for
example, applying external strain. Thus, CrSe, is a promising
material for designing ultrathin magnetic switching devices.

B CONCLUSIONS

In this work, we first performed a detailed structural character-
ization of KCrSe, and established its crystal structure in the
monoclinic space group C2/m, which is different from the
previously reported rhombohedral or hexagonal space groups.
We subsequently partially and fully oxidized KCrSe, with
different amounts of I, and studied the products’ structural
changes with PXRD and cross-sectional HRSTEM. Our
HRSTEM analysis shows that small amounts of K-intercalated
layered compounds coexist with fully deintercalated CrSe,, even
though PXRD might indicate phase-pure CrSe,. These defects
can contribute to the observed properties of CrSe,, and
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Figure 7. Phase diagram showing the structural and magnetic changes
of reaction products obtained during the K-deintercalation process.
The shortest intralayer Cr—Cr distance (black dots) and the interlayer
distance (blue diamonds) of each reaction product are plotted against
the expected K content in the product K,CrSe, (lower x axis) at each
reaction condition. The filled dots represent the data from the main
phase of each product, and the unfilled dots and diamonds represent
data from the minor phase of each product. The weight fractions for the
main phases at x = 0.05, 0.1, 0.2, and 0.5 are 22.26, 24.50, 47.71, and
43.68%, respectively. The difference in intralayer magnetic interactions
is differentiated by colored blocks, where orange represents
ferromagnetic (FM) intralayer interactions, green represents anti-
ferromagnetic (AFM) interactions in products with the C2/m space
group, and purple represents antiferromagnetic (AFM) interactions in
products with the P3m1 space group.

therefore, samples should be characterized carefully. Our kinetic
study on the early-stage I, oxidation reaction of KCrSe, suggests
that the overall oxidation reaction is zeroth-order, and K* solid-
state diffusion is the rate-limiting step, with an activation barrier
of 0.27(6) eV. Finally, we present the magnetic properties of the
products obtained in the K-deintercalation process. Our results
show that in the pristine KCrSe, and the products of early-stage
oxidation, a relatively large intralayer Cr—Cr distance leads to
dominant FM superexchange interactions within the plane,
whereas with further oxidation, the products’ in-plane lattices
shrink and, therefore, result in an overall AFM coupling within
the structure. Thus, the magnetic properties are closely related
to structural details, which will be helpful for device design with
the desired magnetic properties. We demonstrated a way of fine-
tuning KCrSe,’s magnetism by potassium cation deintercalation,
as well as clarifying the synthetic and mechanistic conditions of
the promising 2D magnetic material CrSe,.
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