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A B S T R A C T

Tetradymite-type Bi2Se3 is synthesised via a solid-state method, and its phase evolution in Li, Na and K half-cells is
experimentally investigated. Ex-situ X-ray diffraction data is analysed with the Rietveld method, indicating
intercalation, conversion and alloying reactions for all systems. Direct evidence of alloying is observed in the cases
of the Li and Na systems while alloying is inferred for the K system. In addition, a preliminary study of the
performance of Bi2Se3 as an electrode material for rechargeable Li, Na and K-half cells is undertaken. High initial
capacities of 560, 680 and 1000 mAh/g for Li, Na and K respectively are observed. However, capacity fade is
severe in all cases, with 10th cycle capacity decreases of 68%, 79% and 90% respectively. This poor cyclability is
likely attributable to the large volume changes that accompany the conversion and alloying reactions. Finally, the
magnetic properties of the resultant intercalated materials are investigated. Li intercalation induces a divergence
between zero-field cooled and field cooled curves below 150 K, whereas Na and K intercalation do not have
significant effects on the observed magnetic properties.
1. Introduction

Tetradymite-type Bi2Se3 has been the subject of academic and indus-
trial research for several decades, initially due to its intriguing thermo-
electric properties [1]. In recent years, Bi2Se3 has been found to possess
additional exotic properties such as topological insulativity [2] and
proximity induced superconductivity [3]. Consequently, techniques to
modify the structure of Bi2Se3 are highly prospective, as theymay enhance
these properties. The tetradymite-type crystal structure adopts the hex-
agonal space group R3m (space group number 166) and possesses a unit
cell consisting of layers that are arranged in the sequence: Ch-M-Ch-M-Ch,
inwhich Ch denotes a chalcogenide andMametal. These quintuple layers
are in turn stacked along the c crystallographic axis and are separated by
Van derWaals gaps [4]. The relatively weak nature of the out of plane (or
layer) Van der Waals interactions is responsible for the capability of tet-
radymite type materials to host alkali metal ion intercalants [5–7] and
allow facile alkali ion diffusivity [8–10]. Tetradymite-type materials
typically exhibit moderate electrical conductivity. For instance, the pre-
cise room temperature electrical conductivity of Bi2Se3 varies between
samples, however 400 S cm-1 represents a typical value [11].
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These properties have rendered tetradymites prospective as alkali ion
battery negative electrode materials, and several investigations into this
application have been published [7–10,12–14]. High first discharge ca-
pacities were consistently reported, due to the capability of tetradymites
to accommodate 12 alkali metal ions per formula unit, via conversion and
alloying reactions [7–10,14]. The general formulae of these reactions are
shown in Equations (1) and (2) respectively, in whichM, Ch and X denote
a metal, a chalcogen and an alkali metal, respectively.

M2Ch3 þ 6X → 3X2Ch þ 2 M (1)

2 M þ 6X → 2MX3 (2)

Poor cyclability was consistently reported, attributable to volume
changes associated with the above reactions [7–10]. However cycle life
was significantly improved with blending and nanosizing techniques
[12–14].

The phase evolution and cyclability of Bi2Se3 in Li half cells was
investigated by Ali et al., who synthesised two nanosized forms and
compared their performance [15]. The reported electrochemical perfor-
mance was largely consistent with the wider literature on tetradymite
il 2021
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Fig. 1. Rietveld refinement of the Bi2Se3 structural model with PXRD data of as-
received Bi2Se3 powder before and after electrode casting.

Table 1
Rietveld refined model parameters of as-received Bi2Se3 powder and processed
electrode.

Sample Bi2Se3 a Bi2Se3 c wR

Powder 4.1434(3) 28.6483(9) 8.14%
Electrode 4.1395(7) 28.634(1) 13.22%

Fig. 2. Selected discharge-charge and extended cycling curv
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electrodes, with high first discharge capacities and rapid cycle fade.
However, the proposed phase evolution sequence differed slightly, as the
authors identified only intercalation and conversion type reactions, and
did not include an alloying reaction in their scheme. We speculate that
the source of this discrepancy may be that the reactions were identified
on the basis of the discharge profiles rather than structural studies, e.g.
via X-ray diffraction, of the discharged electrodes. Additionally, the
electrochemical performance and phase evolution of Bi2Se3 versus Na
and K half cells have not yet been investigated.

Intercalation-induced property modification of Bi2Se3 (or a doped
variant thereof) was investigated by two recent studies, with intriguing
results. Firstly, the intercalation of 0.12 Cu atoms per Bi2Se3 formula unit
induced superconductivity, with a critical temperature of 3.8 K [16].
Secondly, the electrochemical intercalation of Li within Bi2Se0.3Te2.7
enhanced the thermoelectric properties [12]. However, property modi-
fication of undoped Bi2Se3 via electrochemical intercalation of alkali
metals has not yet been investigated. This is despite the publication of
several studies reporting the occurrence of Li intercalation within Bi2Se3
(or doped variants thereof) during discharge of Li half-cells [6,15,
17–20]. It should also be noted that numerous publications report
intercalation-induced property modification of non-tetradymite layered
metal chalcogenides, and several excellent reviews summarise these [21,
22].

Based on the preceding analysis, several knowledge gaps were iden-
tified. Firstly, understanding of the phase evolution of the Bi2Se3 versus
Li system appears incomplete, due to uncertainty relating to the occur-
rence of an alloying reaction. Secondly, the performance and phase
evolution of Bi2Se3 versus Na and K half cells have not been investigated,
presenting intriguing avenues of inquiry. Finally, the properties of alkali
es for Bi2Se3 versus Li(a,b) Na(c,d) and K(e,f) half cells.



Fig. 3. Differential discharge capacity versus voltage plots for Bi2Se3 versus Li(a), Na(b) and K(c) half cells. Droplines indicate the voltages at which features occur.
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metal-intercalated Bi2Se3 have not yet been measured, despite several
studies demonstrating that this may be accomplished electrochemically.

In order to address these knowledge gaps, in this study Bi2Se3 was
synthesised by a solid-state method and was used to construct lithium,
sodium and potassium ion half-cells. Extended cycling experiments were
performed, and discharge profiles and differential capacity plots were
formulated. The phase evolution of each system was then investigated
using ex-situ powder X-ray diffraction (PXRD) in conjunction with the
electrochemical measurements. Finally, a preliminary investigation into
intercalation-induced property modifications was performed by
measuring the magnetic properties of the resultant intercalated
materials.

2. Materials and methods

Bi2Se3 was synthesised via a high temperature solid state method
using highly pure Bi (Powder, 200 mesh, 99.999% Alfa Aesar) and Se
(Shot, 2–6 mm, 99.999% Alfa Aesar). Elements were precisely weighed
and loaded inside an argon atmosphere glove box and sealed in silica
ampoules. The ampoules were heated to 993 K at a rate of 5 K/min and
held at this temperature for 96 h. The furnace was then switched off and
the samples were allowed to cool to room temperature (RT).
3

Slurries were formulated by mixing ground Bi2Se3 with carbon black
and polyvinylidene fluoride in a 8 : 1: 1 ratio. N-methyl-2-pyrrolidone sol-
vent was added in a quantity sufficient to make a thick slurry, and the
mixture was stirred in an argon atmosphere glovebox for 24 h. Subse-
quently, the slurrywas cast ontoa copper foil, using adoctor blade. Lithium,
sodium and potassiummetal half-cells were constructed using the resultant
electrode sheets, following standard literaturemethods [23]. Stainless steel
CR2032 coin cell cases, wave springs and spacers were all purchased from
MTI. For the case of lithium half cells, 1 M LiPF6 dissolved in an equivolu-
metric mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
andwasusedas theelectrolyte. For the casesof sodiumandpotassiummetal
half cells respectively, 1MNaPF6 and 0.8 M KPF6 in EC/DMCwere used as
electrolytes. Following construction, each battery was rested for 24 h then
either discharged galvanostatically or cycled, at a current density of 15
mA/gusingaNeware battery cycler. For the caseof ex-situ experiments, the
batteries were discharged to a targeted capacity, after which they were
immediately transferred to an argon atmosphere glovebox and dis-
assembled. The extracted electrodes werewashedwith dimethyl carbonate
in order to remove any electrolyte solution and salts adhered to the surface.
They were then left for 24–48 h to allow any residual DMC to evaporate.

Powder X-ray diffraction (PXRD) was used to investigate the struc-
tural evolution of the Bi2Se3 electrodes. Diffraction patterns were



Fig. 4. Discharge profiles and weight fractions of Bi2Se3 versus Li ex-situ experiments.
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collected using a Panalytical Aeris Benchtop laboratory X-ray diffrac-
tometer, utilising Cu source radiation. Samples were prepared by
scraping the electrode material off the current collector and transferring
to an air-tight sample holder. The sample was not ground, and the sample
holder was sealed before removing from the argon filled glovebox. The
Rietveld method was used to refine structural models with the PXRD
data, using the General Structural Analysis System-II (GSAS-II) software
package [24].

A Quantum Design EverCool-II 9T physical properties measurement
system with vibrating sample magnetometry option was used to measure
magnetic susceptibility data from the 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 1000 Oe.

3. Results and discussion

3.1. Structural evolution during electrode processing

Rietveld refinements of the Bi2Se3 structural model using PXRD data
collected from an Bi2Se3 electrode disc (after processing) and from the as-
prepared powder were performed, as shown in Fig. 1. Lattice parameters,
instrument parameters and preferred orientation were refined for each
sample, and the atomic parameters were left fixed at their initial values.
In order to maintain consistency, the same set of parameters were refined
for all Rietveld analyses in this work. A background feature is observed in
all PXRD data in this work and is attributable to a Kapton foil used to
protect the samples from air contact. Intensities and peak shapes
exhibited close agreement in both samples. Slight shifts in peak positions
were observed, corresponding to slight contractions in the a and c lattice
parameters in the electrode sample relative to the powder, as shown in
Table 1. Additionally, the intensity of the (1,0,-5) and (1,0,10) decreased
in the electrode sample, likely due to preferred orientation caused by the
casting process. The similarity of the lattice parameters between samples
indicated that only minor structural changes occurred during processing.
4

3.2. Electrochemical performance

Li, Na and K half cells were cycled, and the resultant charge-discharge
profiles and capacity versus cycle number plots are presented in Fig. 2.
High first discharge capacities of 560, 680 and 1000 mAh/g were
exhibited by the Li, Na and K half cells respectively. Assuming the
transfer of 12 alkali ions per formula unit, the theoretical capacity of each
system was 491 mAh/g. Consequently, the initial capacities exceeded the
theoretical value, which is suggestive of electrolyte-electrode reactions.
In all cases rapid capacity fades were observed, with 10th cycle capacity
decreases of 68%, 79% and 90% for the Li, Na and K systems respectively.
Similar trends were reported by previous studies on the electrochemical
performance of Bi2Se3 and other TTLMCs [7–10]. The inverse propor-
tionality between capacity and alkali atomic mass in the first discharge
contrasted with the case of graphite, which exhibited the following trend:
Li > K > Na [25]. However, it should be noted that graphite forms
intercalation compounds with these alkali ions, whereas Bi2Se3 un-
dergoes intercalation, conversion and alloying reactions. Therefore, it is
likely that the extent to which these reactions approached completion,
and/or the degree to which electrode-electrolyte reactions occurred, are
responsible for the observed capacities. It should also be noted that the
capacity of the K system rapidly decreased after the first cycle (see Fig. 2)
suggesting poorer reversibility than the Li and Na systems.

The voltage window of all systems was primarily within the 0–3 V
range, which suggested a possible application as an alkali ion battery
negative electrode material. The commercial viability of this prospect
was briefly assessed by comparing the performance and price of Bi2Se3 to
graphite, which is considered the benchmark anode material for lithium-
ion batteries. Based on prices from Sigma Aldrich for research quantities
of these materials, the cost of Bi2Se3 exceeded that of battery grade
graphite by a factor of 64 [26,27]. Regarding performance, 100th cycle
discharge capacities of 250, 200 and 210 mAh/g have been reported for
Li, Na and K ion batteries respectively, with graphite or expanded
graphite anodes [28–30]. These significantly exceeded the 50th cycle
discharge capacities for Bi2Se3 obtained from our experiments, which



Fig. 5. Rietveld refinements of structural models with PXRD data from Bi2Se3 versus Li ex-situ experiments.
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were 96, 78 and 42 mAh/g for Li, Na and K half cells respectively. These
characteristics indicate that unmodified Bi2Se3 is not competitive with
existing alkali-ion battery anode materials. Several studies report that the
performance of tetradymite-type Sb2Te3 in Li and Na ion batteries was
significantly enhanced by nano-engineering techniques [7,8,10]. We
speculate that such approaches may similarly improve the performance
of Bi2Se3 in alkali ion batteries, which may affect their competitiveness
with graphite. Such investigations are beyond the scope of the current
study but are suggested for future works.

The Li and Na systems exhibited at least two plateau-like features in
the first discharge profile, which persisted for several subsequent cycles.
This suggested that different reactions dominated during these stages of
the discharge process. In contrast, the K system had one relatively large
plateau, followed by a downward sloping region with some evidence of
inflexions. In order to gain further insight into the electrochemical
5

characteristics, differential capacity plots were formulated, and are pre-
sented in Fig. 3. The Li and Na systems exhibited two distinct features in
the form of troughs, corresponding to the end of each plateau region at
1.6 and 0.75 V, and 1.2 and 0.45 V respectively. The Na system also
featured a smaller trough at 0.7 V. The K system showed one sharp trough
at 1.1 V, followed by broader or overlapping features at lower voltages,
possibly suggesting the occurrence of simultaneous reactions. By the 10th

cycle only the Na system exhibited a clear trough, at a potential of 0.4 V.
The charging profiles in Li and Na systems exhibited a similar trend with
plateau-like features observed in early cycles. The potential onset and
capacity of each plateau-like feature differed between systems, and some
regions showed multiple steps, e.g., 2–2.5 V in Li and 0.5–0.75 and 1.5–2
V in Na. Differences were noted between all systems, with the K being the
most distinct, due to its more sloped character in early cycles. However,
all systems exhibited sloped profiles after extended cycling.



Table 2
Lattice parameters and weighted residuals from Rietveld analyses of PXRD data
from Bi2Se3 versus Li ex-situ experiments.

Sample Bi2Se3 a (Å) Bi2Se3 c (Å) Li2Se a (Å) Li3Bi a (Å) wR

Electrode 4.1382(7) 28.634(1) 13.23%
5% 4.112(5) 28.791(2) 16.00%
8% 3.977(7) 28.925(3) 5.988(3) 8.02%
25% 4.039(1) 29.038(5) 5.987(2) 5.66%
50% 6.0071(7) 5.09%
100% 6.036(1) 6.7152(5) 6.91%

Fig. 6. Magnetic susceptibility of Bi2Se3 parent material and Bi2Se3 versus Li dischar
1000 Oe.
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3.3. Bi2Se3 versus Li ex-situ experiments

Ex-situ PXRD data was collected from Bi2Se3 versus Li half cells dis-
charged to the states depicted in Fig. 4. Rietveld analyses were performed
on structural models with this data, and the resultant calculated com-
positions are also shown in Fig. 4. It should be noted that although un-
certainties were calculated, error bars are not visible as they are smaller
than the datapoint markers. The observed and calculated intensities are
shown in Fig. 5, and detailed plots of each refinement are presented in
ged to 5% and 8%, as a function of temperature, measured in an applied field of



Fig. 7. Discharge profiles and weight fractions for Bi2Se3 versus K ex-situ experiments.
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Figures SI1-5. Key structural parameters calculated by each refinement
are presented in Table 2, and a comprehensive table of parameters is
given in the supplementary information (Table SI1).

The 5% discharged sample exhibited no additional reflections
compared to the pristine electrode, however the reflections attributable
to Bi2Se3 were slightly shifted. Rietveld analysis revealed a slight
expansion of the a and c lattice parameters, as shown in Table 2. This
result suggested that the initial downward sloped region of the discharge
curve corresponded to the intercalation reaction shown in Equation (3).

xLi þ Bi2Se3 → LixBi2Se3 (3)

The 8% and 25% discharged samples exhibited additional sets of re-
flections, which were consistent with Li2Se and Bi. The reflections
attributable to LixBi2Se3 decreased in intensity, and shifted slightly,
consistent with further expansion of the c lattice parameter. These results
suggest that the first plateau region corresponded to the simultaneous
occurrence of the intercalation reaction (or completion of intercalation)
shown in Equation (3), and the conversion reaction shown inEquation (4).

LixBi2Se3 þ (6-x)Li → 3Li2Se þ 2Bi (4)

The 50% sample exhibited complete disappearance of the LixBi2Se3
reflections and the appearance of an additional set of reflections
consistent with the formation of LiBi. This result suggested that the in-
termediate sloped region of the discharge profile was associated with the
simultaneous occurrence of the conversion reaction shown in Equation
(4) and the alloying reaction shown in Equation (5).

Bi þ Li → LiBi (5)

The 100% discharged sample exhibited the disappearance of the LiBi
reflections, and the appearance of a new set of reflections consistent with
the formation of Li3Bi. This result suggested that the second plateau re-
gion corresponded to the alloying reaction shown in Equation (6).

LiBi þ 2Li → Li3Bi (6)

Overall, our results agree with the main conclusions of Ali et al., who
7

concluded that intercalation and conversion reactions occurred during
discharge of Bi2Se3 versus Li half cells [15]. However, our results
represent the first reported XRD-based evidence for these claims. Our
finding that alloying reactions occurred in this system had not been
previously reported.

As intercalation occurred in the 5% and 8% discharged experiments,
magnetic measurements were performed on these samples. Specifically,
ZFC and FC experiments were performed on these samples and the parent
material, and the results are shown in Fig. 6. Note that the 5% sample
appears to be single phase based on the XRD data. The parent material
exhibited diamagnetism, which is consistent with previous reports [31].
The 5% likewise exhibited a diamagnetic response, suggesting that the
extent of intercalation in this sample did not significantly affect the
magnetic properties.

The 8% dataset exhibited diamagnetism above ~150 K, at which
point the ZFC and FC curves diverged, indicating that intercalation
significantly modified the magnetic properties. It should be noted that
the 8% sample contained Bi and Li2Se in addition to LixBi2Se3, however
neither of these materials are likely to be responsible for the observed
divergence. This is based on the magnetic properties of these materials,
as Bi is known to be strongly diamagnetic [32] and density functional
theory calculations suggest that Li2Se is weakly diamagnetic [33].
3.4. Bi2Se3 versus K ex-situ experiments

Bi2Se3 versus K ex-situ PXRD experiments were performed at the
discharge depths shown in Fig. 7, and the resultant XRD data and Riet-
veld analyses are shown in Fig. 8. Selected structural parameters calcu-
lated by the Rietveld analyses are presented in Table 3. A comprehensive
table of parameters (Table SI2) and detailed plots of each refinement
(Figures SI6 – 10) are presented in the supplementary information.

The 3 and 5% samples exhibited no additional reflections compared
to the parent. The a lattice parameter expanded slightly with discharge,
and the c lattice parameter expanded significantly, suggesting the
occurrence of intercalation. This result was consistent with our previous



Fig. 8. Rietveld refinements of PXRD data from Bi2Se3 versus K ex-situ experiments.
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work on the Bi2Te3 versus K system, in which a significant degree of
intercalation was observed [34].

The 50% sample exhibited a significant decrease in intensity of the
reflection set attributable to KxBi2Se3, and the appearance of a new set of
reflections that were well matched by the Bi structural model. The signal
to background ratio significantly decreased, suggesting the formation of
an amorphous phase. The increased loss of crystallinity relative to the Li
and Na systems may be attributable to the larger ionic radius of K either
destabilising the structure or limiting the insertion process. Based on this
result we speculate that the first pseudo-plateau region was associated
8

with the conversion reaction shown in Equation (7).

Bi2Se3 þ 6K → 3K2Se þ 2Bi (7)

The lack of a reflection set consistent with K2Se may be explained by
the evolution of an amorphous form of this phase. This is supported by
the observed decrease in signal to background ratio.

The 75% discharged sample exhibited complete disappearance of the
Bi2Se3 reflections, and the appearance of new reflections consistent with
K2Bi. Additionally, the signal to background ratio further decreased
relative to the 50% sample. This result suggested that the intermediate



Table 3
Lattice parameters and weighted residuals from Rietveld analyses of PXRD data
from Bi2Se3 versus K ex-situ experiments.

Sample Bi2Se3 a (Å) Bi2Se3 c (Å) Bi a (Å) Bi c (Å) wR

Electrode 4.1382(7) 28.634(1) 13.23%
3% 4.169(6) 28.695(3) 11.23%
5% 4.174(9) 29.014(4) 8.81%
50% 4.535(5) 11.869(7) 4.41%
75% 4.542(6) 11.872(9) 6.58%
100% 4.556(4) 12.025(6) 7.63%
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sloped region of the discharge curve was associated with both the con-
version reaction shown in Equation (7) and the alloying reaction shown
in Equation (8).

3Bi þ 6K → 3K2Bi (8)

The 100% sample exhibited disappearance of the K2Bi reflections,
however no new reflection sets evolved, suggesting the formation of an
amorphous phase. Based on the results of our Bi2Se3 versus Li experi-
ments, in which Li3Bi was formed, we speculate that the second plateau
was associated with the analogous alloying reaction shown in Equation
(9).
Fig. 9. Magnetic susceptibility of Bi2Se3 parent material and Bi2Se3 versus K
discharged to 3% and 5%, as a function of temperature, measured in an applied
field of 1000 Oe.
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K2Bi þ K → K3Bi (9)
We propose that an amorphous or nanosized form of K3Bi was
generated, based on the lack of reflections consistent with this species.
However, the persistence of the Bi reflections suggested that this reaction
did not proceed to completion.

Magnetic susceptibility experiments were performed on the parent,
3% and 5% samples, and the results are shown in Fig. 9. The 3% and 5%
samples exhibited diamagnetism, suggesting that in contrast to Li,
intercalation with K did not significantly affect the magnetic properties.
Additionally, this result indicates that interlayer spacing was not the
primary determinant of magnetic properties for Bi2Se3, as the c lattice
parameter of the 5% K sample exceeded that of the 8% Li sample (29.01 Å
vs 28.9 Å). This result is slightly atypical, as many studies have attributed
intercalation-induced property modification of layered metal chalco-
genides to an increase in interlayer spacing [21]. However such inde-
pendence is not without precedent, for instance Gamble et al. studied 50
intercalated forms of TaS2 and found no correlation between interlayer
spacing and TC [35]. Rather, these authors attributed the observed TC
modifications to the intercalant-host charge transfer efficacy [35].
Motivated by this result, we speculate that the difference in ionizability
of Li and K may play a role in the interlayer spacing magnetic property
independence. Computational methods and further experiments with
additional intercalants may elucidate this lack of dependence for Bi2Se3,
and such investigations are proposed for future works. Although no
significant changes in magnetic properties were observed, the 5% sample
exhibited minute evidence of a local maximum at 60 K. Resistance versus
temperature experiments may clarify whether this represents a magnetic
phase transition, and these experiments are suggested for future works.
3.5. Bi2Se3 versus Na ex-situ experiments

Bi2Se3 versus Na ex-situ PXRD experiments were executed at the
states shown in Fig. 10, and the corresponding diffractograms and Riet-
veld analyses are shown in Fig. 11. A table with comprehensive model
parameters is provided in the supplementary information (Table SI3) and
selected parameters shown in Table 4, as are detailed plots of each
refinement (Figures SI11 – 13).

The 3.5% discharged sample showed no additional reflections rela-
tive to the parent. Refinement of the Bi2Se3 structural model revealed a
slight increase in the c lattice parameter, and a small decrease in the a
Fig. 10. Discharge profiles and weight fractions for Bi2Se3 versus Na ex-situ
experiments.
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lattice parameter. This result indicated that the initial downward sloped
region of the discharge profile corresponded to the intercalation reaction
shown in Equation (10). A shoulder was observed in the largest peak, at 6
Å, possibly indicating that this reaction was biphasic.

Bi2Se3 þ Na → NaxBi2Se3 (10)

The 12% sample exhibited a decrease in intensity of the reflections
attributable to NaxBi2Se3, and the formation of new sets of reflections
consistent with the formation of Bi and Na2Se. This indicated that the
first plateau was dominated by the conversion reaction shown in Equa-
tion (11).
Fig. 11. Rietveld refinements of PXRD data fr
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NaxBi2Se3 þ (6-x)Na → 3Na2Se þ 2Bi (11)
The 100% discharged sample showed the complete disappearance of
the NaxBi2Se3 reflections, and the formation of new sets of reflections
consistent with the formation of NaBi and Na3Bi. This indicated that the
second plateau region was dominated by the alloying reactions shown in
Equation (12) and Equation (13).

Bi þ Na → NaBi (12)

NaBi þ 2Na → Na3Bi (13)
om Bi2Se3 versus Na ex-situ experiments.



Table 4
Lattice parameters and weighted residuals from Rietveld analyses of PXRD data
from Bi2Se3 versus Na ex-situ experiments.

Sample Bi2Se3 a (Å) Bi2Se3 c (Å) Bi a (Å) Bi c (Å) wR

Electrode 4.1382(7) 28.634(1) 13.23%
3.5% 4.136(1) 28.650(2) 13.23%
12% 4.140(2) 28.637(1) 4.526(3) 11.943(6) 7.75%
100% 4.534(2) 11.880(3) 5.48%
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It should be noted that Bi reflections were still present in this sample,
suggesting that these alloying reactions did not proceed to completion.
Additionally, the signal to background ratio decreased significantly
relative to the 12% sample, suggesting the formation of amorphous or
nanosized species.

ZFC and FC experiments were performed on the 3.5% discharged
sample, and these results are shown in Fig. 12. A slight increase in sus-
ceptibility with decreasing temperature was observed at 4 K, but unlike
the Li system, no significant alterations of magnetic properties were
evident. This may be attributable to the lower extent of intercalation in
the Na system, and/or an intercalant ionizability effect. It should be
noted that a similar trend was observed in our previous work on
tetatradymite-type Sb2Te3, in which only Li intercalation induced mag-
netic property modification [36].
Fig. 12. Magnetic susceptibility of Bi2Se3 parent material and Bi2Se3 versus Na
discharged to 3%, as a function of temperature, measured in an applied field of
1000 Oe.
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4. Conclusion

Bi2Se3 half cells with Li, Na and K counter-electrodes exhibited high
initial discharge capacities 560, 680 and 1000 mAh/g respectively.
However, capacity fade was rapid, with 10th cycle capacity decreases of
68%, 79% and 90% respectively. Nano-engineering techniques have
been shown to improve cyclability in similar systems, so experiments
with these approaches are proposed for future works. Ex-situ PXRD, in
conjunction with the observed discharge profiles, indicated that for all
systems, the reaction mechanisms involved intercalation, conversion and
alloying reactions. The intercalation of Li in the 8% discharged sample
induced a bifurcation in the ZFC and FC curves below ~150 K. In
contrast, Na and K intercalation did not significantly affect the magnetic
properties of the resultant single-phase products. These results suggest
that interlayer spacing was not the primary determinant of magnetic
properties, and intercalant ionizability may play a role. This trend was
consistent with our previous work on tetradymite-type Sb2Te3. Future
works involving computational methods and intercalation of other spe-
cies are proposed, to further investigate this relationship.
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