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Electrochemical behavior of Bi,B,04 towards lithium —
reversible conversion reaction without nanosizing

a,b,c# b,c,d,e

Florian Strauss®®“*, Gwenaélle Rousse™“*¢, Dmitry Batuk®', Mingxue Tang®®", Elodie

Salager®®, Goran Drazi¢®, Robert Dominko®¢, Jean-Marie Tarascon®“%®*

? National Institute of Chemistry, Hajdrihova 19, SI-1000 Ljubljana, Slovenia

® UMR 8260 “Chimie du Solide et Energie”, College de France, 11 Place Marcelin Berthelot, 75231 Paris Cedex 05, France
“ALISTORE — European Research Institute, 33 rue Saint-Leu, Amiens 80039 Cedex, France

4 UPMC Univ Paris 06, Sorbonne Universités, 4 Place Jussieu, F-75005 Paris, France

€ Réseau sur le Stockage Electrochimique de I'Energie (RS2E), FR CNRS 3459, 80039 Amiens Cedex, France

f EMAT, University of Antwerp, Groenenborgerlaan 171, B12020, Antwerp, Belgium

& Université d’Orléans, CNRS, CEMHTI UPR3079, 1D avenue de la recherche scientifique, 45071 Orléans Cedex 2, France

Abstract

Conversion type materials, in particular metal fluorides, have emerged as attractive
candidates for positive electrodes in next generation Li-ion batteries (LIB’s). However, their
practical use is being hindered by issues related to reversibility and large polarization. To
minimize these issues, few approaches enlisting the anionic network have been considered.
We herein report the electrochemical properties of a bismuth oxyborate Bi4B,09 and show
that this compound reacts with lithium via a conversion reaction leading to a sustained
capacity of 140 mAh/g when cycled between 1.7 and 3.5 V vs. Li*/Li® while having a
surprisingly small polarization (~¥300 mV) in presence of solely 5% in weight of carbon
additive. These observations are rationalized in terms of charge transfer kinetics via
complementary XRD, HRTEM and NMR measurements. This finding demonstrates that
borate based conversion type materials display rapid charge transfer with limited carbon

additives, hence offering a new strategy to improve their overall cycling efficiency.



Introduction

Lithium ion batteries (LIB’s) play an important role in powering portable electronics.
Moreover, they are conquering the automotive market and stand as a contender for
stationary energy storage."? Presently, the state of the art materials for LIB’s are based on
intercalation compounds which rely either on cationic (e.g. LiCoO,, LiFePO4) or cumulative
cationic/anionic (Li-rich layered oxides Li;4,M1,0,, M = Mn, Co, Ni) redox processes as
recently reported.2 This latter finding has enabled the feasibility to reach 2 e per d-metal as
for B-Li2|r03.3 Nevertheless, electrodes functioning via conversion reactions were first
mentioned back in the 1978’s”* and fully demonstrated in 2000 for 3d transition metal oxides
(CoO, NiO...).> These reactions, demonstrated for binary metal oxides, were latter on
generalized to metal sulfides, nitrides, halides, phosphides. They enlist upon electrochemical
reduction a decomposition of the binary phases into metal nanoparticles embedded into a

matrix of Li,0, Li,S, LisP, according to the reaction scheme below (in the case of oxides). 67
M0, + 2ye” + 2yLi*t & xM° + ylLi,0 (1)

Such conversion reactions can deliver capacities exceeding 1000 mAh/g as compared
to 280 mAh/g for the best insertion electrodes, with potentials ranging from 0.2 V to 3 V
depending on the nature of the anion. The more electronegative the anion is, the higher the
redox potential. This explains the use of 3d-metal based fluorides as positive electrodes.
However, the capacity benefits offered by these conversion electrodes are negated by a
large irreversible capacity (~ 25%) during the first cycle and poor energy efficiency associated
with a large polarization between charge and discharge. Additionally, in presence of highly
insulating compounds (fluorides), there is a need to prepare nano-composite electrodes
heavily loaded in carbon (~ 30%) to ensure a proper electronic conduction. This
electrochemically dead carbon weight penalizes the overall electrode capacity. Nevertheless,
positive electrodes based on either FeF,, FeFs; or BiF; were intensively studied together with
their corresponding oxyfluorides FeOF Fe”(l_x)Fe”'xOsz_x and BiOXF_:,_ZX.S_12 The partial
substitution of fluorine for oxygen was purposely done to enhance electronic conduction.
Nevertheless, the large voltage hysteresis, which is known to increase from hydrides to
phosphides, oxides and fluorides,”*? still remained an issue in terms of round trip energy
efficiency. Herein, to further explore the effect of the anion electronegativity on the voltage

polarization, we decided to study Bi compounds based on polyanions (BOs)*. Thus, our
2



interest for bismuth oxyborate (BisB,0g) which has been intensively studied for its optical

1415 we investigate for the first time the reaction mechanism of BisB,0q versus Li

properties.
and found that this compound can deliver reversible capacities of 140 mAh/g with an
average redox potential of 2.3 V and a surprisingly small polarization (~300 mV), while solely
using 5 wt.% of carbon additive. Complementary galvanostatic measurements combined
with in- and ex situ X-ray diffraction (XRD), high resolution transmission electron microscopy

(HRTEM) and ’Li nuclear magnetic resonance (NMR) spectroscopy are used to rationalize

such findings.

Experimental section

a) Synthesis: Bismuth oxyborate BisB,05 was obtained by mixing stoichiometric amounts of
bismuth oxide Bi,O3 (Alfa Aesar) and boric acid H3BOs (Alfa Aesar 99+%) with a mortar and
pestle and annealing the mixture at 600°C for 36 h in air inside an alumina crucible with one
intermediate grinding. Prior to usage, Bi,O3; has been annealed at 700°C for 12h in air in
order to decompose bismuth carbonates which partially form during storage of Bi,Os in
ambient atmosphere. After the heat treatment the purity of Bi,O3 was checked through XRD
with the corresponding Rietveld refinement shown in Figure S1 indicating that Bi,Os is single

phase and presents a good cristallinity.

b) Electrochemical characterization: Electrochemical test were carried out in Swagelok-type
cells. The active material was prepared by mixing 300 mg BisB,09 powder with 5 wt.%
Carbon Super P (Alfa Aesar 99+%, BET surface area 62 m3/g) in a stainless steel jar (10 mL
volume) and one stainless steel ball (4 g) for 10 min using a SPEX high energy miller. The cells
(Swagelok type) were assembled in an argon filled glove box (MBraun, Germany, O,/ H,0 <
0.1 ppm) using a metallic lithium disc as the anode. Approximately 10 mg of the active
material in powdered form was used as the cathode, separated by two sheets of glassy fiber
separator soaked with LP100 electrolyte (1M LiPFg in a mixture of ethylene carbonate
EC/propylene carbonate PC/dimethyl carbonate DMC 1/1/3 w/w/w). Galvanostatic charge/
discharge cycling was performed at room temperature on a VMP3 potentiostat (BiolLogic
S.A., Claix, France). The current was set to a specific C-rate, where a rate of 1C corresponds

to a current which inserts/removes 1 Li* per formula unit during 1 hour.



c) Physical characterization:

X-ray powder diffraction patterns were recorded in Bragg-Brentano geometry with a Bruker
D8 Advance diffractometer equipped with a copper source (Acukar = 1.54056 A, Acukaz =
1.54439 A) and a LynxEye detector. An in-house built sample holder equipped with a Be
window transparent to X-rays™® was used for collecting the XRD patterns of the air sensitive
samples. Prior to examination, the cycled powders were recovered inside the glove box,
washed 3 times with DMC, dried in vacuum and filled into the sample holder without
exposing them to ambient atmosphere at any time.

For in situ XRD experiments a similar setup as described above was used and the cell was
discharged/charged using a C/10 rate corresponding to the uptake/removal of 0.1 Li per 1
hour. Patterns were continuous recorded for a 20 range from 5 to 60° with a collection time
of 1 hour for each scan.

Powder patterns were refined using the Rietveld method®’ as implemented in the FullProf
program.’® Pristine samples of Bi,B,04 were investigated through combined HRTEM and
electron energy loss spectroscopy (EELS) analysis using a Cs probe corrected Scanning
Transmission Electron Microscope Jeol ARM 200 CF equipped with Centurio EDXS system
from Jeol with 100 mm? SDD detector and Gatan Quantum ER Dual EELS system.

To examine cycled samples of BisB,04/C, the recovered powder was grinded in a mortar and
holey carbon TEM grids were dipped into the powder. To avoid exposure to air, the samples
were stored and prepared for TEM in an Ar filled glovebox. A special Gatan vacuum holder
was used for the transfer of the samples from the glovebox to the TEM in order to avoid air
exposure. Electron diffraction (ED) data, EDX spectroscopy elemental maps and high
resolution transmission electron microscopy (HRTEM) images were acquired on an FEI Osiris
microscope operated at 200 kV and equipped with a Super-X EDX detector.

’Li magic-angle-spinning (MAS) NMR experiments were performed on a Bruker Avance Il
spectrometer in a 4.7 T magnetic field with a ’Li Larmor frequency of 77.8 MHz. Electrodes
were packed into 1.3 mm rotors inside an Ar-filled glovebox and spun at a MAS rate of 62.5
kHz (unless specifically stated elsewhere) under N, protection. The recycle delay was varied
from 8 to 20 s to make sure that the excited spins were fully relaxed. The 90° pulse length
was calibrated as 1.38 ps. LiCl(s) with a ’Li chemical shift at 0 ppm was used as the shift

reference. The spectra were calibrated by samples weight and number of scans.



Results and Discussion

a) Structural characterization

The resulting yellowish Bi,B,0, powder made at 600°C consists of agglomerated
crystals whose size ranges from 5 to 10 um (Figure 1, inset). The corresponding XRD pattern
and the Rietveld refinement recorded for a 26 ranging from 5 to 100° are shown in Figure 1.
All peaks could be indexed in a monoclinic space group P 21/c with the unit cell parameters a
= 11.1153(8) A, b = 6.6324(1) A, c = 11.0447(3) A, P = 91.0465(3)° and V = 814.009(4) A, as
reported in literature.'*'® All atoms are placed in general positions 4e with four
crystallographic sites for bismuth, two for boron and nine for oxygen atoms. The final atomic

positions are given in Table S1.
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Figure 1: Rietveld refinement of BisB,09and representative SEM images of the powder
obtained after the solid-state synthesis. The red crosses, black continuous line and bottom
green line represent the observed, calculated, and difference patterns respectively. Upper
and lower vertical blue tick bars are the Bragg positions of Bi4B,0g and the impurity phase

Bi24B,039 (0.4 wWt.%).

The atomic arrangement within the unit cell is shown in Figure 2. Boron is trigonal

planar coordinated by oxygen forming regular BO;> triangles (average B-O bond distance



1.3396 A) which are stacked in parallel along the b-axis (Figure 2). Bismuth is four- and five-
fold coordinated by oxygen forming asymmetric truncated BiO4 and BiOs polyhedra with Bi-
O distances ranging from 2.150 to 2.492 A. Note that three crystallographic independent
oxygen atoms (denoted 01, 02 and 04) are solely connected to Bi atoms and are not part of

borate groups, hence BisB,09 can be called an oxyborate.
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Figure 2: Structure of Bi;B,04 projected along the b-axis. Bismuth, boron and oxygen are
drawn in purple, green and red respectively.
Figure S2a shows a typical XRD pattern of the BizB,04/C composite after ball milling with
carbon black for 10 minutes. There is a slight broadening of the Bragg peaks pertaining to
Bi;B,0,, indicative of a decrease in the sample particle size. Rietveld refinements were
undertaken with an isotropic size parameter (Scherrer formula) as a refinable parameter.
Results indicate a decrease in the average crystallite size from ~6 um to ~680 nm for the
pristine and milled BisB,0,, respectively. This was further confirmed by electron microscopy

of the carbon/active material composite as shown in Figure S2b.



b) Electrochemistry

A typical voltage composition curve in galvanostatic mode between 1.0 and 3.5 V together
with the corresponding derivative plot is shown in Figure 3 and capacity retention is shown
in Figure 4. The initial reduction corresponds to the reaction of 12 Li* with one mole of
BisB,0s. Such a Li uptake is associated with two different voltage regimes. At the beginning
of the discharge, a flat plateau at 1.8 V is visible concomitant with the uptake of 8 Li7,
followed by an S-shape domain centered around 1.4 V and corresponding to the uptake of 4
Li*. On following charge, 8 Li* can be extracted via two different voltage regimes located at
~1.6 and ~2.5 V (Figure 3b). On subsequent cycling, the initial reduction processes around
1.8 and 1.4 V become reversible with the former one shifted up to 2.2 V through the
subsequent discharges (Figure 3b). This potential difference between the initial and
following discharge is typically observed for conversion type materials since different
reaction pathways occur during the initial and subsequent reductions. The potential drop is
larger during the first discharge because of the higher activation energy needed to trigger
the conversion reaction as explained in the first seminal paper on this topic.5 After this
formation step, the second and subsequent discharges will be kinetically less limited owing
to the nano character of the formed composite, hence the discharge potential is increased.”
An irreversible loss in capacity between the first and second discharge (about 33%) is

observed and the initial capacity decays of about 50% within the first 3 cycles (Figure 4).
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Figure 3: (a) Voltage-composition curve of BisB,09 versus Li*/Li° cycled at a C/10 rate
between 1.0 and 3.5 V and (b) the corresponding derivative plot.
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Figure 4: Capacity retention of Bi4B,04/Li half-cell cycled between 1.0 and 3.5 V with a C/10
rate.

The complete reduction of Bi;B,09Vvia a conversion reaction would require, according
to reaction 2, the uptake of 12 Li* and 12 e to form elemental Bi, lithium oxide Li,O and
lithium borate Li3sBOs. This number is in good agreement with the amount of reacted Li
deduced from the electrochemical trace down to 1.0 V (Figure 3a), however the reaction is
only partially reversible as not the entire Li could be extracted upon subsequent charge to
3.5 V; a main characteristic of conversion reaction which always shows large irreversibility

between first discharge and first charge.’

BiyB,0y + 12Li* + 12e” o 3Li,0 + 2LisBO; + 4 Bi° Q)

X-ray diffraction measurements upon cycling were realized to examine Li-driven
structural changes in BisB,09 using a homemade cell equipped with a Be window transparent
to X—rays.16 We initially scrutinized the sloping voltage region at the beginning of the initial
reduction centered around 1.9 V (green rectangle, Figure 3a). The collected in situ XRD
patterns together with the corresponding electrochemical trace are presented in Figure 5.
One can notice constancy in the intensity of the reflections (zoom Fig. 5b) and that neither a
shift of the pristine reflections nor an appearance of a new phase was observed. However
the onset of an insertion prior to a conversion reaction has been observed in literature for

21-23

several other conversion materials. Although a possible Li contribution in the XRD



patterns should be heavily masked by Bi (Z = 83), Li intercalation would lead to a change in
lattice parameters. However the refined lattice parameters based on the in situ recorded
XRD patterns are shown to be constant (Figure S3) for a Li uptake for x = 1, hence a Li

insertion process into BizB,0g can be excluded.
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Figure 5: In situ XRD of a Bi,B,04/Li half-cell cycled at C/10 for the uptake of 1 Li*. (a) Global

view of the overall scanned 26 angle, whereas in (b) a magnification of the main reflections

is shown and in (c) the corresponding electrochemical trace is presented.

To pin down the origin of the process occurring at the beginning of the initial discharge,
BisB,04/Li cells were discharged with different C-rates, ranging from 1C to C/100 (Figure
S4a). When the C-rate decreases, we note a more defined pseudo-plateau around 1.95 V
which disappears for rates higher than C/5 indicating kinetic limitations of this process. Since
in situ XRD ruled out a Li* insertion process, we hypothesize that the initial pseudo-plateau
region is most likely related to surface reactions. This hypothesis is confirmed by comparing
the initial discharge between a ball-milled and handground Bi;B,0o/C composite with
namely an increase (Figure S4b) of the initial sloping region from x = 0.25 to x = 1 for the ball
milled samples which present the greatest surface area.

Interestingly, HRTEM (Figure 6a) provides evidence for the presence of a ~3 nm thick
amorphous surface layer on pristine BisB,09 particles, which is mainly made up of
amorphous bismuth oxide Bi,O, (Figure 6b, c). This observation suggests the removal of
some oxygen from the amorphous surface layer during the sloping initial voltage region to

lead to the formation of Li,O and an oxygen deficient surface BiO,.,. In favor of such an

9



explanation let us recall that the voltage-composition profile of Bi4B,0g versus Li presents a
profile alike the one obtained during the electrochemical reduction of BIMEVOX phases
(BisV2011, BizsPbo.4V2011., BisV1gCug,011,),>** which has been previously reported as being
nested in an oxygen removal process of the pristine material upon reduction, yielding to
BisV,010.66 and an amorphous Li,O shell formed around the particles.”® Thus we assume that
a similar reaction takes place in the case of Bi;B,0,. Note that we were unfortunately not
able to any further insights through TEM analysis, due to the beam sensitivity of the milled

BisB,0g particles once discharged.
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Figure 6: (a) STEM picture of a BisB,0g particle as synthesized where an amorphous surface
layer is highlighted between the two white dashed lines. (b) EELS analysis along the orange
arrow indicated in (a) where the amorphous surface layer is indicated with the grey shaded

area and (c) shows a zoom of that region.

The in situ XRD patterns and the corresponding electrochemical trace when the
discharge is further continued down to 1.7 V are shown in Figure S5. There is a decrease in
the intensity of the pristine reflections to the expense of a broad bumpy background for
angles greater than 22.5° 26 (Figure S6a). This is indicative of the appearance of some diffuse
scattering, implying a Li-driven amorphization of the “Li\Bi4sB,0s” material.

Additional ex situ XRD patterns were recorded for two different samples that have
been discharged to 1.0 V and charged back to 3.5 V (Fig. S6b). The powders, prepared by
disassembling cycled cells inside the glove box, were recovered, washed twice with DMC and
dried under vacuum prior to measurement. The X-ray powder pattern collected at 1.0 V is
featureless with the exception of some weak reflections over the 28°- 32° 20 region,
implying a pronounced amorphization of the “Li,BisB,04” material. These weak features are

still present in the XRD pattern fully charged (3.5 V) sample, hence indicating that they are
10




likely due to traces of non-electrochemically connected pristine materials. On subsequent
cycling, we noticed that the amorphous nature of the electrode composite remains.

To get further insights into the Li-driven structural/morphological changes on the
partly reduced or oxidized samples, we performed TEM measurements. A representative
image of BisB,09 reduced to 1.0 V (Figure 7) shows the appearance of nanoparticles
embedded in an amorphous matrix. The selected area electron diffraction (SAED) analysis of
the nanocomposite (Fig. 7b) shows characteristic diffraction rings/spots characteristic of
elemental Bi. Note that due to their very small size (~5 nm) and the resulting large peak
broadening, we could not identify Bi reflections in the corresponding XRD pattern at 1.0 V
(Figure S6b) that shows a high background due to the presence of amorphous phases. The
identification of Bi nanoparticles was further confirmed by EDXS. However, we could not
probe the distribution of Li and B, since EDX analysis cannot spot light elements.
Additionally, we observed a strong agglomeration of the Bi nanoparticles (Figure 7c) after
discharge to 1.0 V. Lastly, Bi particles could be also be spotted with SAED in the recharged
3.5 V sample (Figure S7a), even though the diffraction rings are less pronounced as
compared to the discharge sample indicative of a lower amount of Bi present in the charged
sample. Overall the results obtained from TEM at this stage explain the poor reversibility on
subsequent cycling due to kinetic limitations associated to particles coarsening and
agglomeration of Bi. However, we could not reconfirm the formation of BisB,04 since the
collected SAED patterns reveal barely detectable rings besides the one denoted to Bi (Figure

S7b), indicative of the amorphous nature of the recharged phase.

11
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Figure 7: (a) TEM image of a sample discharge to 1.0 V. The orange arrow in the inset is
indicating the bright amorphous matrix consisting of Li,O/ LizBOs. (b) SAED image of the
composite. (c) TEM image and the corresponding elemental maps for Bi, O and C given in

red, blue and green respectively.

In short, we could demonstrate through TEM the partial reversible formation of
elemental Bi upon the electrochemical reduction of BisB,09 versus Li. However the
formation of Li,O and LisBOs as stated in the reaction scheme (equation 2) could not be
evidenced yet due to their most likely nanocrystalline/amorphous nature, similar as
observed in the case of transition metal borates.?® As an attempt to circumvent this issue,
Nuclear Magnetic Resonance (NMR), which is a suitable tool for probing local structures®’~°
and their evolvement upon electrochemical cycling was used taking advantage of the ’Li

nuclei.3%3?

Well-resolved ‘Li NMR measurements were performed for BisB,0s samples
discharged to 1 V and 1.7 V prior to recharge each of them to 3.5 V as shown in Figure 8.
Only one sharp resonance locating at 0 ppm is observed for all the chosen electrodes,
indicating that both of the formed products Li,O and LisBOs; are diamagnetic. The residual
interaction are observed by obvious spinning side bands (SSBs) cover over ~1600 ppm even

12



under fast spinning, indicating partially disordered structure and strong dipolar interaction
within these electrodes, in accordance with the amorphous/nanocrystalline nature of the
Li,O/LisBO3 matrix (Figure 8a, inset). Moreover, by integration of the ’Li NMR signal for both
1 and 3.5 V samples, we could deduce a “Li signal 3 times larger for 3.5 V sample as
compared to the 1 V sample, which is consistent with the corresponding Li content of ~12
and ~4 in the 1.0 and 3.5 V samples, respectively (Figure 3a). Altogether, these observations

confirm the overall reaction scheme proposed in equation 2.
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Figure 8: (a) 'Li MAS NMR spectra of Li,BisB,0q electrodes at different states of charge/ discharge
and (b) the enlargement of the framed region are shown in (a). The asterisks marked in (a)
demonstrate the SSBs. Spectra are calibrated to mass weight of electrodes and number of

scans.

Finally, the existence of two plateaus at 1.8 and 1.4 V in the discharge curve (Figure
3) suggests step-wise reactions, which are difficult to fully study because of the
amorphous/nanocrystalline nature of the formed products. Nevertheless, previous studies
on 3d-metal borates have indicated the formation of Li;BOs; at redox potentials depending
upon the nature of the 3d—metal,26 while reactivity of 8-Bi,O3 and a-Bi,Os vs. Li occurs via

8,33

conversion reactions at 1.8 and 1.2/1.4V respectively.”>> Note that this is nearly the same

redox potentials we have measured when discharging BisB,0g vs. Li. Although quite

13



speculative, it is thus tempting to hypothesize that during the conversion of BisB,0s there is
first the conversion of the borate leading to the formation LisBO3 and Bi, and simultaneously
to the growth of the two 6and o Bi;Os polymorphs. Both polymorphs will undergo
conversion reactions at 1.8 and 1.4 V respectively (accompanied with the formation of Li,0
and Bi), before all BisB,09 is converted, with the length of the different plateaus
corresponding to the relative ratio of these polymorphs. Although we do not have evidence
for the existence of Bi,O3 from electron microscopy at present, our hypothesis of starting
with the formation of LizBO3 and then Li,O seems to be reasonable, and similar observations
have been made for the bismuth oxyfluoride system. This system was shown to react with Li
via a conversion reaction, but the conversion of the fluoride occurs first, followed by the
conversion of the as-formed bismuth oxide.®

At this stage a legitimate question deals with the poor reversibility of the reduction
process when the cycling spans over the 1 to 3.5 V voltage range and whether it could be
improved by limiting the potential window. To check this point, Bi;B,00/Li half cells were
cycled between 1.7 and 3.5 V (Fig. 9a). The voltage-composition curve shows, aside the
initial step voltage previously discussed, a discharge plateau at 1.8 V corresponding to the
uptake of 8 Li*. On the subsequent charge, which shows an S-type voltage profile, only 5 out
of the 8 uptake Li* ions can be released, hence leading to an irreversible capacity of ~35 %.
Note that the following discharge does not follow the first one and this is indicative of a
conversion reaction. Once the first cycle is achieved, the average potential of the cell is
about 2.3 V with a sustained reversible capacity of ~140 mAh/g for several cycles prior the
appearance of a noticeable fading (Figure 9b). This strongly improved capacity retention by
limiting the voltage window from 1.0 -3.5V to 1.7 — 3.5V, does not come as a total surprise
as it is known that by increasing the discharge cutoff potential Bi agglomeration is minimized
(Figure S8a versus Figure S8b, and Figure 7).2* Moreover by cycling Bi;B,0g over a high
potential window, parasitic side reactions such as reductive electrolyte decomposition are
not as pronounced as for potentials < 1.7 V. This continuous decomposition most likely leads
to the formation of an insulating organic layer, propagating particle separation/ coarsening
and thus deteriorating charge transport throughout the composite leading to an increase in

3536 Interestingly, 'Li NMR measurements for

voltage polarization upon cycling (Figure 10a).
electrode samples discharged 1.7 and recharged to 3.5 V (Figure 8) reveal the existence of

Li,O and LisBOs . Again the signal integration for the discharged sample (1.7 V) is about 3

14



times greater than for the charged one (3.5 V), consistent with the Li content deduced from

the voltage composition curve (Figure 9a).
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Figure 9: (a) Voltage-composition curve of BizB,0q versus Li cycled at a C/10 rate between
1.7 and 3.5 V and (b) the corresponding capacity retention.

Two other important experimental findings are worth mentioning regarding the
cycling performances of BisB,04/Li cells. They are i) the ability to reversibly cycle Bi;B,0q
powders made of macroscopic particles with only 5 wt.% carbon additive and ii) the small
cycling hysteresis around 300 mV, while usually conversion reaction electrodes require at
least 20% of carbon and show voltage polarization greatly larger. The origin of such a
difference is most likely rooted in the presence of a ~¥3 nm thick amorphous surface layer
onto the Bi;B,0q particles, as deduced by HRTEM (Figure 6a), which is mainly made up of
amorphous bismuth oxide (Figure 6b, c). Since it is well known that non-stoichiometric metal

3739 we can hypothesize that

oxides, namely Bi-oxides can promote electronic conductivity,
this layer is responsible for enhanced charge transfer kinetics, enabling electronic
conducting, hence accounting for the use of solely 5 wt.% of conductive carbon additive. This
hypothesis is supported by the fact that BizB,0g as synthesized could be electrochemically
cycled without any conducting additive between 1.0 and 3.5 V (Figure S10), although the
reversibility is very poor once the material is electrochemically grinded, due to the loss of
electronic percolation throughout the formed composite composed of insulating Li,O and

LisBOs phases. The positive effect of this amorphous surface layer on the electrochemical

activity of BisB,0q is raising questions about its origin and how to control its formation.
15



Boron species (in particular boron oxide B,0s3) are well known to be volatile at elevated
temperatures,*®™ hence the feasibility to form a boron deficient surface layer during the
prolonged annealing treatment.

Turning the relative small voltage polarization observed for BisB,0, it is of the same
amplitude as displayed by other borates which react towards Li via a conversion reaction.
2643 Although the origin of such polarization is not fully understood, theoretical studies and
recent experimental work on the conversion reaction of Co304 with Na,* suggest that it is
associated to different thermodynamic paths for charge and discharge that are correlated to
the difference in ionic mobilities between Li and displaced ionic species (herein B, O,
Bi).2***> Borate species may thus play a crucial role as network former leading to a
continuous amorphous matrix promoting enhanced ionic conductivity as observed for a wide

range of borate glasses.**™

Conclusion

We have reported that BisB,0q reversibly reacts versus Li via a conversion-type
reaction leading to the formation of Bi nanoparticles surrounded by an amorphous matrix
composed of Li,O and LisBOs, as deduced by combined XRD, TEM imaging and ‘Li NMR
spectroscopy. We found this process to be reversible by limiting the cycling voltage range to
1.7 — 3.5 V so that capacities of 140 mAh/g can be achieved at an average potential of 2.3 V.
Moreover, bearing in mind that the density of Bi;B,0q is large (8.17 g/cmg), we can reach a
volumetric energy density of 2819 Wh/L. Remarkably such values can be achieved with both
a small polarization (300 mV) and the addition of solely 5 wt.% carbon, which is quite
unusual for conversion type cathode materials. Such a finding is rationalized through the
appearance of an amorphous nanometer thick Bi-oxide rich surface layer during the
synthesis of Bi;B,0g Which in particular enhance electronic transport. Having point out the
importance of surface morphology and benefit of the borate species towards the
electrochemical properties of conversion type electrode materials, it now pertains to see if

this concept can be applied to other borate based conversion materials.
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Galvanostatic charge-discharge curve for a Bi;B,09/C macrocomposite, highlighting the small

voltage hysteresis for the conversion reaction around 300 mV.
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