LiBC - Synthesis, Electrochemical and Solid-state NMR Investigations
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LiBC was synthesized from the elements in a sealed niobium ampoule. It represents a totally in-
tercalated heterographite with a structural relationship to graphite, the most commonly used anode
material for lithium ion batteries. Since LiBC could accommodate three times as much lithium as
graphite, its electrochemical properties in the anode and the cathode voltage range were investigated.
However, LiBC did show poor performance both as an anode and as a cathode material. The unfa-
vorable characteristics of LiBC with respect to electrochemical de-lithiation and re-insertion can be
rationalized on the basis of nuclear magnetic resonance results. ’Li and Li isotropic chemical shifts
are consistent with complete ionization of the lithium species. Variable-temperature static ’Li NMR
lineshapes indicate that the mobility of the lithium ions is rather restricted, even at temperatures up
to 500 K. The ''B and '3C NMR parameters are consistent with those measured in sp*-hybridized
boron/carbon networks and also support the ionic bonding model.
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Introduction

High capacity electrode materials are crucial for
the development of high-energy lithium ion batter-
ies. Therefore the discovery of novel anode and cath-
ode materials is an important task in material sci-
ence [1-3]. The most commonly used anode material
in commercial lithium ion batteries is graphite [4—7]
which has a theoretical capacity of 372mAhg™! re-
sulting in the final fully lithiated phase LiCq [8, 9].

The borocarbide LiBC represents a totally interca-
lated heterographite and was first reported by Worle
et al. in 1995 [10]. Recently, it has attracted a lot of
interest since it is isoelectronic with the 39 K super-
conductor MgB, [11] and adopts a similar hexago-
nal structure with alternating boron-carbon and lithium
layers. Theoretical studies have predicted supercon-
ductivity for hole-doped Li;_,BC with a T¢ up to
twice as high as that of MgB; [12]. As a result,
Li,BC compounds were synthesized by many groups
in bulk quantities [13—20], and their electronic and
optical properties were investigated [21, 22]. However,

synthesized samples of Li;_,BC did not show super-
conductivity [13, 14]. It is remarkable that lithium-
deficient LiBC could be obtained up to a composi-
tion of Lig 33 BC using thermal synthesis methods [12],
even though earlier results suggest that Li,BC is only
stable for x > 0.5 [18, 20], and a phase transition oc-
curs at lower lithium content [16]. This finding sug-
gests that LiBC might be a promising active ma-
terial for lithium ion batteries, in particular as its
structure is also related to that of LiCg. The boron
and carbon atoms build up layers of condensed six-
membered rings, and the lithium atoms are located in
between these layers. If electrochemical lithiation and
delithiation of LiBC would be possible in the range
LiBC « Lig33BC + 0.62 Li, a theoretical capacity of
728 mAhg_1 could be achieved, more than twice as
high as that of LiCg.

This article deals with the synthesis, and the struc-
tural, %7Li and "B solid-state NMR, and electro-
chemical characterization of LiBC. Because of the
close structural resemblance of LiBC and LiCg, we
first tested the suitability of this compound for an-
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ode applications. Recently, Xu et al. published a first-
principle study of LiBC as a cathode material [23].
They predicted an equilibrium lithium insertion po-
tential of 2.3-2.4V (vs. Li/Li") and a reversible
electrochemical reaction LiBC « LipsBC + 0.5 Li.
This would correspond to a theoretical capacity of
587 mAhg~!. Because of the relatively positive inser-
tion potential, the material was also tested for cathode
material applications.

Experimental
Synthesis

Starting materials for the synthesis of LiBC were lithium
rods (Merck, > 99.5 %), boron lumps (Aldrich, > 99.9 %)
and carbon flakes (Aldrich, > 99.9 %). The lithium rods were
cut into smaller pieces under dry paraffin oil and subse-
quently washed with n-hexane. The lithium pieces were kept
in Schlenk tubes under argon prior to the reaction. Argon was
purified with titanium sponge (900 K), silica gel, and molec-
ular sieves. The lithium pieces were mixed with the boron
lumps and the carbon flakes in an atomic ratioof 3: 1: 1 un-
der flowing argon and then arc-welded in a niobium ampoule
under an argon pressure of about 700 mbar. The niobium
tube was then placed in the water-cooled sample chamber
of an induction furnace [24]. The sample was rapidly heated
to 1800 K and held at that temperature for 15 min. Subse-
quently, the sample was cooled to 1000 K within 10 min
and kept at that temperature for another 2 h before it was
quenched by switching off the furnace. The sample could
readily be separated from the tube, and no reaction with
the container material was observed. The excess of lithium
was removed with ethanol (> 99 %). Both single crystals and
ground powder of LiBC show golden metallic luster.

X-Ray diffraction

The polycrystalline LiBC sample was characterized by
powder X-ray diffraction on a Bruker D8 Advance diffrac-
tometer using Cu Ky, radiation. The hexagonal lattice param-
eters (see Table 1) were deduced from a least-squares fit of
the powder diffraction data. Correct indexing of the diffrac-
tion lines was ensured by an intensity calculation using the
positional parameters obtained from the structure refinement.
The lattice parameters agree well with the data given by
Worle et al. of a=275.23(3) and ¢ =705.8(2) pm [10]. Ow-
ing to preferred orientation effects of the hexagonal platelets,
the reflection intensity distribution was found to deviate from
the theoretically calculated one.

Well shaped single-crystalline golden hexagonal plates of
LiBC were obtained by mechanical fragmentation of the reg-
ulus prepared by high-frequency annealing. These crystals

Table 1. Crystallographic data and structure refinement of
LiBC.

Empirical formula LiBC

Molar mass, g mol~! 29.76

Crystal size, um? 10 x 80 x 80
Space group; Z P63 /mmc; 2
Structure type ZrBeSi
Lattice parameters (powder data)

a, pm 274.9(1)

¢, pm 705.3(1)

Cell volume V, nm? 0.0462(1)
Calculated density, gcm ™3 2.14

F(000), e 28
Diffractometer IPDS-1I
Radiation; A, pm MoK,; 71.073
Absorption coefficient, mm~! 0.1

0 range, deg 5-35

hkl range +4; +4; £10
Total no. reflections 641
Independent reflections /Ry 54/0.0583
Reflections with I > 20(I)/Rs 41/0.0223
Data/ref. parameters 54/7

R1/wR2 for I > 20(I)
R1/wR2 for all data
Goodness-of-fit (F2)

Largest diff. peak /hole, e A3

0.0428/0.1026
0.0554/0.1080
1.333
0.31/-021

were glued to quartz fibers using bees wax. Their quality for
intensity data collection was checked by Laue photographs
on a Buerger camera (white Mo radiation, image plate tech-
nique, Fuji-film BAS-1800). A suitable crystal was mea-
sured at room temperature on a Stoe IPDS-II diffractome-
ter (graphite-monochromatized Mo K, radiation, oscillation
mode). All relevant crystallographic data and details of the
data collection are listed in Table 1.

Electrochemical investigations

For electrochemical characterization the sample was
ground to a fine powder in an agate mortar. The powder was
mixed with carbon black C65 (Timcal) and a 5 wt.-% solu-
tion of PVdF in NMP (LiBC: SuperP : PVdF mass ratio of
80 : 10 : 10.). Subsequently, the mixture was homogenized
for 30 min using an Ultra-Turaxx at 5000 rpm (anode) and
a ballmill (Fritsch Pulverisette 4) at 250 rpm. The slurry was
applied to a dendritic copper and alumina foil, respectively,
with a wet-film thickness of 100 ym using a doctor blade and
dried at 60 °C for 12 h.

Subsequently, disc-shaped electrodes with a diameter of
1.2 cm were cut from the cast copper and aluminum foil,
respectively. The electrodes were dried for 12 h in a Biichi
vacuum oven at 10~3 mbar and 120 °C. For electrochem-
ical characterization three electrode Swagelok cells were
assembled in an argon-filled glovebox (H,O, O, content
< 0.1 ppm) with lithium metal as the counter and reference
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electrode material and a 1 M solution of LiPF¢ in EC: DEC
3:7 (Wt.-%) as the electrolyte for the anode tests and a 1 M
solution of LiBF,4 in EC: DMC 1 : 1 as the electrolyte for the
cathode tests. The cells were connected to a Basytec battery
test system and cycled under potential control.

Solid-state NMR spectroscopy

7Li NMR experiments were conducted on a Bruker
Avance DSX 500 spectrometer interfaced with a 4.7 T mag-
net. Variable-temperature static ’Li NMR spectra were mea-
sured at 77.77 MHz using commercial static 5 mm and com-
mercial WVT-MAS probes, respectively. Spectra were ac-
quired using a 90°,—7-90°y solid echo sequence utilizing
a 90° pulse length of 4 us, an interpulse delay ¢ of 30 us
and a relaxation delay of 20s. Dry nitrogen gas was used
for cooling, and the temperature was calibrated using the
207pp resonance of Pb(NO3), [25]. ©/7Li and ''B MAS-
NMR spectra were measured at a spinning speed of 24.0 kHz
on a Bruker Avance DSX 400 (9.4 T) spectrometer, while
13C MAS-NMR was measured on a Bruker Avance III spec-
trometer (7.04 T) at a spinning speed of 12.0 kHz. 90° pulse
lengths were on the order of 48 s, and relaxation delays
of 20s ("Li), 10s (13C), 30s (!!B) and 250s (°Li) were
used. An aqueous 1 M LiCl solution, BF3 etherate and TMS
were used as references for ©/7Li, !B and '3C NMR mea-
surements, respectively. Lineshapes were deconvoluted using
the DMFIT software package [26] as either superpositions
of Gauss/Lorentz lineshapes or as second-order quadrupolar
lineshapes.

Results and Discussion
Structure refinement

Careful analysis of the LiBC data set showed a prim-
itive hexagonal lattice, and the systematic extinctions
were compatible with space group P63/mmc. The
atomic parameters of LiBC known from the litera-
ture [20] were taken as starting values, and the struc-
ture was refined with anisotropic displacement param-
eters for the boron and carbon atoms with SHELXL-97
(full-matrix least-squares on Foz) [27]. The lithium site
was refined isotropically. The refinement proceeded
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Fig. 1. Crystal structure of LiBC; view approximately along
the crystallographic b axis. Lithium, boron and carbon atoms
are drawn as gray, open and black circles, respectively. The
trigonal prismatic coordination of the boron and carbon
atoms is emphasized.

smoothly to the residuals listed in Table 1. The final
difference electron density synthesis was flat. The po-
sitional parameters are listed in Table 2.

Further details of the crystal structure investiga-
tion may be obtained from Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Ger-
many (fax: +49-7247-808-666; E-mail: crysdata@fiz-
karlsruhe.de, http://www.fiz-karlsruhe.de/request_for_
deposited_data.html) on quoting the deposition num-
ber CSD-425059.

Crystal chemistry

LiBC crystallizes with the hexagonal ZrBeSi-type
structure [28], space group P63/mmc, a superstructure
of the AIB,-type structure [29], see Fig. 1. The lithium
atoms build up a primitive hexagonal packing of trig-
onal prisms whose centers are alternately occupied
by boron and carbon atoms. The latter build up pla-
nar layers of condensed six-membered rings in which
the boron atoms have only carbon neighbors and vice

Table 2. Atomic coordinates and anisotropic displacement parameters (pm?2) for LiBC. Ueq is
defined as one third of the trace of the orthogonalized Uj; tensor. Uy = Uzp; Uz = Uz =0.

Atom Wyckoff-Position X y z Ui Uss Uy Ueq/Uiso
Li 2a 0 0 0 153(12)
B 2d 13 2/3 3/4  86(10) 11122)  43(5) 95(9)
C 2c 1/3 2/3 1/4 61(9) 106(19) 31(5) 76(9)
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O .-. — a9 —0 open and black circles, respec-
.'-—.‘ ® tively.

versa. The layers are stacked in an AB sequence along
the ¢ axis. This causes a doubling of the crystallo-
graphic c translation as compared to AlB,.

The B—C distances (158.7 pm) are slightly shorter
than the sum of covalent radii (165 pm) and thus in-
dicate strong bonding within the BC layers. The Li-B
and Li—C distances are identical (237.2 pm), and both
are significantly longer than the sum of covalent radii
(Li + B =211 pm; Li + C =200 pm [30]). A more de-
tailed structure discussion of LiBC is available in the
literature [10].

Fig. 2 shows the structures of both LiBC and LiCq
(space group P6/mmm) in order to depict the struc-
tural similarity of these compounds. The carbon and
the alternating carbon and boron atoms, respectively,
build layers in the crystallographic ab plane which
are stacked along the ¢ axis. The interatomic dis-
tances within these layers are somewhat larger in LiBC
(158.7 pm) than in LiCg (143 pm) [31], whereas the
distances between the layers are smaller for LiBC
(352.7 pm) than for LiCg (373.7 pm). The carbon and
boron atoms build up hexagonal prisms in between the
layers. In LiBC a lithium atom is located in each of
these prisms whereas in LiCg only every third prism is
occupied by a lithium atom. Hence, if reversible elec-
trochemical lithiation and delithiation would be possi-

ble into/from LiBC, up to three times as much lithium
could be stored in LiBC than in LiCg.

Electrochemistry

The suitability of LiBC as an anode and cathode ma-
terial in lithium ion batteries, respectively, was investi-
gated by cyclic voltammetry.

The applicability of LiBC as an anode material was
checked by means of voltammetry within the potential
range from 0.1 to 2.2 V vs. Li/Li™ at a sweep rate of
50 uVs~!. The current vs. potential plot is presented
in Fig. 3a. The corresponding capacities, obtained by
integration of the cathodic and anodic peaks, are given
in Table 3. Since the open circuit potential (OCP) of
LiBC was determined to be 2.7 V vs. Li/Li", the ex-
periment was started at OCP with ramping the poten-
tial down to 0.1 V. However, LiBC did not show any
significant de-intercalation processes, indicating an ir-
reversible lithium uptake. The observed charge and
discharge capacities are caused by reversible lithiation
of the conductive agent carbon black (C65) as well as
by electrolyte decomposition [32—34] and solid elec-
trolyte interphase (SEI) [35—37] formation on the sur-
faces of all electronically conductive electrode com-
ponents in the first discharge. In summary, LiBC is
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Potential range (V) 0.1-2.5 1.5-4.8 Table 3. Specific capacities (mAhg~!) for
Cycle 1 2 3 4 5 1 2 3 4 5 LiBC in the potential ranges 0.1-2.5V
Charge capacity 434 6.14 645 6.68 677 132.6 648 548 424 37.1  and 1.5-4.8 Vin the first five cycles ob-
Discharge capacity ~ 14.89 5.88 533 5.07 4.63 358 363 32 305 27.5 tained by cyclic voltammetry.
(a) (b)
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Fig. 3. Cyclic voltammetry of LiBC in a potential range of 0.1-2.2 V (a) and 1.5-4.8 V (b) vs. Li/Li™.

not applicable as an anode material in lithium ion bat-
teries since no reversible lithium intercalation can be
achieved. The current vs. potential curve for LiBC
tested in the cathode potential range (1.5-4.8 V vs.
Li/Li*) is shown in Fig. 3b. The corresponding ca-
pacities are listed in Table 3. In the anodic curve an
oxidation peak with a maximum at 4.3 V vs. Li/Li"
is detected which fades and shifts to higher potentials
with increasing cycle count which could be caused
by an increasing cell resistance. In the cathodic curve
a reduction peak with an onset potential of about 2 V
vs. Li/Li* is detected. In the cyclic voltammogram
in the potential range of 0.1-2.2V vs. Li/Li (Fig. 3
a) no such process is detected. Hence, one can as-
sume that the oxidation and reduction peak of the
cyclic voltammogramm in the 1.5-4.8 V region vs.
Li/Li* (Fig. 3b) might be attributed to lithium extrac-
tion and insertion, respectively. The current peaks at
above 4.5V could also be related to anion intercala-
tion processes [38 —40] of the lithium salt anions, in
this case BF, anions. Since no real maximum was
detected for the reduction peak we conclude that on
the time scale of the voltammetric experiment, lithium
insertion was not fully completed when reaching the
lower potential limit of 1.5 V. A look at the capaci-
ties obtained during charge and discharge (Table 3) re-
veals a maximum charge capacity of 132.6 mAhg~!

(1% cycle) that fades to 37.1 mAhg~! in the 5™ cycle.
These values correspond to compositions of Lip goBC
and Lip 97BC, respectively, after delithiation.

Compared to the predictions from first principle cal-
culations by Xu et al. [23] who calculated a lithium
intercalation potential of 2.3-2.4V vs. Li/Li*, the
experimentally determined one is significantly lower
(< 1.5V vs. Li/Li™).

6/7Li, "' B and > C solid-state NMR spectroscopy

The 'Li MAS-NMR spectrum of LiBC at room
temperature is presented in Fig. 4. A single resonance
is detected at — 1.3 ppm vs. 1 M aqueous LiCl solu-
tion. The considerable width of this line (full width at
half maximum FWHM = 1260 Hz) can be attributed to
residual homonuclear 7Li-Li dipolar couplings which
cannot be fully averaged out by MAS. Furthermore,
the signal is flanked by spinning sidebands, which
arise from the influence of MAS upon the m = 1/2 <
m = 3/2 “satellite transitions” that are anisotropically
broadened by nuclear electric quadrupolar interactions.
In contrast, the °Li MAS-NMR spectrum is consid-
erably simpler. Because of the smaller magnetic mo-
ment and the lower natural abundance of the °Li iso-
tope the homonuclear ®Li-SLi dipolar interactions are
much weaker in this case, resulting in a much sharper
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Fig. 4. Liand "Li MAS-NMR at room temperature and spin-
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MAS NMR signal (FWHM =278 Hz); in addition no
spinning sideband patterns appear, as the anisotropic
broadening effect of the static °Li spectrum by first-
order quadrupolar perturbations is very small. The res-
onance shifts of the ®/7Li NMR signals indicate that the
lithium atoms are fully ionized, and that the electron
is completely transferred to the BC layers. Hence, the
electronic situation in this compound is best described
by the formulation Li* [BC] ™, indicating that the struc-
ture will become unstable upon lithium extraction.
The room-temperature static 'Li NMR spectrum
(Fig. 5a) can be deconvoluted into two components:
a broad major signal (FWHM = 13.8 kHz) and a sharp
minor signal (~ 2%, FWHM =0.8 kHz). The large
width of the major signal arises from the strong broad-
ening effects of homonuclear "Li-’Li dipole-dipole
interactions. In addition, quadrupole-broadened satel-

lite transitions are apparent in the wings of the spec-
trum. The sharp "Li NMR signal belongs to a mo-
bile lithium species having a motional correlation time
7 that is short compared to the inverse ’Li NMR
linewidth, i.e. T < 0.1 ms. We attribute this species
to some lithium atoms that are located in the vicin-
ity of structural defects and thus have higher mo-
bility. Fig. 5b summarizes the results of temperature-
dependent measurements. While unambigous decon-
volution of these spectra is not possible as both the cen-
tral transition and the quadrupole-broadened satellite
transitions are inseparably superimposed in the broad
component, the fraction of mobile lithium can be es-
timated from simple integration of the area comprised
by the sharp peak. Fig. 5¢ shows that this fraction in-
creases gradually with increasing temperature, consis-
tent with a behavior typically observed for a large dy-
namic heterogeneity, i. e. a wide distribution of corre-
lation times. Owing to the integration procedure and
the rather ill-defined lineshape of the broad component
the actual fraction of mobile lithium may be subject
to considerable error. Still it appears that up to 500 K,
a majority of the lithium atoms have rather restricted
mobility.

The NMR results discussed above regarding both
structure and mobility of the lithium ions in LiBC are
consistent with the low degree of lithium extractabil-
ity seen in the electrochemical studies. The lithium
atoms are fully ionized and held within the structure
rather tightly by strong Coulombic interactions. The
situation is fundamentally different from that in LiCg
where Li can be reversibly removed and re-inserted
at room temperature. For the latter compound the
NMR spectra reveal considerable electron density on
the lithium species, as reflected by a resonance shift
of 44 ppm [41 —43]. In addition, variable-temperature
Li static and MAS-NMR studies have shown that the
lithium atoms in LiCg have considerable mobility at
room temperature [41—43], enhancing electrochemi-
cal intercalation and de-intercalation kinetics.

Fig. 6a shows the ''"B MAS-NMR spectrum of
LiBC at room temperature. The resonance with an
isotropic chemical shift of 49 ppm reflects the cen-
tral 1/2 <> —1/2 transition, which is affected by
second-order quadrupolar perturbations and character-
ized by a quadrupolar coupling constant Cgp=2.80
+ 0.05 MHz and an electric field asymmetry param-
eter 7o =0.1 & 0.1. These lineshape parameters are
close to those measured for boron dopants in graphite
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Fig. 5. Static 7Li NMR results on LiBC: (a) experimental (top) and simulated (below) static 7Li NMR spectrum of LiBC at
room temperature. Individual lineshape components used in the simulation are indicated. The small peak near 260 ppm is

due to a small elemental Li impurity; (b) temperature-dependent static ’Li NMR spectra of LiBC; (c) temperature-dependent
fractions of mobile and immobile Li ions in LiBC as determined by peak integration.
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| Fig. 6. (a) Experimental and sim-
[ ulated ''B MAS-NMR spectra of

T LiBC at room temperature and
I, i, aspinning frequency of 24.0 kHz,
Y measured at 9.4T; (b) room-

(Co=3.36 MHz, Ng =0, diso =38 ppm) [44] and are
consistent with the planar BC3 local environment of
the boron species within the [BC] layers. The '*C
MAS-NMR spectrum (Fig. 6b) shows a single peak
at 107.4 ppm as expected from the crystal structure.
Comparable chemical shifts have been reported for
the carbon atoms located on the polar sites of the
B4C structure [45], for graphite [46], and for a vari-
ety of sp>-hybridized carbonaceous materials [47]. All
of the latter materials, specifically graphite, show sub-
stantial MAS-NMR linewidths, generally in excess of
50 ppm, which can be attributed to magnetic suscep-
tibility anisotropy effects [47]. In contrast, the rather

temperature  '3C  MAS-NMR
spectrum, measured at 7.05 T and

8/ppm a spinning frequency of 12 kHz.

small 3C NMR linewidth in Fig. 6b indicates that
in LiBC such susceptibility effects are negligible, in
agreement with the ionic bonding model proposed for
this compound.
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