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Ultra-rapid microwave synthesis of Liz_,_,M,N
(M = Co, Ni and Cu) nitridometallates+

Nuria Tapia-Ruiz,? Josefa Vidal Laveda,? Ronald I. Smith,® Serena A. Corr® and
Duncan H. Gregory*®

Single phase nitridometallates Liz_,_,M,N (0.05 < x < 0.27; M = Co, Ni and Cu) with potential use as nega-
tive electrodes in lithium (Li*) ion batteries have been synthesised in <10 minutes via solid state reactions
in a single mode cavity microwave reactor without an external susceptor. Reaction times are reduced by
up to four orders of magnitude over previous synthetic methods. A combination of powder X-ray and
neutron diffraction has provided detailed crystal structures of the vacancy-disordered nitrides. The
electrochemical performance of these materials is comparable to that observed in conventionally-heated
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Introduction

Lithium nitridometallates, Li;_,_,M,N, (M = Co, Ni, Cu) have
shown great promise as anodes in Li" ion batteries, with com-
petitive capacity and cycleability which is not hampered by sig-
nificant volume changes on (de)lithiation. For example,
Li, 6Cog 4N exhibits a capacity more than twice that of lithiated
graphite, at ca. 900 mA h g~'." These Li;_, ,M,N materials
have an o-LizN-type structure, where the transition metal is
incorporated at the interplanar positions (Li(1) sites) and cat-
ionic Li" vacancies are created in the [Li,N] planes (Li(2) sites)
(Fig. 1).” The vacancies provide a mechanism for the exception-
ally high ionic conductivity observed in these materials and
can be controlled by the transition metal substitution level
and the synthesis conditions. Typically, high temperatures and
long reaction times are required to make single phase
materials (e.g. Li;_,_,Ni,N crystals require heating Li;N and Ni
powders at 853-983 K for 7 days).’> Ideally sustainable energy
materials, such as those employed as electrodes in batteries,
should themselves be produced sustainably and energy-
efficiently. Reducing processing times and temperatures is an
important part of this process and microwave (MW) heating
might therefore offer an energy-efficient alternative. MW syn-
thesis of ternary and higher nitrides has so far been limited
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Fig. 1 (a) Schematic experimental configuration for the SMC MW syn-
thesis of lithium nitridometallates; (b) image of reaction in progress; and
(c) polyhedral representation of Liz__,M,N, where M = Co—Cu. N (blue
spheres); Li(2) (pink spheres); and Li(1) (green spheres).

to five compounds; the anti-fluorites Li;FeN,, LisTiN; and
Li;AIN,* and the nitridosilicates Li,SiN, and LiSi,N;.”> The
phase purity of the products in these cases was challenging to
achieve. Here, we demonstrate that phase-pure o-LizN-type
ternary nitrides with appreciable vacancy concentrations
can be synthesised in minutes using a commercial benchtop
MW reactor at 300 W. Furthermore, we compare the electro-
chemical performance of the materials with their conven-
tionally heated counterparts.
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Experimental

Synthesis of Li M,N materials

—x—y
All manipulations were performed in an Ny-filled glovebox
(5 ppm O,; 10 ppm H,0). Transition metal powders (Co, Ni,
Cu; Laboratory BDH Reagent, 99%) were reduced prior to reac-
tion to remove surface metal oxides (under a flow of H,/N,
(95:5%) gas at 600 °C for 12 h). Molar ratios of Li;N powder
(Alfa Aesar, 300 mesh, 99.95%; ca. 0.1 g) and Co, Ni or Cu
metal powder were ground, pressed into pellets (13 mm dia-
meter, 1-2 mm thickness) and placed in a nitrogen-filled silica
tube (250 x 8 x 2 mm) sealed with a septum (Fig. 1a). Reactions
were conducted in a single mode cavity (SMC) microwave
reactor (CEM Discover®, CEM corporation, 300 W max.
output, 2.45 GHz) at 300 W to yield black powders (Fig. 1b).
Table 1 shows representative experiments performed (1-7) and
the reaction conditions used for each.

Characterisation

Powder X-ray diffraction (PXD) data from samples 1-7 were col-
lected at room temperature with a PANalytical XPERT Pro MPD
diffractometer using a Cu Koy source. The diffraction data
were collected in the range 5 < 260 < 85° 20 with a 0.0168° 20
step size for 1-12 h, depending on sample quantity and
quality. The air sensitive samples were ground into fine
powders, which were placed in 0.5 mm diameter sealed glass
capillaries for data collection. Experimental diffraction data
were compared to powder patterns generated from data in the
Inorganic Crystal Structure Database (ICSD)° using PowderCell
2.4. X-ray data were indexed and unit cell parameters refined
by least squares fitting using the CELREF software package.®
Crystal structure refinements of compounds 1-7 were per-
formed using time of flight (ToF) powder neutron diffraction
(PND) data collected on the POLARIS diffractometer at the UK
pulsed spallation neutron source ISIS (Rutherford Appleton
Laboratory). For each sample, ~0.1 g of powder were loaded
into a thin-walled cylindrical vanadium can and sealed with
indium wire in an N,-filled glovebox. Normalised diffraction
patterns from the detector banks centred at 26 = 90° and 20 =
145° were used to refine a structural model based on o-LizN
(in hexagonal space group P6/mmm)*> using the GSAS and
EXPGUI software packages.”' Starting lattice parameters were

Table 1 Summary of reactions (1-7), including the experimental para-
meters and products identified by PXD

LizN: M Time

Sample M  molarratio (seconds) Atm. Products

1 Ni 1:0.10 210 N, Lis_,_yNi,N

2 Ni  1:0.22 180 N, Lis_,,Ni,N

3 Ni 1:0.29 260 N, Lis_y—yNi,N

4 Co 1:0.09 60 N, Liz_y_,CoxN

5 Co 1:0.21 120 N, Lis_,_yCo,N, Li,O
6 Co 1:0.30 420 +420 Ar Lis_,_,Co,N, Li,O
7 Cu 1:011 240 N, Lis_,—yCU,N, LisN
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obtained from the PXD data and the initial transition metal
occupancy of the interplanar Li(1) site was determined from
the reaction stoichiometry.

Galvanostatic measurements at room temperature of
samples were conducted over the voltage range of 0-1.4 V at a
C/30 rate in a Swagelok-type cell using a BioLogic VSP poten-
tiostat. The working electrode consisted of the active material,
Liz_x_yM;N mixed with carbon black in a weight ratio of
8.5:1.5. In each case, the nitride—carbon mixture was
mechanically mixed for 15 min using a Retsch MM 200 ball
mill in an air-tight, stainless steel sealed container, packed
under argon. 0.765 mg active material (3) and 1.190 mg active
material (5) were used in the respective cells. A thin plate of
lithium metal (Sigma-Aldrich, 99.9% trace metal basis) was
used as a counter electrode. The electrolyte solution used was
1 M LiPF, dissolved in ethylene carbonate : diethyl carbonate
(EC:DEC) in 1:1 molar ratio and a Whatman glass filter was
used as the separator. Electrode preparation and (dis)assembly
of the electrochemical cells were conducted in an Ar-filled
glovebox (<0.5 ppm O,; <0.5 ppm H,0). Post-cycled electrodes
were washed with THF and dried under vacuum for 1 h prior
to XRD analysis.

PND structure refinement

In each case, the background was fitted using the reciprocal
interpolation function (number 8 within GSAS) employing
10-18 coefficients. The unit cell parameters, peak profile para-
meters, occupancies of the shared sites (Li(1) and M) and
temperature factors were all then refined, followed by the
application of an absorption correction. Peak shapes were
modelled in each case using ToF profile function 3 (convolu-
tion of back-to-back exponentials with a pseudo-Voigt func-
tion). At this point, any extra phases such as V from the
sample canister (samples 1-7; see Fig. 3), Li,O (5 and 6) or
Li3N (7)) were introduced in the refinement. Lastly, anisotropic
temperature factors were refined and the occupancy of the
Li(2) site was allowed to vary freely to investigate the possibility
of vacancies at this site. Constraints were applied to the frac-
tional occupancies and thermal parameters of the disordered
Li(1)/M site such that the total occupancy was unity and the
thermal parameters were equal. The refinements were con-
sidered complete when convergence was achieved, all the vari-
ables were stable and the R-values minimised.

Results and discussion

Fig. 2 shows a typical X-ray diffraction pattern of the as-formed
products after MW irradiation (for sample 2). Powder X-ray
diffraction data from samples 1-7 revealed phases that were
isostructural with a-LizN, with reflections shifted in 26 when
compared to the calculated pattern of Li;N (P6/mmm, a = 3.648
(1) A and ¢ = 3.875(1) A).°

The absence of transition metal reagents in the final PXD
patterns of 1-7 indicate full conversion of the initial mixtures
to final products (Table 1). The oxidation products of Li;N or

This journal is © the Partner Organisations 2015
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Fig. 2 Typical XRD pattern of a Lis_,_,MN sample (M = Co-Cu) syn-
thesised by MW methods (sample 2 is shown). Indices for the expected
reflections are indicated.

Li (Li,O) found in samples 5 and 6 might originate either from
the starting materials and/or air exposure during handling.
Lattice parameters of samples (1-7) were indexed in the hexa-
gonal space group P6/mmm (ESI; Table S1f). Samples 1-6
showed similar trends in cell parameters vs. transition metal
content to those previously reported by Juza et al;'" a slight
increase in the a parameter and a steeper linear decrease in
the ¢ parameter respectively with increasing metal substi-
tution, x. Several authors have observed a similar dependence
of the lattice parameters on x.'>"?

Selected room temperature crystallographic information
from the MW-synthesised lithium ternary nitrides containing
Ni (1-3), Co (4-6) and Cu (7) following Rietveld refinement is
shown in Table 2 (with additional information in the ESIT). An
example fit to the data is shown in Fig. 3. Despite the small
sample volumes used, good fits were obtained and the lattice
parameters determined from PND data were in good agree-
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Fig. 3 Rietveld fit against PND data collected at room temperature
from sample 4 from the 20 = 145° (backscattering) detector bank.
Observed data points are shown in red, calculated profile in green and
the difference (obs—calc) profile in pink. Black and red vertical tick
marks indicate reflections from the Liz_,_,CosN phase and the vanadium
sample can respectively.

ment with those obtained from PXD (ESI; Table S1}). Fig. 4
plots the lattice parameters against the transition metal stoi-
chiometry, x, obtained from the refinements against PND data
and compares these with those from the literature." For nitrido-
nickelates, our data often reveal larger ¢ parameters than
those reported previously from PXD data, whereas for nitrido-
cobaltates the sets of data are in very close agreement."” The
a parameter vs. x relationship closely follows the previously
reported trend.

The variations in the a and ¢ parameters with x are directly
related to the Li(2)-N and (Li(1)/M)-N distances respectively
(Table 2). The reduction in (Li(1)/M)-N bond lengths com-
pared to the equivalent distance in LizN (1.9368(1) A)® is attri-
buted to an increase in the covalency of the (Li(1)/M)-N bond
due to the presence of the transition metal, which increases
the & character of the bond.'*"”

Table 2 Selected data for samples 1-7 obtained from refinements against ToF PND data from 20 = 90° and 260 = 145° banks

Sample 1 2 3 4 5 6 7

Stoichiometry Li 93Nig.0;N Li, 54Nig 2N Li, 36Nig 07N Li, §4C0g 10N Li 45C0¢.17N Liy 41C0¢21N Lis 95CUo.0sN

Crystal system Hexagonal

Space group P6/mmm

A 1

Density, p/g cm™? 1.426 1.673 1.732 1.513 1.559 1.588 1.882

a/A 3.6675(2) 3.6860(2) 3.6950(2) 3.6679(1) 3.6800(2) 3.6977(2) 3.6675(2)

c/A 3.8383(4) 3.7700(4) 3.7390(4) 3.8305(2) 3.7931(3) 3.7576(3) 3.7983(2)

V/A® 44.712(6) 44.360(6) 44.210(6) 44.629(4) 44.486(5) 44.496(4) 44.245(4)

M occupancy (x) 0.069(9) 0.221(2) 0.267(3) 0.102(1) 0.171(2) 0.210(3) 0.051(2)

Li(Z) occupancy 1 0.88(4) 0.82(4) 0.97(3) 0.811(4) 0.81(2) 1

(Li(1 )/M) -N/ A 1.9190(2) 1.8850(2) 1.8697(2) 1.9152(1) 1.8965(2) 1.8788(1) 1.9053(2)

Li(2)- -N/A 2.1176(1) 2.1282(1) 2.13360(9) 2.11776(8) 2.1244(1) 2.13499(9) 2.11532(9)

Observations 7261 7364 7428 7728 7326 6949 7670

Parameters 57 49 61 56 59 46 56

Ryp 0.0136 0.0181 0.0175 0.0147 0.0126 0.0186 0.0136
0.0245 0.0313 0.0302 0.0323 0.0192 0.328 0.0293

P
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Fig. 4 Variations of unit cell parameters with varying (a) Ni (1-3) and
(b) Co (4-6) substitution levels (x). Filled squares show refined values
from our PND data. Empty squares show data from ref. 11. Trend lines
serve as a guide to the eye.

Moreover, a slight increase in the interplanar Li(2)-N bond
length as the level of dopant increases was also observed. The
a parameter (and Li(2)-N distance) has been directly related to
the existence of Li* vacancies in these compounds. The intro-
duction of Li" vacancies has been related to an increase in alio-
valent metal substitution level and also correlates to reaction
temperature and time.> Importantly, Rietveld refinement
against PND data was able to confirm the presence of Li(2)
vacancies (y) in the majority of samples prepared using micro-
waves (Table 2). Negligible Li(2) vacancies were detected
however in the nitridonickelate with the lowest metal content,
x ~ 0.07 (1); refining the Li(2) occupancy caused the refine-
ment to diverge. This was also the case for the copper-contain-
ing sample Li,¢5CuosN (7). As x increased, however, an
increase in y values was observed. Hence, for example, for
Liz_y_,Ni,N, where x ~ 0.22 (2) and x ~ 0.27 (3), y values of
0.24(4) and 0.36(4) were obtained, leading to compounds of
stoichiometry Li, 54Nip,,N and Li,36Nip 7N, respectively.
Although the level of vacancies found in 2 and 3 (ca. 10%) was
considerably lower than that observed in some other LizN-type
nitridonickelates (typically >30% for x ~ 0.8),” the y values are
commensurate with the lower transition metal content in 1-3.

Similarly, for the lithium cobalt nitrides (4-6) a dependence
of y on x was evident; the (unconstrained) refined Li(2) occu-
pancy decreased as the Co occupancy at the Li(1) site
increased. For example, for x = 0.1, there are approximately 3%
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vacancies at the Li(2) site, which then increases to 20% when
the amount of metal substituted increases to x = 0.21. Accord-
ingly, the PND data indicate stoichiometries of Lij, g4C0g 10N
(4), Liy 45C00.17N (5) and Li, 41C00 1N (6) for our lithium cobalt
nitride compounds. Although the cobalt contents are lower
here, the vacancy levels of 5 and 6 are in line with those
reported by Takeda et al. from electrochemical Li extraction of
Li, 6C0g 4N (ca. 15%)'® and also by Gordon et al., who identi-
fied Li(2) vacancy levels above 20% for Li;_,_,Co,N with 0.53 <
x<0.6."

Assuming oxidation states of +1 and -3 for Li and N
respectively, nominal transition metal oxidation states of +1
(1), +2.1 (2), and +2.4 (3); and +1.6 (4), +3.2 (5), +2.8 (6) and +1
(7) could be assigned. Given the elevated levels of vacancies in
samples of higher x (such as 5 and 6) and previously reported
correlations between y and reaction temperature, one might
deduce that the temperatures achieved in these relatively low
power MW reactions are in excess of 873 K. Hence as a result
and as for similar nitrides prepared by conventional
heating,'®> in most cases transition metal substitution is
essentially aliovalent. The presence of higher oxidation states
for the metals in 5 and 6 might be rationalised in terms of the
redox chemistry of Co.

Indeed, during electrochemical lithium extraction of
Liy sCoo4N, the nominal Co oxidation reaches a maximum
value of ca. +5, assuming that only cobalt oxidation charge-
compensates for the loss of 1.6 Li ions. In fact, given
the unrealistic oxidation state for cobalt in the delithiated
compounds, a mechanism for charge balance involving also
nitrogen oxidation has been proposed previously. Such a
hypothesis is supported experimentally by electron energy-loss
spectroscopy (EELS) in Li, ¢Co, 4N; both cobalt and nitrogen are
apparently oxidised when vacancies form during Li extraction.'®

An alternative charge compensating mechanism might
invoke the presence of hydrogen (as H’') bonded to nitrogen
(creating partial imide substitution), although there is no
experimental evidence to corroborate this for 1-6, (e.g. typical
N-H bands from the NH>~ group were not observed in either
the Raman or IR spectra of the as-formed materials). Imide
substitution (N-H bond formation) has been previously
suggested as one means by which the necessary defect struc-
ture is created to enable fast lithium ion conductivity in Li;N
itself. The presence of naturally abundant hydrogen at implied
concentrations approaching 20% could not be detected in our
PND measurements either from negative peaks in difference
Fourier maps (given its scattering length of b = —3.75 fm) or
from an increased background (arising from its large incoher-
ent scattering cross section).’

The MW syntheses described in this work are possible due
to the ability of the starting materials (Li;N and metal
powders) to absorb microwave energy and convert this to heat.
As electrical conductors, the finely divided metal powder start-
ing materials provide heat (i.e. via Ohmic heating) to the
reaction mixture’** and the inherent ionic conductivity®®
and semiconducting behaviour® of LisN would be expected
to produce heat via mixed conduction mechanisms in a

This journal is © the Partner Organisations 2015
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microwave field.?” In fact, it is well established that microwaves
couple directly to charge carriers, accelerating the reactions in
which good ionic conductors and semiconductors are
employed.”® The ability of other semiconductors such as SiC
to generate heat due to matter-radiation interaction has been
exploited for example, in use as microwave susceptors (e.g.
PHEs (passive heating elements)).”” Furthermore, the out-
standing microwave susceptibility of ionic liquids, for example,
is attributed to their high ionic conductivity (and polarizabi-
lity).>®*® The properties of the metal and nitride starting
materials are thus important in being able to design a microwave
reaction without an external susceptor (such as carbon, typically)
and thus minimise possible contamination of products.
Following a few seconds of irradiation, a purple plasma was
observed near the reagents (Fig. 2b). Characteristic purple
nitrogen plasmas induced by arc discharge were also observed
at 107> Pa by Aoki et al. and other coloured plasmas are
common during microwave processing under gaseous environ-
ments (e.g. sulfur produces a blue plasma).’®*! We attribute
the onset of this plasma formation to an increase in tempera-
ture and a variation in the N, partial pressure inside the nitro-
gen-filled reaction vessel caused by the decomposition of Li;N,
which occurs at ~800 °C (AH = —171.3 k] mol ") (eqn (1)):*>%*

2Li3N(S) — 6Li(g) + Ny(g) (1)

In our experiments N, plasmas were more prevalent (and of
longer duration) when reactions were performed in a gaseous
nitrogen atmosphere. In fact, it was observed that when the
reactions were conducted in an argon atmosphere, longer reac-
tion times were required (6). This suggests that plasma for-
mation (and Li;N decomposition) probably play a key role in
the reaction proceeding. The purple N, plasma was followed
on most occasions by yellow/orange flashes (ESI; Fig. S1t) that
were related to Li evaporation, which occurs at ca. 1300 °C.**
Similar observations were made in the previous work by
Houmes and zur Loye® and in the case of reactions to form
Liz_x_yMN from LizN and M, Li is an expected byproduct. The
ability to maintain homogeneity and phase purity of products
in our reactions depends upon the use of the well-defined elec-
tric field distribution from the single mode cavity reactor and
the ability to limit reaction temperature (and gradients)
through a lower applied power than is typical with a multi-
mode cavity (MMC) dometic microwave oven.

Under the specific conditions employed in our synthesis
experiments, the maximum metal loading of the MW-ternary
compounds was found to be lower (x = 0.27 (3), x = 0.21 (6)
and x < 0.1 (7), for M = Ni, Co and Cu respectively) than some
of those in the Liz_,_,M,N compounds previously reported in
the literature.®'>'” Difficulties in achieving higher transition
metal doped samples might be rationalised in terms of the
high electric conductivity of the metals. Within the electric
field of the MW, the finely divided metal powders are antici-
pated to generate significant heat (Co powders can achieve
700 °C after 3 minutes of MW exposure using a MMC at
1 kwW).*® LizN and transition metal susbstituted derivatives

This journal is © the Partner Organisations 2015
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typically decompose at ca. 750 °C and so increasing the metal
content in the reactant mixtures might be expected to yield
reaction temperatures in excess of this decomposition limit,
leading to further evaporation of lithium. Accordingly, this
might contribute to the lower substitution limits obtained in
these MW reactions when using copper, which has an electri-
cal conductivity ca. four times higher than Ni or Co [5.96 x 107
S m™" (20 °C)].*® Higher substitution levels might be achieved
by adding additional Li;N to initial products, regrinding and
reheating, but a more satisfactory alternative would be to
modify the design of the cavity and/or utilise alternative reac-
tants that do not couple as strongly to the microwave field.

The electrochemical behaviour of these as-synthesised nitrido-
metallate samples was studied via galvanostatic measure-
ments (see ESI; Fig. S2-S57). The nickel-nitride sample with
the highest level of Li vacancies determined by PND (3)
reached a discharge capacity of 458 mA h g~'. This capacity
however, was reduced to 175 mA h g™' by the 5™ cycle
(Fig. S31). Similarly, the cobalt-nitride sample (5) showed a
capacity of 642 mA h g* that faded to 95 mA h g™ after the
5™ cycle (Fig. S51). This capacity fade was irreversible and
noted up to 50 cycles for both compounds. The insertion of
Li" in both materials is most likely made possible by the pres-
ence of cation vacancies in the Li;_,M,N structure and con-
firms our results obtained from neutron data and the previous
reports in the literature.> The charging curves during the first
cycle for samples 3 and 5 show two well defined segments as
previously observed in the literature;'®'®*”® first, the voltage
gradually increases until ca. 1.2 V (x ~ 0.3 Li deintercalated) (3)
and 1.1 V (x ~ 0.3 Li deintercalated) (5) and then plateaux at
the above mentioned potentials followed. These data show
that this process clearly affects the following charge-discharge
cycles, which in turn, correspond to single-phase mechanisms.
Nevertheless, the formation of these plateaux during the first
charging process accounts for the initial high capacity in these
materials. These features are quite representative of these type
of materials and hence agree with previous reports in the lit-
erature.'®'®3738 Further electrochemical tests to optimise the
processing of the electrode are underway.

Conclusions

Liz_y_yM,N (M = Co, Ni and Cu) materials, which find poten-
tial applications in lithium ion batteries, have been syn-
thesised in a single mode cavity MW reactor on unprecedented
timescales, orders of magnitude faster than previously docu-
mented. PXD and ToF PND data demonstrated that these
syntheses can yield single phase materials without the need
for a microwave susceptor. Diffraction data also confirmed
that the nitridometallates resemble those prepared by conven-
tional heating in terms of their stoichiometry and defect struc-
ture. Li' ion vacancies are created via the aliovalent
substitution of M"" (n > 1) for Li'. These experiments demon-
strate both that complex nitrides and lithium-containing
electrode materials can be synthesised as phase-pure
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compounds by energy-efficient methods; appropriate reactor
and experiment design are key factors. Furthermore, we have
corroborated by means of electrochemical insertion that Li"
vacancies were present and that these materials can (de)inter-
calate lithium in the voltage range 0-1.4 V at C/30 rate with
initial discharge capacities of 458 mA h ¢ " and 642 mA h g™*
for the samples with higher metal doping levels (and Li-
vacancies); i.e. Li, 36Nig,7N and Liy 41C0¢ ;1 N. It should thus
be possible to extend the methodology to the sustainable syn-
thesis and processing of a wide range of other important
battery materials.
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