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ABSTRACT: The reaction mechanism of anti-PbO type CoSe in Li, Na, and K ion half cells is
studied. Ex situ X-ray diffraction data is analyzed with the Rietveld method, in conjunction with
discharge profiles and extended cycling data. These indicate that intercalation followed by a
conversion reaction occur in all systems. For the case of Na, the intercalation reaction was /%\ _
associated with a contraction in the stacking axis lattice parameter, whereas Li and K exhibited © :g
expansion. Magnetic susceptibility versus temperature measurements of Li- and Na-intercalated

CoSe samples produce unusual results, and several explanations are proposed, including the
formation of a superconductive phase. Extended cycling experiments are also performed, and high initial capacities of 937, 657, and
972 mAh/g are observed for Li, Na, and K, respectively. However, all systems exhibit significantly lower second discharge capacities
of 796, 530, and 515 mAh/g. The capacities continue to decline during extended cycling, with the systems exhibiting tenth cycle
capacity fades of 52, 85, and 95% and Li half cells exhibit capacities over 150 mAh/g at 15 mA/g after 50 cycles. The capacity fade is
likely attributable to volume changes and irreversibility associated with conversion and intercalation reactions. This work correlates
electrochemical features to the structural evolution, magnetic properties, and reaction mechanisms.

Temp.

A. nti-PbO type CoSe has recently been synthesized via the were attributed to the depopulation of an electronic

topochemical de-intercalation of K,Co,Se,.' The anti- antibonding band, driven by a decrease in the oxidation state
PbO-type crystal structure (space group P4/nmm) is of Co from +2 in CoSe to +1.5 in KCo,Se,." Consequently, an
comprised of layers of edge-sharing CoSe, tetrahedra. These investigation into the direct electrochemical modification of
quasi-2D layers are stacked along the ¢ crystallographic axis CoSe is intriguing, with regard to the effects on the structure
and are separated by van der Waals gaps. Due to the and properties. Furthermore, such an investigation constitutes
predominance of covalent bonding within layers, the intralayer another platform for comparison with the Fe-based super-
bonding is relatively strong compared to the interlayer forces. conductors.

As a consequence of this layered crystal structure, anti-PbO- Research interest in anti-PbO type materials has not been
type materials have exhibited the capacity to host intercalating confined to their magnetic properties; their performance as Li
species.””'* Intercalation induces a deviation of the electron and Na ion battery electrodes has also been studied.””*'® All
doping level from its initial neutral state and has been shown to investigations reached similar conclusions regarding phase
profoundly affect the electronic properties. Particularly, evolution. Specifically, an intercalation reaction was found to
significant modifications were observed in the case of anti- occur at shallow discharge states, followed by a conversion
PbO-type FeSe, which has a superconducting critical temper- reaction at deeper discharge states. The general forms of these
ature (T.) of 8 K. Doping this material with 0.15-0.20 reactions are given in eqgs 1 and 2:
electrons per Fe atom, using intercalated alkali cations, Li/ " _
amides, orpLiOH, resulted ingdrastically enhanced T, values of 2MCh + xA” + xe” —> AM,Ch, (1)
35—44 K 5OLI2IS Similarly, for the case of FeS, an increase in
T, from 4 to 8 K was reported following LiOH AM,Ch, + (4 = x)A" + (4 — x)e” — 2A,Ch + 2M
intercalation.'®'” The above processes are redox reactions (2)

involving intercalation and are therefore reminiscent of the
reactions that occur in rechargeable battery electrodes. As a
result, electrochemical modification provides a direct and
possibly cleaner approach to tune the Fermi level.

Apart from FeSe and FeS, no layered metal chalcogenides
exhibiting the same anti-PbO-type structure were reported
until the recent discovery of CoSe and CoS." CoSe is weakly
ferromagnetic with a Curie temperature of 10 K. However, in
solid-state synthesized KCo,Se,, this transition temperature is
markedly higher, occurring at 82 K. These property changes

in which M denotes a metal, Ch denotes a chalcogen, and A
denotes an alkali metal. These studies reported minimal
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capacity fade; however, it should be noted that nanostructurin%
and/or narrow voltage windows were employed in all cases.””

It should also be noted that in this work, the term
“discharge” is used to refer to the spontaneous reaction that
occurs within a battery when the external circuit is closed, as is
conventional in the electrochemical literature.'” As can be seen
in eqgs 1 and 2, it is correlated to a reduction of the M species.
In this work, we refer to discharge within an electrochemical
cell rather than reduction.

Anti-PbO-type materials have also exhibited unusual
behavior when utilized as alkali ion battery electrodes. For
example, both FeS and FeSe have shown an increase in
capacity over the first few cycles in Li ion batteries for reasons
that are not fully understood.”” Furthermore, discharge
capacities in excess of twice the theoretical limit of 398
mAh/g, based on the above conversion reaction, were reported
for the case of FeSe versus Li.*

In the present work, the behavior of anti-PbO-type CoSe in
alkali ion batteries was investigated. Lithium, sodium, and
potassium ion batteries were constructed, and extended cycling
experiments were performed. Ex situ powder X-ray diffraction
(PXRD) and magnetic susceptibility data were collected at
various states of discharge. Based on the Rietveld analysis of
this PXRD data and electrochemical performance, the phase
evolution of CoSe during the first discharge process was
elucidated. This was briefly correlated to the evolution of the
magnetic properties. Regions of the discharge profile were
correlated to specific reactions, such as the intercalation
process.

B EXPERIMENTAL SECTION

Construction and Disassembly of Batteries. Anti-PbO-type
CoSe was synthesized using a newly developed topochemical
deintercalation reaction, which is described in detail in the literature."
Slurries were prepared by combining an 8:1:1 ratio of ground active
material, CoSe:carbon black:polyvinylidene fluoride. N-Methyl-2-
pyrrolidone was added until a thick slurry was produced, and the
mixture was magnetically stirred in an argon glovebox for 24 h.
Subsequently, the slurry was cast onto copper foil using a doctor
blade, dried under argon, and pressed at 100 kPa for 1 h. The
resultant electrode sheets were used to construct lithium, sodium, and
potassium metal half-cells, following standard literature methods."’
The stainless steel CR2032 coin cell cases, wave springs, and spacers
were all purchased from MTL A 1 M LiPF, 1 M NaPF,, and 0.8 M
KPF, dissolved in an equivolumetric mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) were used as electrolytes for
lithium, sodium, and potassium metal half cells, respectively.
Following construction, each battery was rested for 24 h then
galvanostatically discharged, or in some cases cycled, at a current
density of 15 mA/g using a Neware battery cycler. The batteries were
discharged to a targeted state after which they were immediately
transferred to an argon-filled glovebox and disassembled. The
electrodes were removed and washed with DMC in order to remove
any electrolyte solution, and salts adhered to the surface and left for
24—48 h to allow any residual DMC to evaporate.

It should be noted that PVDF binder and EC/DMC solvent were
selected in order to be consistent with studies on similar materials,
such as anti-PbO-type FeSe.”* However, the use of polytetrafluoro-
ethylene (PTFE) binder may enable the use of current-collector free
electrodes or produce different electrochemical behaviors. Con-
sequently, such experiments are proposed for future works. Addition-
ally, it should be noted that propylene carbonate (PC) and ethyl
carbonate/diethyl carbonate (EC/DEC) were investigated as electro-
Iyte solvents for the electrochemical intercalation of sodium within
anti-PbO type FeSe.” EC/DEC did not co-intercalate with sodium;
however, PC did, and it induced significant changes to the magnetic
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properties of FeSe. Consequently, experiments with these two
solvents are proposed for future works.”

Analytical Methods. Powder X-ray diffraction (PXRD) was used
to investigate the phase evolution of the electrodes. Diffraction
patterns were collected using either a Stoe Stadi P, Panalytical
Empyrean, or Panalytical MRD Scherrer diffractometer, utilizing Mo,
Co, Ag or Cu Ka radiation. In the case of Cu and Co radiation, the
electrode material was scraped off the current collector and
transferred to an air-sensitive sample holder. The sample was not
ground, and the sample holder was sealed before being removed from
the Ar glovebox. In the case of Mo and Ag radiation, the sample was
ground and transferred to a capillary, which was sealed with wax
before removal from the Ar glovebox. The Rietveld method was used
to refine structural models with the PXRD data, using the General
Structural Analysis System-Il (GSAS-II) software package.”® A
Quantum Design EverCool-II 9 T PPMS with the vibrating sample
magnetometry option was used to measure magnetic susceptibility
data from powder samples. Temperature-dependent magnetic
susceptibility data was collected under zero-field-cooled (ZFC) and
field-cooled (FC) conditions upon warming from 3 to 300 K, with an
applied field of 300 Oe.

B RESULTS AND DISCUSSION

Structural Characterization of the Electrode. PXRD
data of an electrode was analyzed with the Rietveld method, as
presented in Figure 1. Refinement of the anti-PbO type CoSe
(henceforth tetragonal CoSe) structural model resulted in
close alignment between the calculated reflection markers and
peaks in the measured data. The lattice parameters for

4 CoSe Electrode

Carbon Black

Intensity (arb)

PVDF
1!5 2!0 2!5 3!0 3!5 4!0 4!5 5!0 5!5 6!0 65 7!0
d-spacing (A)
—— Observed Calculated Background Error
CoSe (Hex) CoSe (Tetr)

Figure 1. PXRD data of the CoSe electrode, carbon black, and PVDF.
The Rietveld-refined fit of the hexagonal and tetragonal structural
models of CoSe to the PXRD data of the CoSe electrode are shown.
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Table 1. Rietveld Refined Model Parameters of CoSe from
the Literature' and as a Processed Electrode

sample CoSe a (A) CoSe ¢ (A) wR
literature 3.717(3) 5.330(3) 2.10%
electrode 3.172(2) 5.330(3) 2.96%

tetragonal CoSe showed no statistically significant difference
compared to those published in the literature, as shown in
Table 1, indicating minimal structural change during electrode
casting. An intensity mismatch was observed, so the March—
Dollase ratio was refined, which significantly improved the
intensity agreement, indicating the presence of preferred
orientation, likely attributable to doctor blading during the
casting process. The refinement of atomic displacement
parameters was found to give only a marginal improvement
in the statistical fit, so these were left fixed at their initial values.
In order to maintain consistency, the same parameters were
refined in all Rietveld analyses in this work. That is, the
March—Dollase ratio with the same unique axis (001) was
refined, and the atomic displacement parameters were kept
constant. An unmatched peak at a d-spacing of 2.01 A was also
observed. Hexagonal CoSe was used as a precursor during the
synthesis of tetragonal CoSe, so the structural model for this
phase was included, resulting in a match for this peak. Broad
peaks were also observed at d = 6.25 and 3.4 A, indicating the

presence of an amorphous or nanocrystalline component.
PXRD patterns from carbon black and PVDF were collected,
which exhibited similar broad peaks at d = 6.2 and 3.4 A
respectively. In all cases, a sloping background was present,
likely attributable to the Kapton foil used in the sample holder.
More detailed figures of the Rietveld analysis of the electrode
are given in Figures S1 and S2.

Electrochemical Performance. Charge—discharge curves
and extended cycling capacity plots are presented in Figure 2.
Large initial capacities of 937, 657, and 972 mAh/g were
observed in the Li, Na, and K systems respectively. These
values all significantly exceeded the theoretical capacity of 389
mAh/g, based on the consumption of two alkali metal ions per
CoSe functional unit, via the conversion reaction given in eq 2.
Note that the oxidation state of Co in CoSe is 2+, so the
conversion reaction to metallic Co would require the transfer
of 2 Li*. These results are consistent with past studies on anti-
PbO-type FeS® and FeSe™" batteries, which have also reported
above-theoretical capacities in early cycles. Each of these
studies ascribed this excess capacity to the formation of a solid
electrolyte interface and decomposition of the electrolyte.

All systems exhibited poor cycle life, with second discharge
capacities of 796, 530, and 515 mAh/g and tenth cycle capacity
decreases of 52, 85, and 95%, respectively. This differs from
published results on anti-PbO type batteries, which reported

3
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Figure 2. Selected discharge—charge curves (3, ¢, e) and capacity versus cycle number plots (b, d, f) for CoSe versus Li Na and K half cells,

respectively.
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Figure 3. Differential capacity versus voltage plot for CoSe versus (a)
Li, (b) Na, and (c) K half cells.

minimal capacity fade.””* This discrepancy is likely attributable
to the application of nanostructuring and/or narrow voltage
windows in these studies.””* It should be noted that crystalline
electrodes were used in this work because the focus is on
structural evolution, and increased crystallite size improves the

CoSe Parent TetWCoSe (001)

Hexagonal CoSe (102)

4

CoSe vs Li 3% Discharged

CoSe vs Li 7.5% Discharged

Li,Co,Se, (001)

CoSe vs Li 20% Discharged

Intensity (arb)

Li,Se (111)

CoSe vs Li 60% Discharged

Cu—>

CoSe vs Li 100% Discharged

d-spacing (A)

Figure 5. PXRD data from CoSe versus Li ex situ experiments, with
key reflections indicated.

PXRD quality for structural analysis. The applicability of
potential windows and/or nanosizing to CoSe is not
investigated here but is suggested as a topic for future works.
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Figure 4. Discharge profiles (left axis) and weight percentages (right axis) for CoSe versus Li ex situ experiments. Uncertainties were calculated for
the weight fractions; however, their magnitudes were smaller than the size of the datapoint markers.
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Table 2. Lattice Parameters of Tetragonal CoSe and Selected Phases and Weighted Residuals from Rietveld Analyses of PXRD

Data from CoSe versus Li Ex Situ Experiments

sample CoSe a (A) CoSe ¢ (A) Li,Co,Se, a (A) Li,Co,Se, ¢ (A) Li,Se a (A) Co a (A) Co ¢ (&) wR
electrode 3.712(2) 5.330(3) 2.96%
3% 3.709(2) 5.337(2) 2.46%
7.5% 3.657(4) 5.373(4) 3.695(5) 5.509(4) 2.71%
20% 3.687(6) 5.383(8) 3.73(1) 5.605(9) 2.65%
60% 6.003(8) 6.59%
100% 6.014(4) 2.513(6) 4.08(1) 2.03%
0.3 respectively. This comparison indicates that unmodified CoSe
(@) is not an economically viable replacement for incumbent alkali-
CoSe vs Li 0.2 ion battgry anode materials. N o
3% Discharged The discharge profiles for all systems exhibited a sharp initial
300 Oe drop in voltage, followed by a plateau region (in the case of K
024 this exhibited a slight downward slope throughout), and finally
01 a region of gradual voltage decrease. These features suggested
| the occurrence of three distinct reactions. The formulation of
differential capacity—voltage plots in the range of 0—2 V
0 10 20 30 . .
(Figure 3) showed a sharp feature corresponding to the end of
0.1

0151 CoSe vs Li

7.5% Discharged
300 Oe
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Figure 6. Magnetic susceptibility of CoSe versus Li discharged to (a)
3% and (b) 7.5%, versus temperature, measured in an applied field of
300 Oe. Insets show magnified low temperature regions.

The operating voltage of the three systems fell principally
within the 0—2 V range, suggesting a possible application as
anode materials for alkali ion batteries. In order to briefly
investigate the economic feasibility of this prospect, the
performance and price of CoSe was compared to established
anode materials for each category of battery. Compared to
graphite, which is as an anode widely used in lithium-ion
batteries, the hexagonal form of CoSe is 10 times more
expensive.”””” Regarding performance, 100th cycle discharge
capacities of 250, 200, and 210 mAh/g have been reported for
Li, Na, and K ion batteries, respectively, using graphite or
expanded graphite.””~>> These significantly exceeded the 50th
cycle discharge capacities for CoSe reported in this work,
which were 156, 13, and 15 mAh/g for Li, Na, and K half cells,
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the plateau-like region for each system. Additionally, a second
smaller feature was observed at ~0.81 V for Li and Na and at
0.11 V for K. Interestingly, the capacity at which the large
sharp feature occurs is inversely correlated with ion size.

CoSe versus Li Ex Situ Experiments. Ex situ PXRD
experiments were performed on CoSe versus Li half cells,
which were discharged to the extents depicted in Figure 4.
Rietveld analysis was performed with models using resultant
PXRD data, and the calculated weight fractions of the phases
present are also shown in Figure 4. A table with model
parameters and detailed figures showing the Rietveld refine-
ments for each sample are provided in the Supporting
Information (Table S1 and Figures S3—S10, respectively). It
should be noted that the PVDF and carbon black structural
models were not included in refinements to avoid over-
parametizing the models.

The 3% sample (Figures S3 and S4) exhibited no new
reflections compared to the parent; however, a very small shift
in peak positions was observed, as shown in Figure S. Rietveld
refinement of the tetragonal CoSe structural model revealed no
statistically significant change in the 4 lattice parameter, and a
very slight increase in the c lattice parameter, as shown in
Table 2. An angular-dependent variance in peak width was
observed, so the microstrain parameter was refined, resulting in
an improved fit. A correlation between microstrain and
intercalation has been reported in the literature,”® possibly
suggesting the occurrence of insertion in this sample. A similar
correlation was observed in this work, with microstrain
observed for all CoSe versus Li samples, increasing in extent
with the degree of discharge.

The 7.5% discharged sample (Figures SS and S6) displayed
the formation of a set of reflections slightly offset from those
attributable to the parent at slightly higher d-spacings. These
new reflections were consistent with the formation of a second,
expanded phase of CoSe, likely Li,Co,Se,. The ¢ lattice
parameters of this new phase were significantly expanded
compared to the parent while the a lattice parameter slightly
shrank. It is unclear whether this phase separation is an
intrinsic mechanism or related to the reaction front in the
electrode. Further experiments with electrodes of varying
thicknesses may resolve this, and such investigations are
recommended for future works. Additionally, the original CoSe

https://doi.org/10.1021/acs.inorgchem.1c00226
Inorg. Chem. 2021, 60, 7150—7160


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00226/suppl_file/ic1c00226_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00226/suppl_file/ic1c00226_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00226/suppl_file/ic1c00226_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00226/suppl_file/ic1c00226_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00226?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00226?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00226?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00226?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00226?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

Cell potential (V)

Composition (weight % shown as symbols)

T
0 400

T
800

T T
1200 1600

Capacity (mAh/g)

Compositions: W

Discharge profiles: 2% 6%

30%

CoSe (Tetr) M CoSe (Hex) M K,Co,Se, (14/m) M KCo,Se, (I4/mmm)

K,Co,Se, (P4/nmm)

70% 100%

Figure 7. Discharge profiles (left axis) and weight percentages (right axis) for CoSe versus K ex situ experiments. Uncertainties were calculated for
the weight fractions; however, their magnitudes were smaller than the size of the datapoint markers.
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Figure 8. PXRD data from CoSe versus K ex situ experiments, with
key reflections indicated.

phase at 7.5% discharge showed a slight expansion in the ¢
lattice parameter and a contraction of the a lattice parameter
relative to the 3% sample, suggesting that Li intercalation may
have also occurred in this phase, albeit to a lower extent.
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The 20% sample (Figures S7 and S8) showed no additional
reflections compared to the 7.5% sample; however, both
phases exhibited further expansion of the c lattice parameter.
They also featured expansion of the 4 lattice parameter, which
was consistent with continued intercalation of Li. Interestingly,
it appears that the c¢ lattice parameter consistently expanded
with Li insertion, while the a lattice parameter contracted
between 0 and 7.5% and then expanded from 7.5 to 20%. The
trend exhibited by these results suggested that the initial region
of the discharge profile corresponded to intercalation
reactions:

X'Li" + x'e” + 2CoSe — Li Co,Se, (3)
Li Co,Se, + xLi* + xe” + 2CoSe
— Li,Co,Se, + Li ,Co,Se,, where x > x’ (4)

It should be noted that the hexagonal CoSe phase (omitted
from Table 2 for clarity but presented in Table S1) showed no
statistically significant change in lattice parameters. The
intensity and phase fraction (Figure 4) of the reflections
attributable to this phase also appeared to remain relatively
stable between 0 and 20% discharge. This trend, in
conjunction with the decreased intensity and phase fraction
of the tetragonal CoSe peaks and concomitant increase in the
Li,Co,Se, phase fraction (see Figure 4), suggested that the
majority of the intercalation occurred within the tetragonal
CoSe phase. The endpoint of the initial downward sloped
region in the discharge curves showed slight variation between
samples, possibly due to loading or particle size differences. A
value of 50 mAh/g was typical, corresponding to the
intercalation of 0.26 Li atoms per functional unit. It should
be noted that the 20% discharged sample exhibited an
anomalous discharge profile, in which the initial sloped region
persisted to a greater extent than in the other samples. The
capacity of this sample corresponded to the insertion of 0.73 Li
atoms per functional unit.
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Table 3. Lattice Parameters of Tetragonal CoSe and Selected Phases and Weighted Residuals from Rietveld Analyses of PXRD

Data from CoSe versus K Ex Situ Experiments

CoSe a CoSe ¢ K,Co,Se;, K.Co,Se;, K,Co,Se, K,Co,Se, K,Co,Se;, K,Co,Se;
sample (A) (A) (14/mmm) a (A) (I4/mmm) ¢ (A) (I4/m) a (A)  (I4/m) ¢ (A) (P4/nmm) a (A) (P4/nmm) c (A) wR
electrode  3.712(2)  5.330(3) 2.96%
2% 3.70S 5.330 3.775 14.02 8.86 15.66 2.04%
6% 3.705(3)  5.330(2) 3.775(6) 14.02(3) 8.86(4) 15.66(2) 1.97%
30% 3.71(5) 5.3(1) 3.756(8) 14.09(1) 3.837(5) 9.24(2) 2.94%
70% 3.72(1) 5.33(4) 3.80(2) 13.9(1) 4.52%
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Figure 9. PXRD data from selected CoSe versus K ex situ
experiments, zoomed to the region of interest, with key reflections
indicated.

The reflections attributable to the original, lithiated, and
hexagonal CoSe phases were not present in the 60%
discharged sample (Figure S9). A new set of reflections were
observed, which were found to be consistent with the
formation of Li,Se with the space group Fm3m. The 100%
discharged sample (Figure S10) showed a similar set of
reflections to those in the 60% sample and also a second set of
reflections, which were found to be consistent with the
presence of Co with space group P6;/mmc. The Co reflections
were broader than those attributable to Li,Se, suggesting this
species was amorphous or nanosized. Taken together, these
results are consistent with the occurrence of a conversion
reaction:

Li,Co,Se,/Li, Co,Se, + (4 — x/x')Li" + (4 — x/x")e”
— 2Li,Se + 2Co (5)
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Discharge profiles: 2% 5% 50% 100%

Figure 10. Discharge profiles (left axis) and weight percentages (right
axis) for CoSe versus Na ex situ experiments. Uncertainties were
calculated for the weight fractions; however, their magnitudes were
smaller than the size of the datapoint markers.

This result is in agreement with previous studies on anti-
PbO-type layered metal dichalogenides, which reported
analogous conversion reactions.” ”'® The capacity of the
second sloping region in the 100% discharge profile was
approximately 350 mAh/g, which corresponds to a reaction
consumption of 1.8 Li atoms. Consequently, these results
suggest that the second downward sloped region corresponded
to, or was dominated by, the conversion reaction.

It should be noted that the PXRD data collected from the
60% sample exhibited peaks attributable to the Cu current
collector, as this sample could not be removed from the
current collector. This inseparability was attributable to
stronger adhesion, possibly due to a slight difference in
loading. Consequently, the Cu structural model was refined
during the Rietveld analysis, in addition to the Li,Se model.
Specifically, the domain size, phase fraction, lattice parameters,
and preferred orientation of this phase were refined. The lattice
parameters exhibited only a very slight change from literature
values, as expected. The resulting refinement exhibited close
agreement with the observed data, as shown in Figure S9. The
possibility that the Cu peaks obscured data from Li,Se or CoSe
was also considered. However, comparison of the reflection
positions from these phases indicated that they were not
coincident with those of Cu.

Taken together, the results of these ex situ experiments
suggest that the initial region and the pseudo-plateau/final
region corresponded to intercalation and conversion reactions,
respectively. The combined capacity of typical initial and final
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Figure 11. PXRD data from CoSe versus Na ex situ experiments, with
key reflections indicated.

sloped regions or the initial and pseudo-plateau regions are
both approximately 400 mAh/g, which is similar to the
theoretical capacity of 389 mAh/h, based on the transfer of 2
Li ions. Besides SEI formation and other side reactions, a
possible scenario could be that the increasing size of Co
nanoparticles deposited at the end of the pseudo-plateau
region followed their lithiation leading to Li,Co alloys, e.g., via
the surface and at the nanosized scale and therefore not
detectable by PXRD.

The present work focused on the phase evolution associated
with the first discharge process; however, a preliminary
investigation into the evolution during subsequent cycles was
performed. Specifically, ex situ PXRD was performed on a cell
that had been cycled (discharged, then charged) five times
with the XRD data collected at the fifth charged state. The
capacity—voltage curves are presented in Figure S23 and
Rietveld analysis in Figure S24. No peaks corresponding to
CoSe were observed (as potentially anticipated at the charged

0.5 4

0.0
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4.J (b) 4
3
34 CoSe vs Na
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300 Oe
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T
100

0 50
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Figure 12. Magnetic susceptibility of CoSe versus Na discharged to
(a) 2% and (b) 5%, versus temperature, which is measured in an
applied field of 300 Oe. Insets show magnified regions near TC.

state) but two broad peaks consistent with Li,Se were
observed, suggesting some degree of irreversibility of the
conversion reaction.

The influence of Li intercalation on the magnetic properties
of CoSe was investigated by performing magnetometry on the
3 and 7.5% discharged samples. The ZFC and FC profiles of
the 3% sample, presented in Figure 6a, were similar to those
previously reported for the parent material." Specifically, these
were consistent with Pauli paramagnetism at high temperatures
and ferromagnetism at low temperatures, with a Curie
temperature of approximately 10 K. This suggested that the
degree of Li intercalation present in the 3% sample induced
minimal changes to the magnetic properties of CoSe.

The 7.5% sample, presented in Figure 6b, exhibited an
unusual intercrossing of ZFC and FC profiles, at approximately

Table 4. Lattice Parameters of Tetragonal CoSe and Selected Phases and Weighted Residuals from Rietveld Analyses of PXRD

Data from CoSe versus Na Ex Situ Experiments

sample CoSe a (A) CoSe ¢ (A) Na,Se a (A) Na,Se, a (A) Na,Se, ¢ (A) wR

electrode 3.712(2) 5.330(3) 2.96%

2% 3.588(9) 5.31(1) 2.16%

5% 3.608(6) 5.251(7) 3.54%

50% 6.78(2) 474(7) 10.47(3) 2.29%

100% 6.809(4) 5.0(2) 11.15(1) 4.72%
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Figure 13. Overlaid ZFC curves of CoSe discharged to specified capacities against Li and Na.

10 K. Past research has attributed intercrossing of ZFC and FC
profiles to the competition between ferromagnetic and
antiferromagnetic phases.”””® Consequently, one possible
explanation for this result is the formation of an antiferro-
magnetic Li,CoSe phase. However, a second possibility is the
formation of a filamentary superconducting phase. Resistivity
versus temperature experiments are required to resolve this,
and such experiments are recommended for future works. It
should be noted that due to the phase separation induced by
electrochemical insertion (eq 4), the resultant data will require
careful interpretation. Further experiments with techniques
such as scanning electron microscopy or Raman spectroscopy
may enable additional insights into the structural and
morphological evolution. Such experiments are recommended
for future works.

CoSe versus K Ex Situ Experiments. CoSe versus K ex
situ PXRD experiments were performed at the depths of
discharge shown in Figure 7, resulting in the XRD data shown
in Figure 8. A table with model parameters and detailed
Supporting Information (Table S2 and Figures S11-S16,
respectively).

Tetragonal CoSe was present until approximately 70%
discharge but showed essentially no significant change in lattice
parameters, as shown in Table 3. The 2% (Figures S11 and
S12) and 6% (Figures S13 and S14) discharged samples
exhibited several additional peaks, which were found to be
consistent with the formation of K,Co,Se, with the I[4/mmm
and the I4/m space groups. These two new phases
corresponded to intercalation of K in the tetrahedral and
octahedral void spaces. It should be noted that the additional
reflections from the K, Co,Se, phases in the 2% sample were of
low intensity; however, importing the K,Co,Se, structural
models derived from the 6% sample resulted in a good
statistical and visual fit. Furthermore, for the 2 and 6% cases, a
graphite structural model was included to model carbon black.
This is because the I4/m K,Co,Se, phase had a reflection
marker that aligned with the intensity attributable to carbon
black. For all other refinements in this work, carbon black was
omitted in order to avoid over-parameterizing the model.
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It should be noted that the PXRD data collected from the
6% sample contained peaks attributable to Cu. Consequently,
the Cu structural model was refined during the Rietveld
analysis, resulting in close agreement with the observed data, as
shown in Figure S19. The Cu peak positions did not coincide
with those of the CoSe or K,CoSe phases, so this did not
interfere with the refinement.

The 30% sample (Figure S15) exhibited the disappearance
of the I4/m K,Co,Se, and hexagonal CoSe reflections and the
appearance of several additional reflections. The largest of
these was observed at a d-spacing of 9.2 A and was found to be
consistent with the formation of a P4/nmm phase of K,Co,Se,,
which has two staggered K layers between the CoSe lamellae.
The a and c lattice parameters of this new phase were 3.84 and
9.24 A, respectively, which resembled those reported for the
case of P4/nmm Ky FeggosSe, which were 3.89 and 9.19 A
respectively.”” The disappearance of the I4/m phase is
consistent with the occurrence of a secondary intercalation
reaction, in which a second layer of K ions intercalate within
the Van der Waals gap, producing the P4/nmm phase, as per
eqs 6 and 7.

xKT + xe” + 2CoSe — K,Co,Se, (I4/m) (6)
*'K* + x'e” + K, Co,Se,(I4/m)
— K, ,Co,Se, (P4/nmm) )

The disappearance of the reflections attributable to
hexagonal CoSe is consistent with the reaction of this phase
with K to form I4/mmm K,Co,Se,. It should be noted that
hexagonal CoSe has been shown to react with K to produce
I4/mmm K,Co,Se,—this reaction was the initial step in the
synthesis of the tetragonal CoSe used in this work." Compared
to the 6% sample, the I4/mmm K,Co,Se, phase showed very
slight expansion and contraction of the a and c lattice
parameters, respectively.

The evolution of the K,Co,Se, phases is highlighted in
Figure 9, in which a key region of the PXRD data for the 6, 30,
and 70% samples is presented. The 70% discharged sample
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(Figure S16) exhibited reflections attributable to tetragonal
CoSe and I4/mmm K,Co,Se,; however, the P4/nmm
reflections were not present. The disappearance of the P4/
nmm K, Co,Se, phase in the 70% sample is likely attributable to
eq 8, with this phase undergoing conversion first due to its
higher K content. This result was analyzed in conjunction with
the 100% discharged sample, in which no reflections were
present. As with the Li series, the K series showed an increase
in the peak widths with discharge and an essentially
amorphous or nanocrystalline sample at 100% discharge.
This is likely attributable to granular fracturing due to volume
changes brought on by phase evolution during discharge. The
large discharge capacity of the K discharge cell suggests the
occurrence of further reactions, in addition to phase separation
and intercalation. Based on the results of the Li system, we
speculate that an analogous conversion reaction with nano-
crystalline products may have occurred, as shown in eq 8.

K,,Co,Se, + (4 —x — a )K" + (4 —x — «')e”

— 2K,Se + 2Co (8)

CoSe versus Na Ex Situ Experiments. CoSe versus Na ex
situ PXRD experiments were performed at the states shown in
Figure 10. A table with model parameters and detailed figures
showing the Rietveld refinements for each sample are provided
in the Supporting Information (Table S3 and Figures $7—522,
respectively).

The 2% (Figures S17 and S18) and 5% (Figure S19)
samples showed no additional reflections compared to the
parent, as illustrated in Figure 11. In contrast to the Li and K
systems, slight decreases in the a and ¢ lattice parameters were
observed, as presented in Table 4. This suggests that
intercalation may have occurred, inducing contraction in the
host lattice. Although this trend is unusual, we have observed a
similar contraction in our previous work on the Bi,Te; versus
Li and K systems.”” These results suggest that the initial
downward sloping region of the discharge profile corresponds
to the intercalation reaction shown in eq 9.

CoSe + Na™ + e — Na,CoSe 9)

In the 50% discharged sample (Figure S20), the parent
reflections completely disappeared, and new reflections
consistent with the formation of Na,Se, and Na,Se appeared.
The 100% sample (Figure S21) showed the same set of
reflections; however, an increase in the relative intensity of the
Na,Se peaks was observed. This suggested the occurrence of
the following reactions shown in eqs 10 and 11.

2Na CoSe + (2 — ¥)Na™ + (2 — x)e” — Na,Se, + 2Co
(10)

(11)

Although eq 10 indicates the formation of Co, no reflections
consistent with this species were observed. Consequently, we
speculate that a nanosized or amorphous phase of this material
was formed. The Na,Se, weight fraction decreased between
the 50 and 100% discharged samples, as illustrated in Figure
10. This suggested that the reaction shown in eq 10 occurred
initially, followed by that shown in eq 11.

In order to investigate the influence of Na intercalation on
the magnetic properties of CoSe, magnetic measurements were
performed on the 2 and 5% discharged samples. It should be
noted that in contrast to the Li-inserted samples, the Na-

Na,Se, + 2Na™ + 2e” — 2Na,Se
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inserted samples did not exhibit the formation of multiple
phases. The ZFC and FC profiles of the 2% discharged sample,
presented in Figure 12a, exhibited a strong diamagnetic
response, with a transition temperature of approximately 7.5
K. By contrast, the 5% discharged sample, presented in Figure
12b, exhibited a less pronounced diamagnetic response, with a
similar transition temperature. One possible explanation for
these results is that a superconducting Na,CoSe phase was
formed in the 2% sample, and that the increased Na content in
the 5% sample suppressed or eliminated this property.
However, it is also possible that the diamagnetic response
observed in the 2% discharged sample was due to the presence
of a diamagnetic impurity. This uncertainty may be resolved by
resistivity versus temperature measurements, and these are
recommended for future works.

To summarize the trends observed in this work, both Na
discharged samples and the 2% Li discharged sample exhibited
similar, minor changes in their magnetic properties. However,
the 7.5% Li discharged sample exhibited significantly modified
magnetic properties. This is illustrated in Figure 13, in which
the ZFC curves from each sample are overlaid. A more
complete understanding of the effects of Na and Li
intercalation on the magnetic properties may be achieved by
discharging additional CoSe samples to different states.
Consequently, such experiments are proposed for future works.

B CONCLUSIONS

The behavior of CoSe as an electrode material for alkali ion
batteries was examined. High first discharge capacities of 957,
657, and 972 mAh/g were exhibited by the Li, Na, and K
systems, respectively. However, cyclability was poor, with
capacity fades of 52, 85, and 95% after the 10th cycle. Although
the 50th cycle capacity of the Li system was the most favorable,
at approximately 150 mAh/g, CoSe is more expensive than
graphite by a factor of 10, likely rendering it uneconomical.
The phase evolution of each system was investigated using ex
situ PXRD in conjunction with the observed discharge profiles
and capacities. For all systems, the reaction mechanism
involved intercalation followed by conversion reactions.
Interestingly, for the case of Na, the intercalation reaction
was associated with a contraction in the stacking axis lattice
parameter. Magnetometry was performed on the resultant
Li,Co,Se, and Na,Co,Se, phases and indicated that inter-
calation modified the magnetic properties. Future works are
proposed to further investigate the magnetic properties of
these phases, specifically measurements of resistivity.
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