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Supplementary Note 1

Material preparation

Synthesis of pristine KCrSe, was carried out on a 400 mg scale the reagents and products of
reaction handled inside an argon-filled glove box (MBraun, <0.1 ppm of Oy). Stoichiometric
amounts of Cr powder (Alfa Aesar, 99.94%, -200 mesh, metal basis), Se shots (Alfa Aesar,
99.99%, metal basis) and graphite powder (Fisher Scientific, -100 mesh, 99.9995 %, metal
basis) were loaded into a Pyrex insert together with K metal (Fisher Scientific, 99.9%, metal
basis). The insert was placed inside a Pyrex ampoule and sealed under vacuum with a blow
torch. The ampoule was then placed upright in a muffle box furnace and heated at 250°C (1°C
min~' ramp) for 4 hours. The temperature was then raised to 600°C (1°C min~" heating ramp,
72 h dwell, 5°C min™" cooling). The sample was then taken out of the ampoule, ground using
mortar and pestle, sealed under vacuum again and further reannealed at 600°C (1°C min™
heating ramp, 48 h dwell, 5°C min~" cooling ramp). Synthesis of KCrSe, with addition 10 wt. %

of graphite was carried out on the same scale and under identical synthetic protocol.

Pristine CrSe; was prepared by the deintercalation of pristine KCrSe, powders with iodine in
acetonitrile solution respectively. Inside an argon-filled glove box (MBraun, <0.1 ppm of O2),
200 mg of KCrSe, powder was loaded into a round bottom flask equipped with a stirring bar.
The flask was attached to a Schlenk line and ca. 4 mL (given in excess) of 0.5 M iodine in
acetonitrile solution (Fisher Scientific, anhydrous, 99.8 %) was added under N> flow. The
mixture was stirred 24 hours at ambient temperature (~20°C). The product was then filtered
in air, resulting in a black powder on the filter. The powder was washed with 100 ml of
acetonitrile, then with excess of deionised water, finally rinsed with 100 ml of ethanol and left
to dry overnight in an evacuated desiccator. The synthesis of CrSe; with 10 wt. % of graphite
were carried out on the same scale from KCrSe; with addition 10 wt. % of graphite by using

identical synthetic protocol.

Electrolyte

Potassium hexafluorophosphate (KPFs,299%, Sigma Aldrich), ethylene carbonate (EC,
battery grade, UBE), dimethyl carbonate (DMC, battery grade, UBE), N-methyl pyrrolidone
(NMP, anhydrous, Sigma Aldrich), K metal (98 %, in mineral, Sigma Aldrich), polyvinylidene
fluoride (PVDF, Solef 6020, Solvay) and carbon black (Super C65, Imerys).



Electrochemical characterization

The Graphite-added CrSe, active material was mixed with PVDF binder and Super Ces
conductive carbon in a weight ratio of 80:10:10 and dissolved in NMP. The slurry was cast
onto aluminum foil (battery grade) and dried at 80 °C overnight in an oven. The resulting
electrode sheet was punched with a diameter of 12 mm and further dried in a Blichi oven at
80 °C for 24 hours under vacuum. Subsequently, the electrodes were pressed at 4000 kg cm”
2 for 30's and dried again in a Biichi oven at 80 °C for 2 hours under vacuum before cell
assembly. The electrodes were directly transferred in a sealed vessel and stored in an
ultrapure Argon-filled glovebox (MBraun, H-O, and O- content < 0.1 ppm) for cell assembly.
The active material mass loading was about 2.5 + 0.1 mg cm™, with a 69.5 wt% of CrSe; active
materials. The 12 mm K metal disks were prepared following the reported work." The K metal
was soaked in an excess of electrolyte solution (1M KPFs EC/DMC (1:1, V/V)), taken out,

rolled, obtaining a thin film, and finally punched out.

The cycling performance and rate capability performance were tested in CR2032 coin-cells,
using the 12 mm diameter CrSe: electrode as working electrode, 12 mm diameter K metal as
counter and reference electrode, Whatman glass microfiber filters (GF/D) as separator and
1M KPF¢ EC/DMC (1:1, V/V) (100 pL) as electrolyte. After a rest time of 6 hours, the
galvanostatic cycling or rate capability tests were performed within a voltage range spanning
from 1.0 V to 3.5 V vs. K'/K by using a Maccor 4000 battery tester. The galvanostatic cycles
were tested applying a constant current of 12.7 mAg™ (=1/10C, nominal capacity is 127
mAh g™, corresponding to CrSe; theoretical capacity), and the C-rate measurement from 0.1C
to 1C. All electrochemical measurements were performed in climatic chambers (Binder
GmbH) at 20 °C % 2 °C, if not stated otherwise. The graphite only active material was mixed
with PVDF binder and Super C65 conductive carbon in a weight ratio of 80:10:10 and
dissolved in NMP. The slurry was cast onto aluminum foil (battery grade) and dried at 80 °C
overnight in an oven. The assembly and testing protocol was identical to the one on carried

out CrSe; cathode.

Material characterization

PXRD of non-air-sensitive samples were measured on a Rigaku MiniFlex 6G diffractometer
(CuKq1 and CuKq2 wavelengths - 1.5406 and 1.5444 A, respectively) equipped with a D/teX
Ultra detector operating in the Bragg—Brentano geometry. Powder samples were carefully
packed onto zero background holders and levelled using a glass microscope slide. SC

electrodes were also tested by attaching them directly to the holder with a double-sided tape.



Diffraction patterns were collected with a step size of 0.015° and time per step of 1° min~". The

sample holder was spined during the measurements at 10 rpm.

PXRD measurements of air-sensitive KCrSe, samples were performed on a PANalytical
Empyrean diffractometer (CuKa1 and CuKq, wavelengths - 1.5406 and 1.5444 A respectively)
operating in the Debye-Scherrer geometry. The samples were packed inside an Ar-filled glove
box (MBraun, <0.1 ppm O3) into 0.5 mm diameter (0.1 mm wall thickness) No.50 special glass
capillaries (Hilgenberg), which were sealed with a blow torch. The PXRD patterns were
collected with a step size of 0.016° and time per step of 5° min™". To enable a proper
comparison with simulated diffraction patterns the background was subtracted in the

Highscore Plus Software (Panalytical).

Le Bail refinement of selected PXRD data was performed using GSAS-Il software.? The
refined parameters included unit cell parameters, sample displacement, strain, and crystallite

broadening. Background was fitted using shifted Chebyshev polynomic shape.

In-operando PXRD measurements together with GCD data collection using a single-channel
potentiostat/galvanostat (SP-200, BiolLogic) were performed on Bruker D8 Advance
diffractometer with CuK, radiation (A=1.5406 nm). The step size of 0.03° and an overall time
of about 30 min per scan. A custom-made in-operando cell (as described in detail elsewhere
%) was assembled in an ultrapure Argon-filled glovebox (MBraun, H.O, and O content <
0.1 ppm) as follows. First, active material with mass loading of about 2.5 + 0.1 mg cm™ (69.5
wt% of CrSe; active materials) was deposited on a beryllium window (250 um, Materion Brush)
to serve as the working electrode. 1M KPF6 EC/DMC (1:1, V/V) as electrolyte and a 12 mm
diameter piece of K metal was used as the counter electrode, following the same procedure
as described earlier. The coated beryllium disc was dried for 2 hours at room temperature and
80 °C in an oven overnight, then it was finally dried in a high-vacuum Buchi oven at 80 °C for
20 hours. The PXRD data were collected in the voltage window of 1.0-3.5 V vs. K'/K.

Scanning electron microscope/Energy Dispersive X-Ray (SEM / EDX) studies were carried
out on small amounts of powders loaded on a sticky carbon tape followed by was shaking it
to remove the excess powder. Morphology studies were carried out on a Scanning Electron
Microscope (TESCAN CLARA) equipped with a Field Emission Gun electron source which
was coupled with an Oxford Instruments UltimMax 65 with an Aztec live interface EDX system

for elemental analysis.

Highresolution TEM (HRTEM) analysis images were obtained using a field emission gun FEI™
Tecnai F20 microscope at 200 kV. High angle annular darkfield scanning transmission
electron microscope (HAADF-STEM) was combined with an energy-dispersive X-ray

spectroscopy (EDX) detector at 15 kV to analyze composition.



Cr and Se K-edge X-ray absorption spectroscopy (XAS) data were collected at beamline B18
at the Diamond Light Source, U.K. Samples were diluted with crystalline cellulose and pressed
into a 13 mm diameter pellets using a hydraulic press. Incident X-ray wavelengths were
selected using a Si(111) double-crystal monochromator. Extended X-ray absorption fine
structure (EXAFS) spectra and X-ray absorption near-edge structure (XANES) spectra were
collected in transmission mode using two gas-filled ionization chambers. In the case of the Cr
K-edge measurements, a Cr metal foil was placed in front of a third ionization chamber to
correct for instrumental drift. For the Se K-edge measurements, a Se foil was not available;
instead a Pt metal foil was used since the Pt L2-edge energy of 13.2726 keV is close to the
Se K-edge energy of 12.6578 keV. Initial processing of the data, normalization and
background removal, was performed using the program ATHENA.* The k3-weighted EXAFS
spectra were modelled using the program ARTEMIS to determine interatomic Cr-Se, Cr-Cr

and Se-Se distances within each sample.

Calculation of the apparent diffusion coefficients

In the intercalation type electrode, the peak current (/,) has a linear relationship with the square

root of scan rate (v'?).°

The diffusion coefficient then can be calculated using Randles—Sevcik equation®:
I, = (2.69 x10%) n324DY2CvY/?  (Eq.1)

where I, is the peak current (A), n is the charge-transfer number of 1, A is the contact area of
1.13 cm?, C is the concentration of K-ions in the cathode, and v is the potential scan rate (V/s).

The peak current I, against the potential scan rate v'? gives a straight line (Fig. S9).
The eq. 1 is then can be expressed as follows:
Slope = 2.69 x 10° n3/24p/? (Eq. 2)

From this equation the relevant apparent diffusion coefficient was calculated as D¢y = 7.3 x
10" cm?/s (for the deintercalation from Stage 3 to Stage 2) and D¢, = 3.8 x 107" cm?%/s (for

the deintercalation from Stage 2 to Stage 1).

DFT

CrSe; and KCrSe, are known to crystalize in space groups P-3m1 and C2/m with 3 and 8
atoms in the unit cell,” respectively. A DFT benchmark on the structural parameters was
performed for both unit cells including the widely used exchange-correlation functional
suggested by Perdew, Burke, and Ernzerhof (PBE),? its optimized version for solids (PBEsol),

® and the strongly constrained and appropriately normed (SCAN) meta-generalized gradient



approximation.” All functionals sufficiently reproduce the experimentally obtained lattice
constants for KCrSez except PBEsol which slightly underestimates the c-parameter. In the
case of CrSe; all functionals slightly overestimate the lattice constant a, the c-parameter is
only reproduced by PBE and slightly underestimated by SCAN. The PBEsol prediction is far

off the experimental value in the latter case.

Additionally, empirical Van-der-Waals corrections were tested for all functionals.”™" It is
remarkable that in contrast to other layered materials where van-der-Waals interactions are
crucial for the description of the layer spacing,’ in the case of CrSe; the inclusion of van-der-

Waal corrections make the outcomes less reliable.

According to the previous discussion, the PBE functional was used for most of the geometry
optimizations and the more computationally expensive SCAN functional was used for certain
samples only. The density of states was determined by employing the hybrid HSEO06
functional.’ The ionic cores were treated with the projector augmented wave method,'® as
implemented in the Vienna Ab Initio Simulation Package."""® Electronic wave functions were
expanded up to energies of 600 eV and it was made sure that total energies converged within
a few meV/atom concerning the number of k-points in the first Brillouin zone. Spin polarized
calculations with ferromagnetic initialization were performed throughout the study. All
structures were optimized until the entries of the stress tensor and all forces were below 0.01

eV/A without constraining any internal degree of freedom.

The use of the formation energy Er to determine the convex hull of stability is common
practice?®-?2 and has been thoroughly discussed in recent reviews.?* 24 However, due
imperfections of DFT and the negligence of kinetic effects, values above the convex
hull may still correspond to (meta-)stable materials and materials on the convex hull
may decompose. Consequently, a compelling prediction of a materials’ stability is
clearly not possible. The estimation of the reliability of such results is a challenging
task. In general, assuming the methodological inaccuracy of formation energies of up
to 200 meV/atom for PBE calculations is commonly accepted,?>?” although this
number may be significantly reduced in the present analysis due to the chemical
similarity of the compared systems. Furthermore, the SCAN functional has been
shown to half the error in formation energies leading to significantly improved results.?’
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Figure S1. Se K-edge XANES profile of CrSe> (black) and CrSe, with an optimal addition of
10 wt. % of graphite (red).
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Figure S2. LeBail refinement of the experimental PXRD profile (CuK,) for a sample KCrSe>

Intensity (a.u.)

with 10 wt. % graphite against a structure model for KCrSez and graphite. Measured data are
shown as black crosses; the calculated profile is shown by a solid red line. The difference
between the calculated and experimental data is shown as a blue profile. Magenta and orange

vertical bars represent the reflection positions for the CrSe» and graphite phases respectively.



Figure S3. SEM images of CrSe; with an optimal addition of 10 wt. % of graphite. The red box

shows the zoomed in region presented in Fig. 2c.
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Figure S4. Low resolution SEM images of CrSe, with an optimal addition of 10 wt. % of

graphite and the interposition of the relevant EDX maps for Cr, Se and C on the SEM image.
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Figure S5. TEM image of CrSe; with an optimal addition of 10 wt. % of graphite. The orange

box is the respective zoomed in areas in Fig. 2d.

Figure S6. The EDX elemental mapping from the red box region in Fig. S5.
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Figure S7. GCD profiles of CrSe2 recorded at 0.1 C scan rate at 20°C + 2 °C
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Figure S8. CV curves of CrSe; at scan rates from the 0.05 mV/s to 1 mV/s.
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Figure S10. Rate performance and capacity retention of of KIB based on CrSe, cathode
during galvanostatic discharge/charge experiment. The initial 18 cycles (3 cycles each) were
carried out at 0.1C, 0.3C, 0.5C, 1C, 0.5C, and 0.3C.
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Figure S11. Capacity retention and Coulombic efficiency of a KIB based on CrSe; cathode

during galvanostatic discharge/charge experiment.
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Figure S12. Cycling performance and capacity retention of KIB based on CrSe; cathode

during galvanostatic discharge/charge experiment depending on the nature of the electrolyte.
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Figure S14. Simulated PXRD patterns of the most energetically stable structures of K.CrSe>

based on PBE functional.
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Table S1. Distances (r) and disorder parameters (0?) obtained from the Cr K-edge EXAFS

data from pristine CrSe; and CrSe, with an optimal addition of 10 wt. % of graphite. The

coordination numbers (N) were fixed at the values given in Crystallographic Information File
ICSD10313. R (fit) is a measure of the goodness of fit.

Sample Shell N r, A o?, A R (fit) Ref
CrSe» Cr-Se 2.47(1) | 0.0067(2) | 0.0119 This work
Graphite- Cr-Se 2.47(1) | 0.0069(1) | 0.0076 This work
added
graphite
CrSe; | Cr-Se 6 247 &

Table S2. Distances (r) and disorder parameters (0?) obtained from the Se K-edge EXAFS

data from pristine from CrSe, and CrSe; with an optimal addition of 10 wt. % of graphite. The

coordination numbers (N) were fixed at the values given in Crystallographic Information File
ICSD10313. R (fit) is a measure of the goodness of fit.

Sample Shell N r, A o?, A R (fit)

CrSe: Se-Cr 3 2.46(1) 0.0054(3) 0.0189
Se-Se 6 3.38(1) 0.0125(10)
Se-Cr 3 4.19(1) 0.0173(52)

CrSe; with an Se-Cr 3 2.46(1) 0.052(3) 0.0182
optimal addition Se-Se 6 3.39(1) 0.0138(11)
of 10 wt. % of Se-Cr 3 4.19(1) 0.0175(52)

graphite

Table S3. The summary of cell parameter of the CrSe, products determined by LeBail

refinement of the experimental profile against previously reported structural model for CrSe,.

The standard deviations are given in parentheses.

a, A c, A v, A3
CrSe; (This work) 3.3886(3) | 5.9172(3) | 58.844(7)
CrSe® 3.3898(3) | 5.9099(4) | 58.812(9)
CrSe,@Graphite® 3.3910(3) | 5.9144(3) | 58.899(8)
CrSe,® 3.399 5915 59.18
CrSey’ 3.3908 5.9099 58.846




Table S4. Electrochemical performance of layered material cathodes in nonaqueous K-lon

batteries
Cathode Capacity | theoretical The Cycling Rate Ref.
mAh/g capacity number life performance
mAh/g of
reversible
K+
Ko.67Mno.95C00.0502 | 81 (20 236.51 0.36 70% 1
mA/g) (500
cycles)
KCrS, 71 172.67 0.41 85% 39% [*
(0.05C) (300 | (at 0.05C/at
cycles) 5C)

Ko.41C00O2 60 (11 250.49 0.23 90% *

mA/g) (30
cycles)

Ko.69CrO2 85 (1C) 241.55 0.47 65% 65% (at 4
(1000 0.1C/ at
cycles) 10C)

CrSe2 124.98 127.7 1 80% 85% (at 0.1 | This
(0.1C, (70 C/at1C) | work
12.8 cycles)
mA/g)
100.00
(1C, 128
mA/g)




Table S5. DFT Benchmark on the structural parameters including six different functionals for
CrSez and KCrSe:2

CrSez KCrSe:

a, A c, A a, A b, A c, A B,°
Experiment 3.339 5.917 6.586 3.804 7.703 106.655
PBE 3.502 5.933 6.689 3.862 7.737 106.754
PBE+D3 3.517 5.513 6.623 3.824 7.671 106.733
PBE+sol 3.440 5.590 6.570 3.794 7.608 106.735
PBEsol+D3 3.419 5.449 6.516 3.763 7.552 106.720
SCAN 3.532 5.775 6.623 3.819 7.719 106.769
SCAN +rVV10 | 3.523 5.698 6.608 3.812 7.684 106.797

Table S6. The unit cell parameters of KiCrSe; phases

Space | a, A b, A c, A beta, °
group
KCrSe; C2/m | 6.5859(6) 3.8043(2) 7.7032(1) | 106.655(2) This work
KCrSe: | C2/m | 6.5845(2) | 3.80120(10) | 7.7116(2) | 106.5480(10) | []
KosCrSe; | C2/m | 6.5757(6) | 3.8095(3) | 7.7258(6) | 106.545(11)
KosCrSe; | C2/m | 6.0965(9) | 3.5043(5) | 9.6532(9) | 114.656(12)
Ko7CrSez | C2/m | 5.9951(25) | 3.5475(15) | 9.6086(42) | 116.000(40
KosCrSe> | C2/m | 6.3104(19) | 3.7533(12) | 8.2513(26) | 112.384(35)

(

(

KosCrSes | C2im | 6.0337(8) | 3.4852(4) | 9.8465(6) | 114.432(7)
KosCrSez | C2/m | 6.0158

18) | 3.4866(9) 9.8875(12) | 114.409(16)
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