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On the compatibility of high mass loading bismuth
anodes for full-cell sodium-ion batteriest

Lars Olow Simon Colbin, Tochukwu E. Nwafornso, Yunjie Li and Reza Younesi (= *

Metallic bismuth is here studied as an anode material for sodium-ion batteries. The details of electro-
chemical redox reactions, rate performance and cycled life were investigated using relatively high mass
loading electrodes in two- and three-electrode full-cells. It demonstrated that the rate capability of bismuth
anodes with high mass loading are not as good as indicated in previous literatures where low mass loading
electrodes were used. It also indicated that the resistances causing a faltering rate performance may be con-
nected to a loss in particle contact during desodiation. Efforts were also made to study the different electro-
chemical processes that occur during early cycles. Less advantageous characteristics of bismuth electrodes
are also discussed. For example, several different electrolyte solutions were tested for compatibility with the
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Introduction

For modern alkali ion batteries, the choice of anode material
is expected to greatly affect how the battery operates. In
sodium-ion batteries, it is common to use carbon based anodes,’
where hard carbon is a promising material.>* Hard carbon elec-
trodes have operating potentials close to the potential of sodium
plating, which can enable a wide operating potential in a full-cell.
Yet, this also means that an overpotential for the sodiation can
easily result in plating of sodium, especially if the anode pro-
cesses are particularly resistive.>® Also, the resistance on the hard
carbon anode is in general ten times larger than the resistance
on common cathodes like Prussian white cathodes, regardless of
the electrolyte solution used.”

Therefore, there is a motivation to investigate alternatives to
hard carbon for use as anode materials for sodium-ion
batteries.”® One such material is bismuth which is expected
to alloy with sodium in two processes, first forming NaBi,
thereafter Na;Bi according to the following reactions.*®

Bi + Na™ + e~ — NaBi (1)
BiNa + 2Na® + 2e~ — NazBi (2)

Thus, two distinct plateaus should be obtained during
electrochemical cycling. The formation of NaBi is expected to
occur around 0.67 V vs. Na'/Na, whereas Na;Bi is expected to
form around 0.46 V vs. Na'/Na.'' This means sodiation of
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bismuth system, where only glyme-based solutions seemed to facilitate robust cycling.

bismuth should occur at a significantly higher potential than
sodiation of hard carbon. The use of bismuth should therefore
decrease the risk of plating sodium during a fast sodiation. In
fact, bismuth has been reported to display good rate capability,
and low polarization during cycling.'* Furthermore, there have
also been attempts to alter the bismuth anode to obtain prom-
ising cycling performance, for example using nanoflakes of
bismuth on nickel foam,'” or mixing it with carbon."®'* The
method of altering the anode may vary, but it seems that one
key to successful cycling in previous literatures is the use of
relatively low mass loading electrodes and glyme-based electro-
Iyte solvents, ie. 1,2-dimethoxyethane (DME), di(2-methoxy-
ethyl)ether (diglyme), or bis[2-(2-methoxyethoxy)ethyl] ether
(TEGDME). These two parameters are in particular important
for alloying anode materials like bismuth where huge volume
change is expected during cycling. The importance of using a
compatible electrolyte solution'’ has been demonstrated
before but the influence of mass loading on the performance
has not been studied previously. Wang et al.’* demonstrated
that they could obtain good cycling against bismuth when
diglyme was used as a solvent, whereas the use of propylene
carbonate generated unsatisfactory cycling."*

There is therefore still a need to obtain a better understand-
ing of electrochemical sodiation and desodiation, rate capa-
bility, and cycle life of high mass loading bismuth electrodes
to investigate whether such electrodes could be used in
applied full-cell sodium-ion batteries. Here, two- and three-
electrode full-cells based on bismuth and Prussian white elec-
trode as well as symmetric bismuth cells are studied. The
general electrochemical performance, the cell resistance, and
rate performance of high mass loading bismuth anodes are
discussed.
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Results and discussion

Most previously reported promising results for bismuth
anodes are based on glyme-based electrolytes. However, we
measured electrochemical perfroamance of few different elec-
trolyes for high mass loading bismuth electrodes in full-cell
sodium-ion batteries (see Fig. S11). Within this set of experi-
ments, robust cycling was only obtained when using either tet-
raglyme (TEGDME) or diglyme as the electrolyte solvent. The
other electrolyte solutions designed for a significant passiva-
tion, such as NaPFy in sulfolane or N-methyl-2-pyrrolidone,
which showed promise in the hard carbon - Prussian white
system,” faced rapid capacity fading in a few cycles. The fact
that alloying anodes such as bismuth undergo large volume
change during cycling means that a completely stable electro-
lyte solution with no formation of SEI at operating potential of
bismuth is desired. This is in particular important for high
mass loading electrodes since the expected large volume
expansion and contraction leads to cracking or detachment of
active particles and SEI species. This therefore explains the
reason of promising results with glyme-based electrolytes
since it has been speculated that glyme based electrolytes
remain stable at low potential and thus no SEI is formed.'
Note that the operating potential of bimuth anode is higher
than hard cabon which works in favour of stability of the
electrolyte.
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With NaPF, in diglyme being selected as the most promis-
ing electrolyte solution, the rest of this work was performed
using such electrolyte. During chronopotentiometry, all half-
cells displayed a peculiar voltage profile during the first sodia-
tion. Bismuth is expected to display two distinct plateaus
during cycling, however, the first sodiation never displayed two
clear plateaus (Fig. 1a). Instead, an initial sloping profile was
present in place of the first plateau. This could be attributed to
an initial pulverization of the bismuth particles."®

As cycling progressed, the current was intermittently varied.
Here 5 cycles at 0.2 C (71 mA g~ ', 0.1 mAh cm™?) were followed
by 50 cycles at ~1 C (350 mA g~ ', 0.52 mA cm™?) in a repeating
fashion (Fig. 1b and c). When the current was decreased, the
charge (desodiation) capacity as well as the coulombic
efficiency were decreased (Fig. 1c). However, it should be high-
lighted that such decrease is quite small; the coulombic
efficiency decreased from about 99.99% to about 99.85%. A
decrease in current would relieve some overpotential which
would normally cause an apparent increase in capacity. Yet
here, the capacity and coulombic efficiency decreased both
during the sodiation and desodiation at lower current.’

Cyclic voltammetry was performed to get a better under-
standing of potential side reactions and to get a clearer view of
the initial reduction. This was done by using a three-electrode
configuration where two separate Prussian white electrodes
served as reference and counter-electrode respectively. The
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Fig. 1 (a) The voltage profile of a bismuth half-cell. (b) The capacity during sodiation (discharging) and coulombic efficiencies during the first 10

cycles and (c) 6 to 220 cycles.
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Fig. 2 (a) The initial two cycles during a cyclic voltammetry measurement. (b) The first reduction sweep of bismuth. The notation indicates the

index of each peak-domain during reduction (R#) and oxidation (O#) respectively. The capacity for each domain is shown for the reduction in (c)

and oxidation in (d).

counter-electrode was over dimensioned; both in terms of area
and capacity. The first reduction revealed several reduction pro-
cesses, indexed RO - R5 in Fig. 2. Bismuth should have a capacity
of 385 mAh g™, corresponding to 3 electrons per bismuth atom
(see reaction (1) and (2)). Yet, during the first reduction a total
charge of 512 mAh g~ was passed through the cell, corres-
ponding to ~30% more charge than anticipated by the theoretical
capacity. The subsequent oxidation was more in line with the
expectations, resulting in a passed charge of 379 mAh g™ consti-
tuted by two peaks (00 and O1). The charge passed during the
first oxidation corresponded to two moles of electrons per mole
of bismuth (n_e/n_Bi = 2), see Fig. 2d. That is, precisely what is
expected by reaction (2). Similarly, the area of the second oxi-
dation peak inferred that close to one electron per bismuth had
passed during this process, which is consistent with reaction (1).

While the oxidation processes were consistent with the
expected reactions, the first reduction sweep was evidently more
complex. It is noteworthy that the combined area from the peak
regions R2, R3 and R4 correspond to a reaction of 3.3 electrons
per bismuth (Fig. 2a and b), a bit more than expected from the
sum of reaction (1) and (2). Yet, the partitioning of the peaks
during the reduction was cruder than for the subsequent oxi-
dation, since there was a clear overlap between several processes.
Still, it is tempting to assign the peak regions R2 and R3 to reac-
tion (1) and the peak region R4 to reaction (2)—the first and
second alloying reaction with sodium.

16854 | Dalton Trans., 2022, 51, 16852-16860

The results in Fig. 2 also indicated that the first two
reduction events mainly occurred during the first reduction
sweep. Bismuth is expected to have an oxide layer, in the form
of Bi,0j, of approximately 2 nm."® Reducing such layer on the
electrode to metallic Bi, would require 40 mC for the active
mass of 1.17 mg, or 9 mAh g~' (assuming 100% bismuth,
where the density of bismuth is 9.8 g cm™ and 8.9 g ecm > for
Bi,0,'%), given smooth spherical particles with a diameter of
40 pm—note that the calculated area and in turn capacity is
underestimated. Moreover, in water the reduction of Bi,Oj
would be expected to occur as reaction (3):*°

Bi,O; + 3H,0 + 6e~ — 2Bi + 60H " (3)

Roughly estimated, this reaction would be expected to have
a potential of about —0.8 V vs. PW reference electrode. While
the water content was expected to be very low, it is conceivable
that the solvent could act as a substitute at a similar potential,
resulting in the reduction in the peak region RO (Fig. 2a and
b). Alternatively, the reduction could take place according to
reaction (4):

Bi,O; + 6Na* + 6e~ — 2Bi + 3Na,0 (4)

Using the Gibbs free energies of each component' the
potential of this reaction can be roughly estimated to —2.2 V
vs. PW reference electrode. Hence, reaction (4) is a possible

This journal is © The Royal Society of Chemistry 2022
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reaction causing the reduction in the peak region R1 in Fig. 2a
and b. It is noteworthy that if the reductions at RO and R1 were
caused by the reduction of Bi,O; then the powder consisted of
13% oxidized bismuth atoms. This would require 200 mC
(50 mAh g™ assuming 100% bismuth) reduction capacity
about six times more than estimated. Bismuth oxide is
expected to have been present on the bismuth particles in the
pristine electrodes, since no efforts were made to remove an
oxide layer before cycling. Still, focused efforts are needed to
fully elucidate the electrochemical behavior of such a layer in
the presence of non-aqueous battery electrolyte solutions.

The remaining reduction peak (R5) could be attributed to
the reduction of the electrolyte solution and/or impurities in
the electrolyte impurities. Similarly, the excess charge from
peak region R4 could also be due to a reduction of the electro-
lyte solution. For long term cycling in full cells, the reduction
below —3 V, might become most problematic since it indicated
continuous reduction of the electrolyte solution and SEI
growth. This reduction is still distinguishable in the sub-
sequent cycles (Fig. 2a, b and 3), albeit to a much lower
amount. Reaction (1) and (2) were more distinguishable in the
subsequent cycles as shown in Fig. 3a. Calculations of the
charge passed in the upper and lower potential regions
revealed that the coulombic inefficiency was largely due to the

View Article Online
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lower potential region. The discrepancy between the charge
passed during the lower reduction and oxidation in Fig. 3c, is
likely caused by the additional reduction event in Fig. 3b,
corresponding to peak region R5 in Fig. 2b. That is, a continu-
ous partial reduction of the electrolyte solution.

Overall, the peaks obtained during the cyclic voltammetry
experiment were quite smeared, or displayed a partial splitting.
Rather than indicating additional electrochemical processes,
this might have been caused by a changing overpotentials for
each reaction during operation. The splitting could be caused
by particles losing contact, different overpotentials for individ-
ual particles, or by a changing electronic conductivity. The
smearing might however be due to a limiting diffusion of
sodium within the particles. These are all things that could
limit the rate performance of the material.

As mentioned earlier the rate capability can be an issue for
hard carbon anodes in sodium-ion batteries.>! This is partially
an inherent consequence of the low operating potential of
hard carbon. Conversely, bismuth has a higher operating
potential than hard carbon, thus having the potential to allow
higher currents during sodiation. The rate capability of
bismuth was tested by performing rate tests in Prussian white
- Bimsuth full-cells using two- and three-electrode configur-
ations as well as symmetric cells, presented in Fig. 4-6. The
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Fig. 3 Cyclic Voltammetry on a bismuth electrode. (a) The voltammogram of four cycles. (b) A zoomed view of an additional reduction process
over four different cycles. (c) The amount of charge passed during each electrochemical process.
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rate capacbility test in two-electrode cells performed with an
even mass balancing (N/P-ratio of 1.02). In contrast, the
cathode had a large overcapacity in the three-electrode experi-
ment (N/P-ratio of 0.61) in order to get a clearer view of the
polarization on the bismuth electrode. In both cases, the cut-
off potentials were set to allow for a large polarization, without
risking plating sodium. The rate capability of symmetrical

16856 | Dalton Trans., 2022, 51, 16852-16860

bismuth cells was investigated using a narrower cycling
window, as complementary to the full-cell measurements
(Fig. 5).

The balanced bismuth - Prussian white full-cell displayed a
decent rate capability considering that the high mass loading
of the cells. Yet, at about 2 C (based on the anode) the polariz-
ation began to severely impact the capacity (see Fig. 4).

This journal is © The Royal Society of Chemistry 2022
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densities for the cycles are shown in Table S3.1

Moreover, deep discharging of the full-cells revealed an
additional electrochemical process that occurred around 1 V
(Fig. 4b and 6). It was apparent from the three-electrode
cycling (Fig. 6 and 7) that this process occurred on the bismuth
anode. This process was not visible in half-cell cycling due to the
narrower cycling window (a result of a higher control of the
potential of the anode during half-cell cycling), see Fig. 1. This
additional process may be the semi-reversible cycling of an oxide
layer on the bismuth particles. That is, it is possible that one of
the initial reduction processes visible in the cyclic voltammetry
experiment can be reversed, giving rise to the additional plateau
during the rate tests. This process also seemed to be highly
affected by the cycling rate, as it was already severely polarized
even below 1 C (Fig. 4b and 5f).

Rate tests were also performed on symmetrical bismuth
cells (Fig. 5). In the symmetrical cell the rate performance was
significantly improved compared to the full-cell. Moreover,
there was also less capacity fading compared to the full-cell.
The mass-loading of bismuth was even higher in the sym-
metrical cell (~8 mg cm™?), than in the full cell (~6 mg cm™?).
It might therefore be tempting to attribute the poor perform-

This journal is © The Royal Society of Chemistry 2022

ance to the cathode. Yet, three-electrode experiments revealed
a different picture.

In the symmetrical cells the rate performance was signifi-
cantly improved compared to the full-cell (see Fig. 5). There
was also less capacity fading in symmetric cells compared to
the full-cell. The mass-loading of bismuth was even higher in
the symmetrical cell (~8 mg cm™?), than in the full cell (~6 mg
ecm?). It might therefore be tempting to attribute the poor per-
formance to the cathode. Yet, three-electrode experiments
revealed a different picture, as discussed below.

The rate test using three-electrodes indicated that the polar-
ization was quite severe on the bismuth anode, especially
during desodiation (Fig. 6f). This could be explained by that
sodium ions slowly diffuse into the core of bismuth particle
due to the concentration gradient of sodium from the surface
to the core of bismuth.*” The desodiation of those sodium
ions from the core of bismuth particles will consequently
become an issue at high rates. This polarization was promi-
nent already at 0.4 C, which was in line with the full-cell rate-
test. In contrast, the Prussian white electrode was significantly
less polarized compared to the bismuth electrode, both during

Dalton Trans., 2022, 51,16852-16860 | 16857
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charging and discharging (Fig. 6¢ and d). This may partly be
due to the over-capacity on the cathode. Still, a lower polariz-
ation on the cathode would be expected based on diffusion
data reported in literatures. Ojwang et al. have concluded that
the diffusion coefficient of sodium in Prussian white is 7.3 x
107" em?® s7'.** This value was recorded on the desodiated
material, and the diffusion coefficient might change as the
sodium content is increased. However, Hu et al?* have
measured the average diffusion coefficient as the sodium
content was varied in a Prussian blue analogue similar to the
Prussian white used in the present work. They found that the
average sodium diffusion coefficient was 1.4 x 107'* em® s™".
For bismuth, Wang et al.> reported that sodium diffusion
coefficient is between 6.6 x 107> and 7.4 x 107"* em?® s™*
spread over different sodium concentrations. This give an
average diffusion coefficient of 3 x 107" em? s for Na
diffusion in bismuth particles, therefore, sodium is expected
to diffuse approximately ten times faster for a given concen-
tration gradient in Prussian white compared to bismuth.

One key difference between cycling Prussian white against
bismuth and cycling bismuth in a symmetrical cell was the
absence of the additional redox reaction in the symmetrical
cells (Fig. 5b). This difference seemingly had a large impact on
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both polarization and retention. Interestingly, the magnitude
of the polarization in the three-electrode cell (Fig. 6f) seemed
to be more dependent on the sodium content or the state of
the charge, rather than on which electrochemical reaction with
sodium that took place, i.e. Reaction (1) or (2). This might indi-
cate that the polarization is connected to a resistance increase
due to the particle contact during desodiation. Moreover,
additional cycling of an oxide layer as well as trapping of Na
into the core of bismuth particles could likely amplify such a
resistance increase.

The resistance was measured in a three-electrode cell using
the intermittent current interruption (ICI) method (Fig. 7).”°
This revealed bismuth has a significantly lower resistance than
hard carbon electrodes,”*’ despite the relatively high mass-
loading of the bismuth anode. There was also a clear connec-
tion between the polarization during the rate test, with the
resistances expressed within the corresponding regions since
there is a clear increase of resistance at capacities about
75 mAh g, see Fig. 6f and 7d. This sharp increase in resis-
tance on the anode at about 75 mAh g™" corresponds almost
half-desodiated NazBi via the reaction (2).
Furthermore, the resistive region between 75 and 250 mAh g™*
supposedly spanned both the reverse reaction for reaction (1)

reverse
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and (2) for desodiation of Na;Bi and NaBi. This resistance
slightly increased as cycling progressed, which further indi-
cates that the resistance increase may be connected to the con-
traction of the material as sodium is removed. Moreover, scan-
ning electron microscopy images showed that bismuth par-
ticles seemed to become more porous as cycling progressed
(see Fig. S2t). This is in line with previous literature on
bismuth electrodes using the same formulation for the same
electrolyte solution.’* In summary, resistance measurements
indicated that it was indeed the bismuth that was limiting the
rate in the rate test. Moreover, a comparison of full-cells with
different bismuth mass loadings (Table S4t) strongly indicate
that the mass loading strongly influences the rate performance
of the full-cells.

Conclusion

The electrochemical performance of high mass loading
bismuth electrode for use in full-cell sodium-ion batteries is
demonstrated here. Glyme-based electrolyte solutions were the
only electrolytes that could enable stable cycling out of the
tested electrolyte solutions. Yet, the cyclic voltammetry experi-
ment indicated that even the diglyme based electrolyte solu-
tion continuously underwent side reactions at low potentials.
The cyclic voltammetry experiment also indicated that
Bismuth oxide on the surface of bismuth particles is reduced
during the first charging. Considering the relatively high mass-
loading of the bismuth anodes, the investigated full-cells dis-
played a fair rate capability. Bismuth may be less resistive
during sodiation than what has been shown in literature for
hard carbon, but the issue of compatibility with different elec-
trolyte solutions, large volume change during cycling, possible
formation of surface oxides, and also slow diffusion of sodium
ions to the core of bismuth particles make the material chal-
lenging for high-rate cells. However, high mass loading
bismuth electrodes can be cycled at a moderate rate (2 C)
when used with the glyme-based electrolyte solution, and if
the electrode is oxides to maximum 1.5 V.
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