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Abstract

Metallic and complex hydrides may act as anode and solid electrolytes in next generation of
lithium batteries. Based on the conversion reaction with lithium to form LiH, Mg- and Ti-
based anode materials have been tested in half-cell configuration with solid electrolytes
derived from the hexagonal high temperature modification of the complex hydride LiBH,.
These anode materials show large first discharge capacities demonstrating their ability to
react with lithium. Reversibility remains more challenging though possible for a few dozen
cycles. The work has been extended to full-cell configuration by coupling metallic lithium
with positive electrodes such as sulfur or titanium disulfide through complex hydride solid
electrolytes. Beside pure LiBH; which works only above 120 °C, various strategies like
substitution, nanoconfinement and sulfide addition have allowed to lower the working
temperature around 50 °C. In addition, use of lithium closo-boranes has been attempted.
These results break new research ground in the field of solid-state lithium batteries. Finally,

operando and in-situ neutron scattering methods applied to full-cells are presented as
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powerful tools to investigate and understand the reaction mechanisms taking place in

working batteries.



Introduction

Dense energy packing is a key issue for future development of renewable energy production
and will lead to increasing needs for mass storage. Energy can be stored in many ways, but
chemical and electrochemical ones are foreseen as very promising in the future. In that field,
hydrogen-based energy storage offers a good alternative to other methods and has been
extensively studied in the frame of the IEA-HIA task 32. Beside solid-state storage of gaseous
hydrogen with metallic or complex hydrides, electrochemical storage is one of the most
advanced commercial applications developed so far, for hydrides with well-known alkaline
Ni-Metal Hydrides (NiMH) [1-4]. Recently, a breakthrough was realized by demonstrating
that metal or complex hydrides can be also used for lithium-based electrochemical cells
either as anodes or electrolytes. Lithium batteries are considered as one of the most
advanced technologies for electrochemical energy storage. However, their energy densities
are still too low to respond to the highly demanding mass storage and they suffer from
serious safety issues, mainly related to the use of organic liquid-based electrolytes. Using
hydrides for such batteries can bring smart solutions to those drawbacks as they can be
implemented either as high-capacity anodes through a conversion reaction with lithium
or/and as high- ionic conductivity solid electrolyte allowing fast lithium transport between

both electrodes.

Several review papers [5-7] have been already published on this topic by IEA-HIA task 32
partners but, beyond the materials properties of complex or metallic hydrides, the most
important challenge consists of building practical batteries. The present paper focusses on
the recent development of half- and full-cells® using the combination of solid hydride-based
electrolytes and metal hydride anodes that pave the way to future hydride-based efficient
electrochemical storage systems, and further expand the concept of Li-ion battery
technology. It also addresses the needs for operando or in-situ characterization of working
batteries using penetrating neutron beams to probe reaction mechanisms within the

electrochemical cells.

% In this paper, half-cell signifies a cell made of lithium as counter-electrode facing a “low potential active
material” than can be considered as a negative electrode (or anode) while full-cell defines a cell made of

lithium (or metallic hydrides) facing a "high potential active material" that can be considered as a positive
electrode (or cathode) in a real battery.



Half-cell configurations combining metal hydride anode and complex hydride electrolyte

MngEHleiBH4/Li

The complex hydride Mg,FeHg was recently employed as conversion type anode with a solid
state LiBH4 electrolyte at 120 °C [8]. This configuration provided a factor-3 increase in the
capacity retention compared to the conventional counterpart employing standard liquid
electrolyte. The initial columbic efficiency also improved from the use of the solid-state
electrolyte by a factor of approx. 2.5. Characterization of the charge-discharge mechanism
in the MgH, and LiBH,; system showed that it follows the expected conversion reactions

according to eq. 1. [9]

Mg,FeHg¢ + 6Li - 2 Mg + Fe + 6LiH (1)

However, cyclic voltammetry, galvanostatic intermittent titration and PXD suggested that

MgH, may form as an intermediate during both charge and discharge.

MgH,+CoO [LiBH,[Li

Ongoing research on MgH, shows that the capacity retention can be enhanced by addition
of an electrochemically active CoO conversion-type anode to MgH, [10]. This approach
consisted first to assess the performance of the improved single MgH, anode (without any
added catalyst) and then after CoO addition in solid-state Li-ion battery configuration using
LiBH4 as solid electrolyte at 120°C. The cycling led to formation of a single-plateau of the
75MgH,+25Co0 nanocomposite electrode with higher reversibility yield, lowered discharge-
charge hysteresis and mitigated kinetic effect. The presence of CoO is clearly contributing to
the improvement of the cyclability and reversibility while remaining active and delivering an
extra capacity. Reduced diffusion pathways and less polarized electrodes are believed to be
at the origin of such beneficial properties, owing to the in-situ formation of highly dispersive

Co/CoO0 nanoparticles in the electrode matrix.

MgH: [ (Li(BH4)o.7510.25)+(Li>S)0.80(P2S5)0.20) [ Li

While using LiBH,; as solid electrolyte, the need for heating at 120 °C to get good ionic
conductivities will limit its usage to some applications where the source of heat is accessible

at low cost. Tentative to lower the temperature, down to room temperature, of the Li*



conducting solid-electrolyte in the MgH,|LiBH4|Li cell by halide-substitution and further
(Li,S)o.80(P2Ss)0.20 solid electrolyte incorporation has been reported recently by Hauback’s
group [11]. The study demonstrates a possible improvement (1* cycle almost full reversible

capacity) at moderate temperature while the optimization of the configuration is needed.

An apparent increase of the capacity can be seen during re-charge. This is may be due to the
complexity of the conversion mechanism in a solid-state configuration during the phase
separation (MgH, > Mg + 2LiH), along with the changes in the structural, electronic and
surface variations between the (dis)charged states [11]. Only few studies reported on the
conversion mechanism in solid-state batteries; one can expect that future works can bring

more insights on this type of combination and potential prospects.

Microstructural characteristics (synchrotron radiation powder X-ray diffraction (SRPXD) and
transmission electronic microscopy (TEM)) of the MgH, powder used in this study are shown
in Figure 1a & b), indicating a well crystalline tetra-MgH, with reduced grain size (3-7 nm).
Particles with sizes in the order of 150 nm can be seen (Figure 1b), though some larger
agglomerates are still present. The calculated d-spacings from the spots agree with tetra-
MgH,. The solid electrolyte was synthesized by mixing the hexagonal phase Li(BH4)o.75l0.25
with (Li2S)o.80(P2Ss)0.20 precursor followed by annealing at 240 °C and 20 bar H,. The final

product gives an ionic conductivity of about 10 S cm™ at room temperature (RT).
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Figure 1. PXD patterns (a) and bright field TEM micrographs (b) of the 24h-milled MgH, under H, atm. (Inset:
Fourier transform of the bright field TEM image); RT discharge-charge (3 first cycles, 30 °C, 0.01 mA cm'z)



galvanostatic profiles of the standard TiS, electrode (c) and MgH, tape (d) using the same SE. Inset: two-sided
picture of the assembled different layers of the solid-state Li-ion cell [11].

This electrolyte system was tested first with TiS, electrode at low applied currents at RT in
the configuration TiS;|Li(BHa4)o.75l0.25+(Li2S)0.75+(P2Ss)o.25 | Li (Figure 1c). The capacity of the
initial discharge corresponds to 89% of the theoretical one with a reversibility yield of

around 90%. Up to one Li can be inserted assuming eq. 2:
xLi + TiS;—> LiTiS; (2)

The discharge/charge profiles were then recorded for the same cell configuration when TiS,
electrode is substituted by MgH, tape electrode (Figure 1d) [11]. It presents flat discharge-
charge plateaus and low polarization-hysteresis. The obtained discharge capacity reflects
only a part of the total active material; most probably the loaded mass is not fully involved in
the process. Interestingly, the obtained 1°' cycle reversibility exceeds significantly the one
obtained with liquid electrolyte for the same MgH, tape electrode [12]. The results point to a
means of guided cell assembly and possible enhancement at the electrode/electrolyte level

and fabrication process.

Full-cell configurations using Li metal anode and complex hydride electrolyte

Li[LiBH4+LiCl[S or TiS,

Solid-state Li-S (working voltage = 2.2 V) [13,14] and Li-TiS, (working voltage = 2.1 V) [15]
employing LiBH4 as solid electrolyte present high performances over repeated discharge-
charge cycles. The Li-S battery delivered an initial discharge capacity of 1140 mAhg™ at a rate
of 0.05C (C=1672 mA g™) at 393 K, which corresponds to 68.2% of the theoretical capacity
(1672 mAhg™) [14] (Figure 2a). In addition, 64.0% of the initial capacity was retained after 45
cycles. In the case of Li-TiS, battery cycled at a rate of 0.2C at 393 K, the discharge capacity
was 205 mAhg™ (theoretical capacity = 239 mAhg?) in the second cycle, and this value
dropped only to 180 mAhg™ after 300 cycles, corresponding to an 87.8% capacity retention
[15] (Figure 2b). A combined experimental and computational analysis revealed that the
Li,B1>H1, interfacial phase, which displays superior oxidative stability compared to LiBH,4, was
formed between the TiS, cathode and the LiBH, solid electrolyte, enabling the reversible and

stable lithium ion transfer across the interface.



The main challenge of the LiBH, solid electrolyte is the high phase transition temperature,
requiring high temperature operations. In this regard, the substitution of halide ions such as
CI, Br, and I for the BH complex anions in LiBH,4 significantly lowers its phase transition
temperature [16], leading to considerable progress in all-solid-state batteries using LiBH4-
based solid electrolytes. When the Cl-substituted LiBH,4 (Li[BH4,Cl]), which displays the phase
transition at approx. 345 K, was used as solid electrolyte, solid-state Li-S batteries showed
reversible discharge-charge reaction even at 383 K [13] (Figure 2c). However, the battery

using Li[BH4,Cl] showed worse cyclability compared to that using LiBH,4, due to the alleviated

electrochemical stability of the solid electrolyte by the Cl-substitution.
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Figure 2. All-solid-state batteries using LiBH,-based complex hydride solid electrolytes. Discharge-
charge profiles of (a) Li|LiBH,|S [14], (b) Li| LiBH4| TiS, [15], and (c) Li| LiBH,+LiCl|S batteries [13].

Li|LiBH,@Si0, /S

Solid-state lithium-sulfur batteries with LiBH,@SiO, nanocomposite as electrolyte were also
realized by Das et al. [17]. In these Li|LiBH;@SiO,|S+C batteries, Li metal on stainless steel
current collector is used as negative electrode while the solid-electrolyte is a composite of
LiBH; and ordered mesoporous silica (MCM-41) prepared via melt infiltration under
hydrogen pressure [18,19]. The solid electrolyte contained 54 wt.% LiBH4 which corresponds
to 160 % of the pore volume of the silica, allowing the extra LiBH,; to provide a percolating
ion pathway between the two electrodes. The S+C electrode are fabricated by ball-milling
mixture of elemental sulfur and conductive carbon (45:55, S:C weight ratio) followed by
melt-diffusion at 155 °C to improve the dispersion of sulfur in the carbon matrix [20]. The
conductive carbon is a mixture (1:1 weight ratio) of Ketjen Black and activated carbon, a
compromise between high electronic conductivity and large surface area, with 10-15 wt%

polyvinylidene fluoride (PVDF) added as binder.

The authors showed that the nanoconfined LiBH4; exhibits very good properties as solid
electrolyte to be used in lithium-sulfur batteries. They reported a conductivity of 10 Scm™
at room temperature, three orders of magnitude larger than that of unmodified LiBH4 and
investigated the nature of the conduction in LiBH;@SiO, nanocomposite by measuring the
electronic (t.), ionic (t;,n) and cationic transport numbers (t,) which are crucial properties for
effective electrolytes in battery applications. They showed that the composite has a cationic
transport number of 0.96 and negligible electronic conductivity, hence the nanocomposite is
close to a pure cationic conductor. The stability of the nanocomposite in contact with lithium
metal was investigated by galvanostatic plating-stripping cycles using symmetric Li electrode
cells. Only a slight increase (4.5%) in cell resistance was observed in 40 cycles. This is
excellent for solid electrolytes, which are known to face challenges, reacting with lithium

metal or with maintaining good interfacial contact with electrode materials during cycling.
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Figure 3. Cyclic voltammogram (at 55 °C and scan rate of 0.1 mVs'l) of a solid-state Li|LiBH,@Si0,|S+C battery
based on a LiBH,-Si0O, nanocomposite electrolyte [17].

The solid-state Li-S battery realized with LiBH;@SiO, nanocomposite electrolyte showed a
very good performance, delivering high capacities, typically 1220 mAhg™ after 40 cycles at
moderate temperature (55 °C) and working voltage of 2 V, albeit at a relatively low charge-
discharge rates (0.03 C). Except for the first cycle, the cyclic voltammogram of a solid-sate
Li-S battery (Figure 3), exhibited clear peaks at around 1.4 V during the cathodic scan and
around 2.4 V during the anodic scan. These peaks correspond respectively to the formation
of lithium polysulfides and their conversion to elemental sulfur and lithium, i.e. discharge-
charge of the battery. The first cycle showed a different behavior with a cathodic peak at
around 2.2 V, no well-defined peaks at lower voltage but a higher cathodic current. This
peculiar behavior, during the first cycle was also found in the charge-discharge voltage
versus capacity curves (Figure 4). During the first discharge, the battery yielded a capacity of
around 3100 mAhg’ of sulfur. This is almost twice the theoretical discharge capacity
(1675 mAhg™ for sulfur). Furthermore, a voltage plateau at around 2.4 V was also visible; the
difference in voltage with the 2.2 V observed during the cyclic voltammetry is due to the
difference in current density used in the two different measurements. During the following
cycles the capacity stabilized around the theoretical value and the high voltage plateau
faded with the number of cycles. With liquid electrolytes, at least two voltage plateaus must
be observed. A first one following the dissolution of the high order polysulfides (Li,Sg), the
discharge occurring in the liquid phase and a second one, with the precipitation of lower
order polysulfides (Li,S,, 1< x <8), the discharge occurring between liquid-solid phases [21].
For solid-state Li-S batteries, only one plateau is expected for the solid-state electrochemical

9



reactions [22]. Therefore, the large capacity obtained during the first cycle together with the
fading high voltage plateau were attributed to parasitic electrochemical reactions between
the solid electrolyte and the sulfur electrode, possibly forming a stable cathode-electrolyte
interface (CEl). The nature of these reactions as well as of the interface is the subject of an
ongoing research. Possible reaction of the electrolyte with Li metal was excluded following

the galvanostatic plating-stripping studies performed on symmetric cells.

During the 3" cycle, the capacity stabilized to around 1570 mAhg™ of sulfur, (94 % of the
theoretical capacity) and gradually decreases to 78% of this value after 40 cycles. The
authors attributed the small loss in capacity upon cycling to an increase in the overall
resistivity of the cell (from 1.2 kQ to 1.8 kQ after the first cycle to about 5 kQ after the 40"
cycle). The increased resistance could arise from the formation of an insulating CEl and
partial loss of contact between the electrodes and electrolyte, as observed for other type of

solid-state batteries based on lithium borohydride solid-electrolytes [23—-25].
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Figure 4. Cycling performance and discharge /charge capacity and Coulombic efficiency of a solid-state Li-S
battery based on LiBH,-SiO2 nanocomposite as electrolyte, measured at 55 °C, current density of 6.2 UA cm?,
corresponding to C-rates of 0.03 C, and with cut-off voltages of 1 and 3.5 V [17].

The rate capability measurements on the full Li-S at different charge-discharge rates (0.03 C
to 0.12 C) indicates that the capacities are lower at higher C-rates, but full capacity is
regained when the charge rate is lowered again to 0.03 C. The low capacity at high charge-
discharge rate is attributed to polarization of the sulfur electrode. At high C-rates, full sulfur
utilization is impeded by the large potential drop in the C+S cathode, indeed sulfur and

lithium-sulfur compounds have low electronic conductivities; this could be remediated by

10



using more highly conductive carbon additives and improved dispersion of sulfur with
smaller particle size. The recovering of the full capacity after lowering the rate underscores
the good stability of the solid-state Li-S battery based on LiBH;@SiO, nanocomposite as
electrolyte. Current effort is devoted to improving the sulfur utilization at high rates via re-
engineering of the S+C cathode, to improve electronic conductivity and interfacial contact
with the electrolyte during cycling. Further work is devoted in obtaining a better
fundamental understanding of the ionic transport in this type of composite solid electrolyte

and at the interfaces with the electrodes [26].

11



Li[Li(BH4)o.7510.25+(Li2S)0.75(P255)0.25 TiS >

Progress has also been made at the solid electrolyte level by proceeding to the optimization
of the composition in the electrolyte system Li(BH4)o 75l0.25+Li2S+P,Ss [27]. Indeed, the
highest RT ionic conductivity (~10 S.cm™) was found for the system with the approximate
nominal composition Li(BHa)o.75l0.25+(Li2S)0.75+(P2Ss)o.25 with an activation energy of
0.30(2) eV. In this approach, it appeared that [BH4] groups are structurally influenced by the
presence of [PSs>], likely as it does for the [I'] anions [28]. This allows less hindered effect
regarding Li mobility and consequently facilitating the Li ion conduction in the mixed system
at lower temperatures RT-150°C. This composite electrolyte seems to show an
electrochemical window up to 5 V and stability in contact with Li metal and battery tests
using TiS; electrodes show notable initial reversibility for further work on advanced battery

tests (Figure 5).
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Figure 5. Electrochemical galvanostatic discharge/charge cycling with TiS, electrode with
Li(BH4)0.7510.25+(Li2S)0.75+(P2Ss)0.25 solid electrolyte at 50 °C (Inset: dQ/dE curve for the first cycle) [27].

Noticeably, the cell configuration TiS;|Li(BH4)o.75l0.25+(Li2S)0.75+(P2Ss)o.25|Li shows a first
discharge capacity of 91% of the theoretical one for TiS, (~239 mAh.g?) with reversibility
yield of about 98%. The following three discharge curves indicate a good cyclability and
optimal coulombic efficiency at two different rates. Primarily, these tests are very promising
as it shows repeatable cycling, mainly during the delithiation (superimposed curves) for the

experienced cycling rates, meaning good response can be expected at fast recharge

12



solicitation. Secondly, the lithiation emphasizes the good stability of the TiS, electrode
toward the solid electrolyte with no significant side reaction (inset in Figure 5) can be

observed as the system remains almost fully reversible during cycling for the same current

rate.

Li/LiCBllle or LizBle12/S

Recently, beside LiBH-type electrolytes, other closo-type complex hydrides containing so-
called closo-type (cage-like) complex anions (such as Blelzz', CB1:H1,, and CBgHyg) have
been investigated intensively due to the high ion conductivities approaching 10* S cm™ in
their high-T phases [29-31]. When LiCB11H1, was used as solid electrolytes, the all-solid-state
Li-TiS, battery delivered high initial discharge capacity of ~230 mAhg™ for a rate of 0.2C at
403 K [31], as shown in Figure 6a. Despite the high initial capacity at a relatively high rate,
they exhibited large capacity loss during cycling and the 5™ discharging retained only 75% of
the initial capacity (Figure 6a). One possible reason of this poor performance is high reactivity
of carbon in complex anions with the lithium metal. It is noted that carbon is the commercial

anode material in the conventional liquid-based lithium-ion batteries [32].
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Figure 6. All-solid-state batteries using closo-type complex hydride solid electrolytes. Discharge-
charge profiles of (a) Li|LiCB;;H1,| TiS, [30] and (b) Li| atom-deficient Li,B;,H;, | TiS, batteries [28].
The important feature of closo-type complex hydrides that differentiates them from LiBH,-
based compounds is that complex anions consist of not only multiple H atoms but also
multiple B (and C) atoms. In such closo-type complex anions, the B and H atoms form a
particular covalent bonding pattern (B-B and B-H), leading to the robust cage-type
polyanionic structure. Recent experimental and theoretical study on the basis of the given
peculiar structure of closo-type complex anions reveals that lithium and hydrogen could be
simultaneously extracted from Li,Bi,H;, by applying a small external energy, enabling the
formation of atom-deficient closo-type compounds [29]. These atom deficiencies lead to an
increase in carrier concentration, improving lithium-ion conductivity by 3 orders of
magnitude (2 10 S cm™ at 30 °C) compared to that of a pristine material (2.510%S cm™ at
30°C). An all-solid-state Li-TiS, battery employing atom-deficient Li,B;oHi; as a solid
electrolyte exhibited a first discharge capacity of 228 mAhg™ and good capacity retention
over 20 cycles for a rate of 0.05C at 353 K (Figure 6b). These results suggest that atom-

deficient closo-type materials can be used as the solid electrolyte in all-solid-state batteries.

Full-cell configurations combining metal hydride anode and complex hydride electrolyte

MgH-TiH, | LiBH 4| S+Li>S+C

A metal-hydride (MH; M=Mg, Ti)) nanocomposite made from MgH, and TiH, counterparts
(with 8:2 molar ratio) and a complex borohydride solid electrolyte (LiBH4;) were integrated in
a complete solid-state battery with a sulfur+carbon composite as cathode [33]. LiBH; was
used as the solid electrolyte due to its high Li* conductivity of 10° S cm™ at 120 °C, suitable

mechanical properties and outstanding performance in LIBs [6,14,34,35].

The anode electrode was prepared from a mixture of the MH composite with C65
conductive carbon black and LiBH4. The positive electrode was made from a mixture of Li,S
with LiBH4 and carbon Ketjen Black (KB). This mixture was obtained from the first discharge
of a S+LiBH4+KB| LiBH,4 | Li half-cell. The redox reaction (eq. 3) for the full-cell can be written

as:

Li,S + (yMgHo+(1-y)TiH,) = S + (yMg+(1-y)Ti) + 2LiH (3)

14



with theoretical reduction potentials at 1.7 V and 2.0 V vs Li/Li*, for MgH, and TiH,,
respectively, the charge/discharge profiles for the complete cell are shown in Figure 7. On
the first charge, three plateaus are observed: a large sloping first plateau at ~1.8 V, followed
by a second smaller one at approx. 2.2 V and an even smaller third one at approx. 2.35 V.
The first and second plateaus correspond to the conversion reaction of MgH, and TiH,
phases with lithium, respectively. The third plateau at ~2.35 V is attributed to minor
lithiation of Mg metal. The reached capacity (1720 mAhg™) suggests the complete lithiation

of the metal hydride mixture.
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Figure 7. Charge/discharge profiles at different C rates (C/50, C/20 and C/10, five cycles each) of the complete ASS battery
Li,S+LiBH+KB| LiBH,;| MH+LiBH,+C65 at 120°C and schematic representation of the discharge redox reaction [33].

First discharge of the complete cell exhibits two plateaus at 1.8 and 1.4 V corresponding to
the reformation of TiH, and MgH,, respectively. The cell shows an excellent outcome, with
reversible capacities as high as 910 mAhg™ at C/50. The capacity of the battery gradually
decreases with increasing the C rate due to kinetic constraints of the MH redox conversion.
Despite this, the capacity was successfully recovered to ca. 780 mAhg” at C/50 after 20

cycles (Figure 8). Coulombic efficiency remained over 97 % after the initial cycles.

The present work comes out from the smart concept of merging for the first time in a

complete all-solid-state cell, a high-performance nanocomposite hydride anode with sulfur
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as cathode. The electrochemical performance of the complete cell demonstrates the

potential of metal hydrides for high-energy all-solid-state Li batteries.
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Figure 8. Charge/discharge profiles at different C rates (C/50, C/20 and C/10 then C/50 again, five cycles each)
of the complete solid-state battery Li,S+LiBH,+KB| LiBH, | MH+LiBH,+C65 at 120 °C [35].

Operando study of Li cell by neutron diffraction

In-situ and operando studies of working electrodes have been developed by several groups
in the past using either conventional lab or SR X-ray radiations both for diffraction or
absorption [8,9,27,36-38], leading to valuable results for comprehension of the
electrochemical reaction mechanisms. This was mainly done with half-cells using specially
designed devices like the electrochemical cell of Leriche et al. dedicated to operando studies
[39]. However, such devices are not well designed for bulk analysis as X-ray beam can hardly
go through matter containing metallic elements because of strong absorption. This impedes
bulk analysis of full-cells as the crossing all the components (casing, current collectors,
electrodes, electrolyte, separators...) is not easily achievable. To overcome these difficulties,
use of neutron beam is very interesting as it can penetrate deeply in materials without
significant absorption for most of the elements. In addition, with the high hydrogen content
it will appear a heavy background due to large incoherent scattering. This last point can be
solved by using deuterium instead of hydrogen or by limiting the hydrogen content in the

cell.
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Recently, we used neutrons as an efficient probe for Li-ion batteries to investigate the
structural evolution of the electrode materials in an ICR 10440 commercial cylindrical cell
shown in Figure S1 of the Supplementary Information file (A3 type rechargeable battery with

a diameter of 10 mm and length of 45 mm; capacity 360 mAh; operating voltage 3.7 V [40]).

The battery showed a practical capacity of 360 mAh operating at 3.7V [40]. The
multicomponent cathode material was identified as a combination of three phases:
Li(Ni,Mn,Co)0O,, LiCoO, and LiMn,0; whereas the anode was made of commonly used
graphite. The high neutron flux of 10" n cm? s available at SINQ, PSI, allows studies of the
transformation processes at a relatively short time scale. Importantly, neutron scattering is
interacting with nuclei of the elements and is thus independent of the atomic number of the
elements and allows studies of both atomic structures and macroscopic characterization of
Li distribution in the studied batteries as related to their state of charge, rate of battery
charge and discharge and temperature of the system studied. In the present study,
accumulated high quality neutron diffraction data sets collected in just 3-5 min were suitable

to accomplish Rietveld refinements.

Upon cycling, the data analysis showed that graphite underwent structural changes to form
a various insertion-type lithiated LiC,, with a maximum volume expansion of 12.7% for the
compound LiCg. For the cathode, the charge process was related to fractional lithium
depletion from the Li-saturated compounds, leading to a small volume contraction for the
layered oxides. Successful Rietveld fitting of the diffraction pattern allowed identification of
all individual constituents and showed that there were as many as 7 components accounted

during the refinement (Figure 9).

Upon cycling, the data analysis showed that graphite underwent structural changes to form
a various insertion-type lithiated LiC,, leading to 12.7% volume expansion for the compound
LiCs. For the cathode, the charge process was related to fractional lithium depletion from the
Li-saturated compounds, leading to volume contraction for Li(Ni,Mn,Co)O,, in contrast to
(Ni,Mn)-free LiCoO,. For the discharge completed at fast rate (2C) for various temperatures
(5, 25 and 45 °C), the capacity followed the trend of an increased diffusion rate of Li* in the
electrolyte and Li in the two electrodes, especially at 45 °C. Successful refinement of the

diffraction patterns requires identification of all individual constituents which contribute to
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the scattering of the diffraction beam. Together with constituents of the cathode, anode, the
material of the current collectors and casing should be properly accounted to quantitatively
assess the phase-structure transformations taking place. Figure 9 shows that there were as

many as 7 components accounted during the Rietveld refinement of the data.
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Figure 9. Neutron diffraction patterns for the fully charged (a) and discharged (b) battery along with the results
of the Rietveld refinements. Phase constituents, from bottom to top: (a) Liy,(Ni,Mn,C0)O,, Liy; 4C00,, LiC;,, LiCe,
Cu, Fe, Al; (b) Li(Ni,Mn,Co)O,, LiCoO,, LiCy,, C, Cu, Fe, Al.

Further to neutron diffraction, conventional neutron radiography is an excellent way of
imaging various types of battery cells, where the high penetration of neutrons appears to be
extremely useful for imaging a battery interior during in-situ studies. Experiments with ICR
10440 battery cell were performed at ICON cold neutron imaging facility at SIN, PSI and
some results are shown in Figure 10 [41] and show variations of lithium content as related to

the state of the battery.
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Figure 10. Change in contrast as related to the state of charge of the battery within the yellow marked area

(right image) which are caused by the change in lithium content.

During operation, swelling and contraction of the active material on cycling was manifested
by change of the level of electrolyte as related to the state of charge (0, 50 and 100%;
Figure S2).

This work demonstrates that operando and in-situ neutron scattering studies of a full-cell
battery lead to a valuable information on the complex mechanisms involved upon cycling,
related to structural changes in the anode and cathode materials. Moreover, in the frame of
this paper, it might also bring new insights on the solid electrolyte, if any structural changes
occur (as it is typically the case for LiBH,; for which superionic properties can be followed
through the structural transition observed only for the hexagonal high temperature

modification of the complex hydride).

Discussion

Recently, metal hydrides have been successfully used as electrodes in half-cell solid state
configurations using solid LiBH, and Li,S+P,Ss electrolytes [42—46]. In some cases, these have
proved to be superior to their liquid-electrolyte counterparts. A solid-state battery
MgH, | LiBH4|Li has been demonstrated in Li-ion half-cell configuration by Kojima and co-
workers where lithium metal was used as auxiliary/reference electrode [46]. The active
material was prepared by mixing MgH, and LiBH,4 (2:1 wt. ratio). In addition to carbon black
additive, the MgH, anode was doped with Nb,Os (1 mol.%) to improve the electrochemical
performance [43]. This hydride-optimized half-cell yielded high reversible capacity
(1586 mAhg™) with low polarization of 0.05V. Unfortunately, the capacity retention
decreased significantly to 924 mAhg™' within 50 cycles. Possible formation of Mg(BHa),,
because of interaction of MgH, with LiBHs, may occur at higher voltage (2 V). Besides,
similarly to the alloying mechanism happening in carbonate-based liquid electrolytes at low
voltage [47], the formation of Mg-Li alloys may occur also in solid-state configuration. This
both unwanted processes, happening at extreme compositions, can be avoided by limiting
the voltage to 0.3-1 V [46]. The reversible capacity (~1200 mAh.g™) of the MgH, | LiBH, | Li cell
has been improved using carbon nanofiber-supported MgH, composite electrode, thanks to

the enhancement in the electronic conductivity of MgH, [45]. Rate capability tests showed a
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capacity retention of 1100 mAhg™ at high current density (4C rate). Different cells
configurations were assembled by incorporating an additional layer of 80Li,S+20P,Ss solid
electrolyte (Li side) for possible use in full cells. Comparable performance between cells
with and without 80Li,S+20P,Ss solid electrolyte, were reached in this study [45]. In quite
similar cell configuration with LiBH,4 solid electrolyte, the in-situ incorporation of the highly
dispersive CoO/Co nanoparticles to MgH, led to improvement of the cyclability and
reversibility, and mitigated kinetics at high rate between the charge and discharge. The
present results may open up to possibilities for making a bulk-type solid-state full battery

with cathode materials such as LiCoO; [45].

Very recently, a new series of rare earth metal borohydrides, LiM(BH,;)sCl, M = La, Ce, Gd,
were found to have high Li* ion conductivity, with o(Li*) approx.10™ Scm™ at room
temperature [48-50]. The cerium-based compound, LiCe(BH4)sCl, exhibits the highest
stability when employed in Li and Li-In alloy symmetrical cells without formation of resistive
layers upon cycling. This compound, LiCe(BH4)sCl, is also demonstrated as an electrolyte in
solid-state Li-S batteries using a carbonBsulfur composite as cathode and Li-In as anode. A
reversible electrochemical reaction between Li and S with an initial discharge capacity of
1186 mAhg™ and a current density of 13 pAcm™ (i.e. a rate of charge/discharge of C/100)

takes place at 45 °C with a remaining capacity of 510 mAhg™ after 9 cycles [51].

The discovery of the electrochemical properties of hydride as conversion anodes or Li-
superconductor electrolytes is quite recent, as first published papers on that matter
appeared only ten years ago. Nevertheless, much work has been devoted to the
characterization of their electrochemical properties in half- or full-cells. Table 1 gathers the
results obtained so far for systems combining solid-state electrolytes with various electrode
materials including metallic hydrides. It is worth to note in this table that half-cells (using Li
as counter electrode) were mainly tested with MgH, (using different additives improving
electronic conduction, binding or activation). Indeed, the use of MgH, as anodes in Li-
batteries remains hampered by poor cycling stability [47]. Much effort has been put into
improving the cycling properties, e.g. by ball milling with conductive carbon, use of different
binders and nanoconfinement in porous carbon [52-55]. Beside MgH,, two other hydrides

(TiH, and Mg,FeHg) have been also tested with success. Regarding electrolytes, LiBH4-type
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ones are mainly used and improved with various substitutions (Lil, Li,S, P;Ss, ...) though other
non-hydride systems were also tested (like 80Li,S+20P,Ss). Half-cells were investigated in
potential windows between 0.05-0.3 and 1-2 V at T=120 °C according to the enhanced Li
conductivity of the high-temperature LiBH; phase except for two of them for which a low
temperature electrolyte (Li(BH4)o.75l0.25 + (Li2S)o.75+(P2Ss)o.25) allowed to work close to RT
(30 °C). All systems give rather high capacities at the first discharge (more than 650 mAhg™)
and reversible capacities ranging between 550 and 878 mAhg™ for at least a few tens of

cycles with CE ranging between 47 and 99.5%.

Beside half-cells, the most important challenge remains the development of full-cells with
enhanced properties compared to the state-of-the-art. Metal and complex hydrides might
be used as anode or electrolyte but, for building a full battery, should also be coupled to a
suitable positive electrode. Sveinbjornsson et al. [25] have used lithium titanate (LizTisO1,). A
significant overvoltage and a sloppy voltage were observed, especially during discharge. The
battery showed rapid capacity fading over cycling. Another attempt was made by Takahashi
et al. [33] with the classically-used cathode material LiCoO; but stabilization of the interface
between this oxide and the reductive borohydride remains very challenging. Thus, a coating
made of LisPO4; was necessary to protect the interface. Sulfur-based materials, though
working at lower potential (roughly 2.2 V), were more simply used to build full-cell batteries.
Mainly, pure sulfur, Li,S and TiS, were tested successfully. Again, the use of LiBH4; as
electrolyte implies a working temperature larger or equal to 120 °C but various strategies
(substitution by Lil, LiCl, Li,S or P,Ss, nanoconfinement in SiO,, replacement by closo-
boranes) has allowed to decrease the temperature down to 100-80 °C and even 55-45 °C,
keeping practical capacities and reasonable rates. For batteries using metallic lithium as
anode, capacities are given regarding the active materials at the cathode (as Li with 3828
mAhg™ can be considered as quasi-infinite beside the cathode) except for Lopez-Aranguren
et al. [35] that refer to the composite MgH,+TiH, anode. Thus, comparison is not
straightforward though one can notice that full-cells built with TiS, are less capacitive than
the sulfur ones, because of the extra weight brought by Ti and the lower S/Li ratio. For
sulfur, capacities as high as 1140-1570 mAhg™” are reported. Reversible capacities are also
significant, ranging from 510 to 1220 mAhg™ with CE from 73% to 99,6% for a few tens of

cycles. Finally, it is worth to note that only one full-cell combining both metallic hydride as
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anode and complex hydride as electrolyte has been reported so far. The system
MgH,+TiH, | LiBH4 | S+Li>S can provide more than 720 mAhg™ for at least 25 cycles at 120 °C
[35]. It is important to keep in mind that the use or metallic lithium as anode, though very
promising due to the very high capacity of Li, remains challenging in terms of safety.
Dendrites might find a path within the granular morphology of solid electrolytes leading to
hazardous shortcuts. Indeed, recovering of a lithium plate negative electrode upon
prolonged cycling is not straightforward and anodic host structures could be mandatory
keeping increasing interests in the development of conversion materials like metallic

hydrides.

Despite proof of concept for the usability of metallic and complex hydrides as anodes and
electrolytes to develop full-cell solid-batteries, some drawbacks remain to be solved to go
forward into electrochemical applications. Regarding anodes, the conversion reaction
between metallic hydrides and lithium is easily observed as far as AGi{MH,)/x is greater than
AG;(LiH). However, the reversibility remains an issue as the recovery of the hydride from the
metal and lithium hydride is quite challenging. A recent study has explored how different
preparation methods influence the electrochemical reactivity of MgH, and what may cause
the fast capacity fade [56]. Huen et al. [56] found that growth of the Mg crystallites upon
discharge may limit the Mg-LiH surface contact and thereby hinder the reversibility, and that
part of the Mg formed during discharge can be reconverted into MgH, during charge, while
the reconverted MgH, cannot fully react in subsequent discharge. Thus, the hydride
conversion may be hampered by limited diffusion of Mg. The results agree with a kinetically
limited process tracked by impedance as function of particle size and state of charge [57].
This issue was also investigated in a recent work on a MgH, thin film [58]. Basing their study
on a 2D thin-film electrode, the authors discarded electronic or morphologic degradations
but identified mass-transport limitation as the main factor for hampering the reversibility of
the conversion reaction. Future strategies should pay attention to the understanding and
enhancement of mass-transport of hydrogen, lithium and metal atoms within the solid-state

electrode especially at room temperature.

For solid-state electrolytes, the main challenge remains the working temperature that is still

too high for practical applications. Though improvement have been made by playing with
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substitutions in the anion sublattice or nanoconfinement, liquid-like ionic conductivities at
room temperature remains difficult to achieve. In addition, electrode formulations are still
to be improved to ensure good interfaces between the active materials and the electrolyte

keeping practical mechanic properties for the system.

Finally, a lot is still to be understand on the electrochemical reaction paths, the role of
interfaces and the ionic conduction mechanisms in solid-state electrolytes. The development
of powerful operando techniques using either photons or neutrons beams is mandatory to

fully describe the behavior of the complex chemistry involved in real batteries.
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Table 1. Half- and full-cell systems developed with metallic and/or complex hydrides as electrode or electrolyte. Works done by the IEA-Task 32 partners are highlighted in grey (CE:
Coulombic Efficiency; AC: Activated Carbon; VGCF: Vapor Grown Carbon nanoFibers; KB: Ketjen Black; PVDF: PolyVinyliDene Fluoride).

Cell Active . Counter . + . st g Rever- .
type material Conductor/Binder Electrolyte electrode E E Current density Rate T 17 disch. sibitity Cycling | CE Reference
V) | (V) °c | mAhg' | mAhg! | Cyc. %
Half- TiH, AC 30 LiBH, Li 0.05 1 400 mAg_1 C/a 120 1052 878 50 86 [44]
MgH, . . . -1 1382- st 60.8-
Half- (Nb,0s 1%) VGCF nanofiber 80Li,S-20P,Ss Li 0.3 1 200-8000 mAg 0.1-4C 120 1731 840 1 96.7 [45]
Half- (Ng\ﬂgHi% VGCF nanofiber 80Li,S-20P,S5 Li 0.3 1 200-8000 mAg ™" | 0.1-4C | 120 1214 575 1* 47.3 [45]
25 o
Half- (Nngity) AC black LiBH, Li 0.3 1 100-3200 mAg_1 - 120 1650 924 50 99.5 [46]
2Y5 o
MgH, ; . 0.05-
Half: (CoO 25%) AC black LiBH, Li 0.3 1 0.5C 120 1240 900 20 99 [10]
Half- (A:\/IgH;cy) AC black 80Li,S-20P,S5 Li 0.1 2 0.05 mAcm™ - 100 1171 861 10 52 [42]
2VY3 o
L Li(BH4)o.75 lo.2s + : -2 ) _
Half MgH, AC + PVDF . Li 02 | 1.8 10 pAcm 30 652 550 3 [11]
(LiS)o.s (P2Ss)o.2
Half- Mg,FeHg AC MTI Corp. LiBH, Li 0.3 1 - C/50 120 1200 300 10 95 [8]
+ Li(BH4)o.75 lo.25 + . = C/100
Full TiS, none (LisS)oss (P2S)oas Li 1.6 2.7 10 pAcm /20 50 239 200 6 96 [11]
Full- TiS, none LiBH, Li 1.6 2.7 230 pAcm? C/5 120 205 180 300 99 [15]
Full- TiS, none LiCBy1H1, Li 1.75 | 2.6 285 uAcm? C/5 130 200 175 5 95 [30]
Full- TiS, none Li;B1,H1o Li 1.6 2.7 239 mAg'1 C/20 80 228 180 20 - [29]
Full- Sulfur KB + AC +PVDF LiBH, @ SiO, Li 1 3.5 25 pAcm2 c/33 55 1570 1220 40 | 99.6 [17]
Full- Sulfur Maxsorb + KB LiBH, Li 1 2.4 250 pAcm™? C/20 120 1140 700 45 99 [14]
Full- Sulfur Maxsorb + KB LiBH, + LiCl Li 1 2.5 150 pAcm2 c/33 | 100 1377 600 5 99 [13]
Full- Sulfur KB 600 LiCe(BH,)Cl Li-In 06 | 24 13 pAcm’2 C/100 | 45 870 510 9 73 [51]
C/50
Full- Li,S/S C65 LiBH, MgH,+TiH, 0.8 2,5 - C/20 120 910 780 25 97 [35]
c/10
Full- LiCoO, LisPO, coating LiBH,4 Li 3 4.2 65-130 uAcm 2 - 120 89 86 30 - [33]
Full- Li;TisO1, C65+PVDF Li(BH4)o 811019 Li 1 2.6 12.7 uAcm = 60 142 10 200 [25]
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Conclusion

Much progress has been achieved in fundamental research to understand the properties of
metallic or complex hydrides. Their ability to undergo conversion reactions with lithium to
function as capacitive anodes or to transport Li ions to perform as efficient super-ionic
conductors has been demonstrated by many research groups worldwide. Those efforts have
allowed construction of practical batteries showing better and safer electrochemical
properties than classic commercial materials. Though still at its beginning, this research

opens a new field for solid-state lithium batteries.
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