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An in-depth study of Sn substitution in Li-rich/Mn-rich NMC as a
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DOI: 10.1039/x0xx00000x Layered Li-rich/Mn-rich NMC (LMR-NMC) is characterized by high initial specific capacities of more than 250 mAh/g, lower

cost due to a lower Co content and higher thermal stability than LiCoO.. However, its commercialisation is currently still
hampered by significant voltage fade, which is caused by irreversible transition metal ion migration to emptied Li positions
via tetrahedral interstices upon electrochemical cycling. This structural change is strongly correlated with anionic redox
chemistry of the oxygen sublattice and has a detrimental effect on electrochemical performance. In a fully charged state, up
to 4.8 V vs. Li/Li*, Mn** is prone to migrate to the Li layer. The replacement of Mn** for an isovalent cation such as Sn** which
does not tend to adopt tetrahedral coordination and shows a higher metal-oxygen bond strength is considered to be a viable
strategy to stabilize the layered structure upon extended electrochemical cycling, hereby decreasing voltage fade. The
influence of Sn** on the voltage fade in partially charged LMR-NMC is not yet reported in literature, and therefore, we have
investigated the structure and the corresponding electrochemical properties of LMR-NMC with different Sn concentrations.
We determined the substitution limit of Sn** in Li12Ni0.13C00.13Mno.s4xSNxO2 by powder X-ray diffraction and transmission
electron microscopy to be x ~ 0.045. The limited solubility of Sn is subsequently confirmed by density functional theory
calculations. Voltage fade for x = 0 and x = 0.027 have been comparatively assessed within the 3.00 V - 4.55 V (vs. Li/Li*)
potential window, from which it is concluded that replacing Mn** by Sn** cannot be considered as a viable strategy to inhibit
voltage fade within this window, at least with the given restricted doping level.

capacity exceeding 250 mAh/g, and only part of it (up to 170 mAh/g)
Introduction originates from the Ni2*—Ni3*4* and Co3*—Co* cationic redox

reactions, whereas a significant contribution comes from the
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Among the rock salt type layered cathode materials for Li-ion
batteries, lithium-rich/manganese-rich lithium nickel manganese
cobalt oxides (LMR-NMC, xLi,MnO3-(1-x)LiMO; (M = Mn, Ni, Co)) are
considered as a promising alternative for the commercialised LiCoO,
due to their higher initial specific capacities reaching more than 250
mAh/g,(1)(2)(3)(4)(5)(6) lower cost(7)(6) and higher thermal
stability(4).(8) However, commercial deployment of LMR-NMCs is
impeded by voltage decay (a gradual decrease of the discharge
voltage reducing the specific energy), voltage hysteresis (voltage
difference on subsequent charge and discharge, penalizing energy
efficiency) and sluggish (de)intercalation kinetics compromising the
battery power.(9) Nowadays, it is understood that these drawbacks
are intrinsic to the crystal and electronic structure of Li-rich NMC. For
example, Li12Nio13Mngs4C00.1302 demonstrates a high reversible
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reversible anionic redox processes (202 - O,™, with 3 >n > 1) above
the potential of 4.5 V vs. Li/Li*.(10)-(11)(12)-(13)-(14)(15)-(16):(17)
Several mechanisms to stabilize the partially oxidized oxygen species
have been proposed, but there is no clarity yet on the electronic and
structural mechanisms of stabilization of the oxidized oxygen in the
highly charged Li-rich layered oxides.(18)-(19)-(20)(21)(22)

The structural changes associated with the oxygen redox are also
closely related to the cation migration that occurs during Li
deintercalation.(23) If the material is charged to >4.5 - 4.6 V vs. Li/Li*,
a substantial fraction of the transition metal cations migrates to the
emptied Li positions and then returns back upon discharge. However,
this migration is not fully reversible, and some transition metal
cations remain trapped at the octahedral Li positions and/or
tetrahedral interstices. In Li-rich NMCs these defects accumulate,
causing a gradual transformation of the layered structure to a spinel-
like structure.(24)(25)/(26)(27):(28) Most important is a conjecture
that the coupled oxygen redox/cation migration causes the voltage
hysteresis, whereas the partial irreversibility of the cation migration
causes the voltage fade.(17) Molecular dynamics simulations of the
fully charged Li-rich NMC structure suggest that formation of the
peroxo-species with the 0-O distance of 1.3-1.7 A opens up the
window for Mn migration to the Li layer.(29)(30) Indeed, neutron
powder diffraction on Li;.2MngssNio.15C00.10; reflects Mn migration
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to the octahedral Li sites through intermediate population of the
tetrahedral interstices.(26) Partial substitution of redox inactive
isovalent cations for Mn** showing a higher M-O bond strength, is
suggested as a viable strategy for stabilizing the layered structure
upon charging/discharging, hereby improving the electrochemical
performances. Examples of potential candidates are Sn*, Ti* and
Zr**.(1)(5)(31)(32)(33)

Sn** is believed to act as a structure stabilizer, as Sn** is not easily
reduced to Sn?* and does not tend to adopt tetrahedral
coordination.(34) As such, substitution of Sn** for Mn** is considered
as a potential way to decrease the voltage fade of Li-rich/Mn-rich
NMC. The substitution of Sn** for Mn** has already been reported for
Ni-rich NMC (Li[Nig g5 C0g.12Mng o6]1-xSNx05)(31), Li-rich/Mn-rich
LNMO (Sn-stabilized Li[Lig47Nig25Mngsg]05(34) and Li-rich/Mn-
rich NMC (Li12Nip.13Mng54C00.1302)(35). All authors observed an
enhanced reversible performance, which has been ascribed to the
stabilization of the lattice upon electrochemical cycling. Lower
discharge capacities as compared to the pristine materials are
observed, as explained by Sn preserving its 4+ oxidation state. The
significantly larger ionic radius of octahedrally coordinated Sn4+ (0.69
A) than of Mn#* (0.53 A) can be considered as a double-edged sword.
Its larger size could enhance lithium diffusion as it broadens
intercalation pathways.(34) On the other hand, due to the large
mismatch in ionic radii only a limited percentage of Mn** is expected
to be replaced by Sn** in order to still retain the structure of pristine
(Li-rich) NMC or LNMO.

Despite that Sn substitution in Li-rich/Mn-rich NMC (LMR-NMC) has
already been reported in literature(35), neither a structural
investigation probing the Sn substitution limit, nor the influence of
Sn* on voltage fade in partially charged LMR-NMC were reported
yet. In this paper, we have assessed the Sn substitution limit for
Liz.2Nio.13C00.13Mng 54xSNx0; and its origin using the combination of
powder X-ray diffraction, transmission electron microscopy and
calculations within the Density Functional Theory (DFT) formalism.
The effect of Sn substitution on the voltage fade was determined
using galvanostatic cycling. Li;2Nio.13C00.13Mng 540, was selected, as
this composition is reported to demonstrate the best capacity within
the Li-rich/Mn-rich NMC family(24)-(8).

Experimental

Synthesis procedure
Co-precipitation route

Li1.2Ni0.13C00.13MN0.54.4SNx07 (x = 0-0.54) samples were prepared by a
carbonate co-precipitation method followed by calcination. The co-
precipitation reaction was performed in a stirred Globe batch reactor
(Syrris Ltd., UK) under N, atmosphere at 60 °C. Stoichiometric
amounts of NiSO4.7H,0, CoS04.7H,0, MnS0O4.H,0 and SnSO4 (all —
Ruskhim, > 99 %.) are dissolved in distilled water. On forehand, the
water content has been determined via TGA measurements (Netzsch
STA 449 F3 Jupiter). The mixture with a total metal ion concentration
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of 2 mol/L was added dropwise at room temperature simultaneously
with a 2 mol/L Na,COs (Ruskhim, 99.5 %) solutiori @t @3fikedratelsr i
mL/min into the reactor (preheated at 60 °C) under continuous
stirring whilst adjusting the pH to stay constant at 7.5 by addition of
dilute NH; (Khimmed, puriss. p.a. 2 25% NHs3 in H,0) or H;SO4
(Khimmed, 98 w. % H,SO4 in H,0). After six hours the stirrer and
temperature controller were automatically switched off. The
resulting precipitate was washed by distilled water and centrifuged
for three minutes at 5700 rpm for three times. After drying at 75 °C
overnight in a vacuum furnace, the intermediate precipitates NMC (x
=0), NMCS5 (x ~0.027), NMCS10 (x ~ 0.054) NMCS20 (x ~ 0.108) and
NCS (x ~ 0.54) were obtained. These intermediate precipitates were
dry mixed with Li,CO3 (Sigma Aldrich, anhydrous >99%). An excess
of 10 mol % Li,CO; was added over the stoichiometric amount to
compensate for lithium loss during calcination. After grinding, the
samples were consecutively calcined at a heating rate of 5 °C/min up
to 500 °C with an isothermal period for 5 hours. Then they were
naturally cooled down, grinded again for 15 min by mortar and
pestle, and calcined at a heating rate of 5 °C/min up to 900 °C with
an isothermal period for 12 hours in a tube furnace. The heating step
up to 500 °C was performed under a dynamic dry air (AirLiquide, a1,
99.999%) atmosphere. The isothermal period at 500 °C and the full
calcination at 900 °C were performed under static ambient air. The
resulting products LNMC (x=0), LNMCS5 (x=0.027), LNMCS10
(x=0.054), LNMCS20 (x = 0.108) and LNCS (x=0.54), were grinded
after naturally cooling down to room temperature and stored in
closed glass vials sealed with parafilm under ambient air for further
use.

Solution-gel route

Li1.2Ni0.13C00.13MnN0.4325n0.10802 was prepared via an aqueous
solution-gel method. Aqueous Li(l) citrate, Ni(NOs),, Co(NOs), and
Mn(NOs), monometal precursors were obtained by dissolving
respectively LizC¢HsO7.xH20 (Sigma Aldrich, 97%), Ni(NOs),.6H,0
(Sigma Aldrich, >97%), Co(NOs),.6H,0 (Alfa Aesar, =>98%)
Mn(NOs),.xH20 (Sigma Aldrich, 98%) in Milli-Q water. An aqueous
Sn(lV) peroxocitrato monometal precursor has been prepared by
adapting the protocol published by Stanulis et al(36). The final pH of
the Sn(lV) peroxocitrato precursor was set at ~6.8 instead of ~7-8
reported by Stanulis et al. SnC,04 (Sigma Aldrich, 98%), citric acid
(CeHs05, Sigma Aldrich, 99%), NH3 (Merck, extra pure, 32%) and H,0,
(Merck, 35%) were used as reagents. By inductively coupled plasma
coupled with atomic emission spectroscopy (ICP-AES, Optima, 3300
DV, PerkinElmer) the concentrations of the monometal precursors
were determined. Consecutively, citric acid (CeHsO7, Sigma Aldrich,
99%) was added to an aqueous mixture containing stoichiometric
amounts of before mentioned metals in a 1.5:1 citric acid:TM molar
ratio (TM = transition metal ion). A lithium excess of 10 molar % has
been used to compensate for the loss of volatile Li-containing
products at elevated calcination temperatures. After stirring for
about 15 min at room temperature to dissolve the citric acid, the pH
was increased till ~7 by dropwise addition of NH3 (Merck, extra pure,
32%). The resulting mixture was refluxed at 80 °C for 1 hour.

This journal is © The Royal Society of Chemistry 20xx
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Afterwards, the mixture was placed in an oven for gelation under
atmospheric conditions at 60 °C overnight. The obtained viscous gel
was pre calcined under atmospheric conditions at 200 °C. The
grinded pre calcined brown-colored powder was decomposed and
calcined in a tube furnace using the same protocol as for the samples
synthesized via the co-precipitation method described above.

Physical characterization

The samples were characterized by powder X-ray diffraction (PXRD),
selected area electron diffraction (SAED), scanning transmission
electron microscopy (STEM) in high-angle annular dark-field (HAADF)
and annular bright field (ABF) modes and also coupled with energy-
dispersive X-ray analysis (EDX).

PXRD patterns were recorded on a Huber G670 Guinier
diffractometer making use of Cu Kal radiation. In exception, the
PXRD patterns presented in Fig. S3. were recorded on a Bruker D8
Advance equipped with energy-dispersive LYNXEYE XY detector and
operated on Cu Kq1/Kq radiation. The PXRD data were analyzed using
the Le Bail refinement, as implemented in the JANA2006 software
package.(37) The samples for SAED, STEM and STEM-EDX were made
by crushing the powder in ethanol and subsequently dispersing it in
this solution using an ultrasonic bath. The powder used for the
particle size investigation was not crushed. A few droplets of the
obtained suspension were deposited on a Cu grid covered with a
holey carbon layer. The SAED patterns were recorded with a Philips
CM 20, the HAADF-STEM and ABF-STEM images were acquired with
an FEI Titan 80-300 “cubed” microscope operated at 300 kV, and the
STEM-EDX mapping was acquired at an FEl Osiris microscope
equipped with a Super-X detector and operated at 200 kV.

Density functional theory calculations

The Sn-substituted structures were constructed based on a 2x2x2
supercell of the 03-Li;MnO3 structure. All Mn-Li-Sn configurations
were generated using the enumeration algorithm developed by Hart
et al.(38-40) First, the honeycomb ordering of the Mn atoms was
retained by substituting the Li atoms in the honeycomb layer by Li
and Mn, restricting the stoichiometry to Li;;MngsO> (Note that due
to the constraints of the unit cell, the actual stoichiometry is closer
to Li1.2083Mno 791702, but the numbers have been rounded to simplify
the notation). Second, all Sn substituted structures were generated
for each Li-Mn configuration, where the Sn concentration was
restricted to x < 0.25. Within the 2x2x2 supercell, this corresponds
to a set of 5 different values for x: {i/24 | i=1, 2, 3, 4, 5}. Depending
on the Sn concentration, the algorithm generates up to thousands of
configurations. Hence, for each Sn concentration, 40 different Mn-Sn
orderings were considered, the geometry was optimized and
subsequently the energy was calculated by a static calculation. All
calculations were performed within a workflow based on the
Fireworks(41) package; computational parameters are given below.

This journal is © The Royal Society of Chemistry 20xx

The formation energies of Sn-substituted structures foy a range of x:
values have been calculated within th@ODET.1FFarRe&N6PKkO4 43
implemented in the Vienna ab initio simulation package(42-44)
(VASP). The projector augmented wave (PAW) method(45) was used
to make a distinction between the core and valence electrons, with
the standard VASP recommended choice for the number of valence
electrons. The exchange-correlation energy was calculated using the
SCAN+rVV10(46,47) functional to include the van der Waals
interaction, which is especially important for a layered structure such
as Sn0.(48) The wave functions of the valence electrons are
expanded in a plane wave basis set, using a high energy cutoff equal
to 500 eV, which is advisable for structures containing oxygen. For all
2x2x2 supercell calculations, a 3x3x3 Monkhorst-Pack(49) mesh was
used for sampling the Brillouin zone, whereas a 6x6x3 and 9x9x7
mesh were used for Li;SnOs; and SnO, respectively. Geometry
optimizations were performed with a Gaussian smearing of 0.05 eV,
followed by a static calculation using the tetrahedron method,(50)
for a precise calculation of the total energies. The convergence
criterion on the electronic optimization is set at 10™* eV, and 1073
eV for the geometric optimization. The ways the structures and
workflows are set up is explained in the Jupyter notebooks provided
in the electronic supplementary material.

Electrochemical characterization

Electrochemical characterization has been performed on the final
products in the coin cells type CR 2025. The active cathode material
was ball milled (Retsch Emax) together with carbon black (Imerys,
Super C65) and polyvinylidenedifluoride (PVDF, Alfa Aesar) as a
binder in N-methyl pyrrolidone (NMP, Alfa Aesar) as the solvent in a
weight ratio of 80:10:10 at 500 rpm for 30 minutes to obtain a slurry.
By tapecasting the slurry in ambient atmosphere on an aluminum
current collector foil with a wet coating thickness of ~150 um and
after subsequent evaporation of the NMP solvent in a vacuum
furnace for 30 min at 110 °C a coating is obtained.

Cathode punches were dried under vacuum in a Biichi glass
oven at 110 °C overnight to remove adsorbed water and
subsequently inserted under vacuum in a glovebox. Coin cells
were assembled in an Argon-filled glovebox (Sylatech). A typical
half cell was obtained by separating a cathode punch and Li
metal (Sigma Aldrich, 99.9% trace metals purity) as the anode
by a Celgard 2400 porous polypropylene separator. 1M LiPFg in
EC:DMC (50/50 (v/v)% ethylene carbonate:dimethyl carbonate,
Sigma Aldrich) was used as electrolyte. After preparation and
prior to cycling the coin cell type half cells have rested for 24
hours to enhance the wetting of the electrode materials and
separator by the electrolyte. Galvanostatic cycling was
performed between respectively 3.0 and 4.55 V vs. Li/Li* at C-
rates of C/20 during the initial two cycles and C/10 during the
subsequent cycles using a Bio-Logic BCS-805 battery tester. The
electrochemical measurements have been performed at ~22 °C.

Results and discussion

Substitution range and crystal structure

J. Name., 2013, 00, 1-3 | 3

Page 4 of 13



Published on 09 July 2020. Downloaded by Karolinska Institutet University Library on 7/10/2020 9:42:48 AM.

:I=- -Dalton Transactions| -

ARTICLE

The powder XRD patterns of the Li; 2Nip.13C00.13Mng 54-xSNx02 samples
LNMC (x=0), LNMCS5 (x=0.027), LNMCS10 (x=0.054), LNMCS20
(x=0.108) and LNCS (x=0.54) synthesized via the co-precipitation
route (see Experimental section) are depicted in Fig. 1. The sharp
peaks are associated with well crystallized materials.
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Fig. 1. PXRD patterns of LNMC (x=0), LNMCS5 (x=0.027), LNMCS10
(x=0.054), LNMCS20 (x=0.108) and LNCS (x=0.54)

Within the x range of 0 to 0.108 the strongest peaks in the patterns
can be ascribed to the monoclinic C2/m structure typical for LMR-
NMCs. The unit cell parameters refined with the Le Bail method are
listed in Table 1.

LNMC LNMCS5 LNMCS10 | LNMCS20
a 4.9360(2) | 4.9507(2) 4.9560(2) 4.9668(4)
(A)
b 8.5479(3) | 8.5699(3) 8.5780(4) 8.5806(5)
(A)
c 5.0172(2) | 5.0265(2) 5.0417(4) 5.0345(4)
(A)
B 109.017(3) | 108.969(4) | 109.302(4) | 109.305(6)
(°)
v 200.133(9) | 201.6781(9) | 202.2875(9) | 202.4966(1)
(R3)

Table 1. Cell parameters of LNMC (x=0), LNMCS5 (x=0.027),
LNMCS10 (x=0.054) and LNMCS20 (x=0.108)

The samples demonstrate an increase in unit cell parameters and
volume, concomitant with increasing the nominal Sn content that is
associated with the larger ionic radius of Sn#* (0.69A) as compared to
Mn#* (0.53A). However, in spite of the systematic unit cell volume
change, admixture reflections appear in the powder XRD patterns
starting from x = 0.054, whose intensity grows together with x. This
admixture phase becomes dominant in the LNCS sample and was
identified as Li,SnO3(51). Thus, the real substitution degree was
smaller than the nominal Sn content and has been assessed with the
EDX analysis. Mixed (Ni, Mn, Co, (Sn)) elemental maps of the LNMC
and LNMCS5 samples and the LNMCS10 and LNMCS20 samples are
presented in Fig. 2. The unsubstituted LNMC material consists of a

4| J. Name., 2012, 00, 1-3
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single phase showing a homogeneous transition metal distribution.
Its derived TM ratio, Nig.142Mno 53(3)C00.13(2), R AGréEm @Rl the
expected stoichiometry. The Ni, Mn, Co and Sn distribution in the
LNMCS5 sample appears to be very homogeneous with the atomic
metal ratio of Nio.14(1)Mng51(2)SN0.033(5C00.13(1y confirming that Sn
preferentially substitutes Mn in the LMR-NMC structure. No
admixture phase has been detected. The majority of the crystallites
in the LNMCS10 sample are also very homogeneous, providing the
cation composition of Nig.13(1)Mng.a9(2)SN0.044(6)C00.13(1). However,
small Sn-rich crystals are already present indicating exsolution of the
Sn-rich phase. The LNMCS20 sample consists of two phases: one is
LMR-NMC  with the Nio.14(1)Mno.48(2)SN0.04(1)C00.14(1)
composition and homogeneity identical to the LMR-NMC phase in
the LNMCS10 sample within the standard deviation, and another one

cation

is  (Nio.0s(1)Mno.07(4)SN0.85(6)C00.01(2)). As there were no particles
observed by STEM-EDX showing exclusively a Sn content and as the
Ni, Mn and Co content of the Sn-rich admixture phase detected is
very low relative to the Sn content it has been concluded that the
admixture phase is Li;SnO3 most probably co-doped with the
beforementioned transition metals. From the LNMCS10 and
LNMCS20 samples it can be concluded that the Sn for Mn
replacement does not exceed x = 0.045. The particle size distribution
plots (Fig. S2.), values for mean, minimum and maximum particle
sizes (Table S1.) and the corresponding HAADF-STEM images (Fig.
S1.) for the LNMC, LNMCS5, LNMCS10 and LNMCS20 samples are
provided in the Supporting Information.

This journal is © The Royal Society of Chemistry 20xx
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LNMCS5

LNMCS20

Fig. 2. Top: The mixed (Ni, Mn, Co) elemental maps of a

representative LNMC (x=0) particle. Bottom: The mixed (Ni, Mn, Co)
and (Ni, Co, Sn) elemental maps of respective particles of LNMCS5
(x=0.027), LNMCS10 (x=0.054) and LNMCS20 (x=0.108). The
elemental maps are given in counts.

As the main phases of LNMCS5, LNMCS10 and LNMCS20 are
comparable based on the STEM-EDX and PXRD investigation and as
LNMCS10 and LNMCS20 are not a single phase, the further structural
study is exclusively presented for LNMCS5 and the unsubstituted
LNMC reference material. Moreover, the additional Sn-rich phase of
LNMCS10 and LNMCS20 immediately turns amorphous under the
electron beam, preventing its structural analysis via HAADF-STEM. As
this admixture phase is believed to have no significant
electrochemical activity within the probed potential window, mainly
due to the very low content of nickel and cobalt and the redox
inactivity of Sn** no further characterization has been performed.

The crystal structure of LNMC and LNMCS5 was investigated by
means of SAED, HAADF-STEM and ABF-STEM in order to probe the
cation ordering and oxygen stacking. The HAADF-STEM images and

This journal is © The Royal Society of Chemistry 20xx

corresponding SAED patterns along the [010], [100] and [110]
direction are shown in respectively Fig. 3. andFig.4.0PReJ020) SXEZD
patterns of both materials are consistent with the O3-type layered
structure without noticeable stacking faults in the close-packed
arrangement of the oxygen layers. The intensity of the atom columns
in the HAADF-STEM images is proportional to the atomic number of
the elements (I ~ Z2). Therefore, the bright dots in the [010] HAADF-
STEM images correspond to the transition metal atom columns,
while the atom columns of lithium and oxygen are too weak to be
observed. There is no periodic variation in the brightness of the pairs
of projected TM columns themselves. Ordering between Sn and Mn,
Ni and Co would result in periodic brighter columns due to the
considerable higher Z of Sn relative to the other three TM
cations. Therefore, the HAADF-STEM images indicate that the Sn
atoms are randomly distributed over the TM positions. In order to
directly visualize the O3 cubic close-packed sequence of the oxygen
layers, ABF-STEM images along the [010] orientation were acquired
(Supporting information, Fig. $3.), where the intensity is proportional
to Z1/3 and thus more sensitive to elements with low Z compared to
HAADF-STEM. The ABF-STEM images confirm the O3-type stacking.
The [010]/[110] SAED patterns of both materials are characterized by
sharp strong reflections with k = 3n and diffuse weaker spots in the k
# 3n reciprocal lattice rows that originate from “honeycomb”
ordering of the TM, Sn and Li cations. These diffraction patterns are
very typical for the LMR-NMC materials containing abundant
stacking faults due to lateral displacements or rotation of the
“honeycomb” layers. In the [100]/[110] HAADF-STEM images, the
“honeycomb” ordering manifests itself by a prominent pattern of
pairs of bright dots (i.e. atom columns of transition metals) with the
interdot distance of ~0.14 nm, and less bright dots (i.e. atom column
containing both Li and transition metals) in between. Thus the SAED
patterns and HAADF-STEM images clearly demonstrate that the Sn
for Mn substitution preserves the layered O3 structure and
“honeycomb” cation ordering.

J. Name., 2013, 00, 1-3 | 5
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Fig. 3. Top: SAED patterns along the [010] and [100] orientation.
Bottom: HAADF-STEM images along the [010] and [110] orientation.
Both the SAED patterns and HAADF-STEM images are taken from
LNMC.

- [370]."

a._/ -1 SHOTEIR T

Fig. 4. Top: SAED patterns along the [010] and [110] orientation.
Bottom: HAADF-STEM images along the [010] and [110]
orientation. Both the SAED patterns and HAADF-STEM images are
taken from LNMCSS.

In order to further solubility in
Li1.2Ni0.13C00.13MnNg 544SNx0;,  the energies of Sn-

substituted structures for a range of x-values have been calculated

investigate the Sn
formation

within the DFT framework. In an effort to reduce the computational
complexity, the calculations were limited to Li; 2Mng goxSnxO2, which
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can be considered a reasonable strategy due to the simjlar ionic radii
of Mn, Co and Ni, as well as the low concentPétior? 60 Wi/ 28 TH.OTHE
solubility of Sn in this compound can be studied by considering the
following decomposition reaction (Li;SnOs corresponds to the
admixture phase as detected by PXRD):

LillenO.g_xSnXOZ

5 (1 — %) - Li; ;Mny g0,

X
+ 55 (06 LizSn0; +0.2 - 5n0),

with formation energy:

. x .
Ep(x) = E(LiraMngg—Snx07) = (1= 55) E(Liz;Mng0;)

X
~ 55106 E(LizSn03) + 0.2 E(Sn0)].

The limited solubility of Sn is confirmed by the DFT calculations. Fig.
5. shows the calculated formation energies for the Sn substituted
structures compared to their decomposition in Li; ;Mng g0, LiSn0O3
and SnO. For the lowest Sn concentration, x = 0.042, the formation
energy of the lowest energy configuration is only 6.5 meV/atom
above the convex hull. This structure can reasonably be considered
as metastable metastable(52) and as such the formation of a single
phase is feasible at low Sn concentrations. However, as the Sn-
concentration x is increased, the Li;2MngsxSnxO; configurations
become more unstable, increasing the likelihood of a decomposition
in Li;2Mngg0,, Li;SnO3 and SnO phases, as observed in the PXRD
results for the high Sn concentration samples. Note that if the Sn
substituted orderings are generated randomly, i.e. without
respecting the honeycomb pattern, the energies are significantly
higher compared to the honeycomb structures at each Sn
concentration. This matches the preservation of the honeycomb
ordering for the Sn substituted structure found for the HAADF-STEM
results.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Calculated formation energies of the Sn substituted structures
for a range of Sn concentrations x. Within the 2x2x2 supercell, this
corresponds to a set of 5 different values for x: {i/24 | i=1, 2, 3, 4,
5}. Every mark corresponds to a symmetrically non-equivalent Li-Mn-
Sn ordering at a specific Sn concentration.

Next to the metastability for low Sn dopant concentrations and
instability for high Sn dopant concentrations as predicted by the DFT
calculations as compared to decomposition in LiSnOs, the synthesis
process can also potentially influence the homogeneity and Sn
substitution limit. A detailed investigation of the applied co-
precipitation synthesis is reported in the next section in order to
assess its consequence on the Sn substitution limit.

Synthesis

Hydroxide precipitation is a widespread method to prepare NMC
precursors.(53)(54)(55)(56)(57) However, as nickel, manganese
and cobalt are exclusively present in a 2+ oxidation state when
precipitated as metal carbonates, carbonate precipitation synthesis
is preferred over hydroxide precipitation methods for the synthesis
of NMC with good control over metal
states.(58)(59)(24)(60) For example, Mn2* is prone to oxidize to
Mn3*, forming MnO(OH), or even to oxidize to Mn#, precipitating as

oxidation

MnO0,.(59) The complexity of our system lies in the simultaneous
addition of SnSO4; whose precipitation conditions, especially in
relationship with the Ni, Mn, Co sulfate precursors, is not well
established yet. As a pH of 7.5 is known from literature to result in a
homogeneous Ni, Co, Mn carbonate precipitate with metal
stoichiometry equal to the elemental ratios between metal sulfate
precursors(24), the pH value is adjusted to 7.5 by addition of diluted
NH; or H,SO4. Besides, NH3 acts as a complexing ligand, which could
facilitate the formation of spherical particles(61)(62)(63)(64)(24).

The powder X-ray diffraction patterns of the intermediate samples
NMC (x=0), NMCS5 (x=0.027), NMCS10 (x=0.054), NMCS20 (x=0.108)
and NCS (x=0.54) recorded after co-precipitation, centrifugation and
drying under vacuum at 75°C overnight are depicted in Fig. 6. Peak
indexation is performed by aid of the PDF-2 2003 database. All peaks
in the pattern of the NMC sample could be indexed using the
targeted mixed Ni, Mn, Co carbonate phase. In the NMCS20 sample,

This journal is © The Royal Society of Chemistry 20xx

additional peaks as marked by ‘+" are present, which gre indexed as
Sns04(OH)4. For the NMCS10 and NMCS5 Bamilés3a/bitigld1péak
around 25° 26 is observed, which, based on analogy with the
observations made in NMCS20, is also attributed to the presence of
Sng04(OH)4s. The absence of other peaks corresponding to the
Sne04(OH)4 phase is attributed to the low tin content. The NCS
sample contains peaks assigned to SngO4(OH)s;, a mixed (Co, Ni)
carbonate phase reflections and SnO. The latter marked by “*’.
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Fig. 6. Top: PXRD patterns of Nig13C0013Mnosax(CO3)osx —
(Sne04(OH)a)x/6 (x=0, 0.027, 0.054, 0.108, 0.54). The main peaks of
the Sng04(OH)s phase present for the NMCS5 (x=0.027), NMCS10
(x=0.054), NMCS20 (x=0.108) and NCS (x=0.54) samples are marked
by ‘+’. Peaks indexed as SnO for the NCS sample are indicated with
“*'_Bottom: Enlarged plots for NMCS10 and NMCS5 in the 18°-28° 26
interval.

Sne04(OH)4, consisting of Sng04(OH)4 entities arranged in pseudo
body-centred agglomerates interconnected by hydrogen bonds, is
believed to be the only stable solid tin(ll) hydroxide phase.(65) The
addition of an excess of the precipitating agent Na,COs or adjusting
the pH to a slightly acidic value of 6.8 for the x=0.108 composition
still results in a predominant presence of the Sng04(OH), phase based
on PXRD measurements (Supporting Information, Fig. S4.). Also
when using a different tin(Il) salt, more specific SnCl;, a Sng04(OH)4
containing precipitate is formed after the addition of Na,CO3 as a
precipitating agent in a basic (pH 8-10) aqueous medium(66). A
possible explanation for the formation of SnO in the NCS sample can
be found in the dehydration of SngO4(OH)4 through ageing at room
temperature(67).

J. Name., 2013, 00, 1-3 | 7
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In order to determine to which extent the transition metals and Sn
are homogeneously distributed within the sample and to probe the
metal composition, STEM-EDX has been performed on the NMC,
NMCS5 and NMCS20 samples. The corresponding mixed elemental
EDX maps are shown in Fig. 7. For the NMC sample the average
transition metal composition is in agreement with the nominal
stoichiometry Nip13C0013Mngss. Next to the particles with a
composition that is in agreement with the expected stoichiometry,
also Ni-rich particles are detected for the NMC sample. The transition
metals are moderately homogeneously distributed for most of the
main phase particles. For both the NMCS5 and NMCS20 samples an
inhomogeneous elemental distribution is obtained. Three different
phases are observed: a main phase corresponding to the expected
stoichiometry, a Sn-rich phase and a Ni-rich/Mn-poor phase. All
three phases contain Ni, Mn, Co and Sn. Due to overlap of different
phases, it turned out to be impossible to calculate the average
composition for those three phases. The formation of a Sn-rich phase
can be rationalized by the precipitation of Sn2* as SngO4(OH)4 and not
as a mixed metal carbonate phase together with Ni2*, MnZ* and Co?*.

NMCS20

Fig. 7. HAADF-STEM of different particles together with left the
mixed (Ni, Co, Mn) elemental map of NMC (x=0), in the middle the
mixed (Co, Mn, Ni, Sn) elemental map of NMCSS5 (x=0.027) and right
the mixed (Co, Mn, Ni, Sn) elemental maps of NMCS20 (x=0.108).
The element maps are given in counts.

In an attempt to probe the influence of the applied synthesis method
on the formation of a Sn-rich phase, a sample named LNMCS20_b,
consisting of Li1.2Ni.13C00.13Mno.4325N0.10s02, has been prepared via
an aqueous citrato-based solution-gel method. The synthesis
procedure is described in the Experimental section. A pre-calcined Li,
TM, Sn (peroxo) citrato solution-gel precursor (hereafter named as
LNMCS20_a) is heat-treated following the same procedure as for the
Li-rich/Mn-rich intermediates obtained from the co-precipitation
synthesis.

The mixed elemental maps of a representative particle of
LNMCS20_a are depicted in Fig. 8. Ni and Co are homogeneously
distributed. A variation of Mn and Sn within a range of 15 at.% is
detected for the analyzed regions and particles. The TM and Sn are
more homogeneously distributed for the solution-gel precursor as
compared to the co-precipitation intermediate precursor NMCS20.

8 | J. Name., 2012, 00, 1-3
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The additional peaks related to a Sn-rich phase (most, prominent
peak at 18° 20) present in the PXRD padteth1&f/INNTS267B
presented in Fig. 9. further indicate that the formation of a Sn-rich
phase is intrinsically related to the poor mixing of Sn with the TM in

Li-rich/Mn-rich NMC.

LNMCS20_a

Fig. 8. HAADF-STEM of the representative LNMCS20_a particle
together with in the middle the mixed (Co, Mn, Ni) elemental map
and right the mixed (Co, Ni, Sn) elemental map. The element maps
are given in counts.

Intensity (A. U.)
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Fig. 9. PXRD pattern of the LNMCS20_b sample.

Electrochemical characterization

In order to comparatively assess voltage fade, galvanostatic cycling
has been performed within the 3.00 V - 4.55 V vs. Li/Li* potential
window on the LNMC and LNMCS5 samples. The lower potential limit
has been set at 3.00 V, as voltage fade dominates in the ~3.1-3.3V
voltage interval for LMR-NMC(68). Selected charge/discharge curves
are shown in Fig. 10. The slope region observed for both samples up
to ~4.4 V is related to the oxidation of Ni2* to Ni3* and Ni** and Co3*
to Co*.(8) Evidence for anionic redox chemistry of the oxygen
sublattice can be found for both samples in the potential plateau,
observed at around 4.5 V vs. Li/Li* during the first charging step
(Supporting Information, Fig. S5.).(69)(70)(71)(25) By differential
electrochemical mass spectrometry (DEMS) on 180-labelled
Li1.2Ni0.13C00.13Mng 5403 it is shown by Luo et al.(15) that the 4.5 V
plateau predominantly originates from hole formation on oxygen
sites from the oxygen sublattice. Only a minor amount of released
oxygen has been detected. Currently it is still under debate in

This journal is © The Royal Society of Chemistry 20xx
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literature whether the released oxygen during the first charging step
originates from the bulk lattice or from the near-surface region of the
Li/Mn-rich NMC particles.(3)(70)(71)-(25)(72) It was also shown by
Luo et al. that holes formed at ~4.5 V are localized, no real 0%_
species were detected.(15) The absence of 03~ species can also be
rationalized by the finding that the required rotation of oxygen bonds
to form peroxo-like species is inhibited by the directional bonds with
oxygen of transition metals possessing partially occupied d
orbitals.(73) Amongst the transition metal cations, localized hole
formation on oxygen is most facilitated by Mn* as the Mn**-O bond
is less covalent than Ni**-O or Co**-0. The Li*-O bond is characterized
by an even lower covalency than Mn#-0O and by consequence
contributes more to the localized hole formation on oxygen.(15) As
Sn** has completely filled d orbitals, resulting in less directional
bonds with oxygen, formation of peroxo-like species is more
facilitated at ~4.5 V.(73) The voltage plateau depicted in Fig. S5. at
around ~4.5 V is comparable for both unsubstituted LNMC and Sn
substituted LNMCS5, both reaching capacities of ~250 mAh/g.
Plausible explanations can be found in the low Sn* dopant
concentration and/or in a potential formation of O-O bonds for
oxygen in the direct vicinity of Sn*. For the subsequent 99
charge/discharge cycles, comparable voltage fade for both samples
is observed, as presented in Fig. 10. A transition from layered to
spinel-type structure upon extended cycling with upper cut-off
potential of 4.55 V vs. Li/Li* is expected to be hardly mitigated by
replacement of a few molar percent of Mn** by Sn**in LMR-NMC,
despite the lower tendency of Sn** to undergo On-Th-On migration
during galvanostatic cycling. In literature(35), lower voltage fade
upon Sn doping is observed for fully charged LMR-NMC up to ~4.8 V
vs. Li/Li*. This can be potentially partly ascribed to a difference in
tendency to fully oxidize oxygen (resulting in oxygen release from the
oxygen sublattice) between oxygen possessing localized holes and O-
O dimers.
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Fig. 10. Selected charge/discharge curves (cycle number is given in
the legend) in the 3.00V-4.55V vs. Li/Li* voltage window for LNMC
and LNMCSS5. Voltage fade is indicated by the arrow.

Conclusions

We have described the synthesis of Li; 2Nig.13C00.13Mng 54-xSNx02 (x=0-
0.54) via a facile aqueous co-precipitation method using sodium
carbonate as a precipitating agent, followed by a thermal treatment.
By PXRD and STEM-EDX it has been shown that the limited Sn**
substitution degree not exceeding x ~ 0.045 in Li; ;Nip.13C00.13Mng s4-
«SnNx0O, is most probably intrinsically related to the structure of Li-
rich/Mn-rich NMC and not to the intermediate SngO4(OH); phase
formed after co-precipitation. For x=0.054 and x=0.108 an additional
Sn-rich phase is formed next to a Sn-doped Li-rich/Mn-rich main
phase. The composition of the Sn-doped main phase is comparable
for all the Sn substituted samples. The transition metals and Sn are
homogeneously distributed in the Li-rich/Mn-rich phase, validating
the quality of our applied synthesis method. Up to x=0.108, a highly
crystalline, layered structure is formed, as confirmed by PXRD. A
slight increase of the lattice parameters and volume is observed
upon replacing 5% of Mn** by Sn#*, in agreement with the larger ionic
radius of Sn** as compared to Mn#. It is shown that honeycomb
ordering is maintained upon replacing 5% of Mn** by Sn4+.

For the first time to our knowledge, voltage fade has been assessed
within a potential window with upper potential limited to only 4.55
V vs. Li/Li*. Galvanostatic cycling have been performed on the x=0
and x=0.027 compositions. Both materials are characterized by
discharge capacities around 140 mAh/g at C/10 for 100 cycles. Those
results are in agreement with the similar structural properties of the
x=0 and x=0.027 compositions based on our TEM and qualitative
PXRD study. To conclude, we observed that, under our synthesis
conditions, replacing a few molar percent of Mn#* by Sn** in Li-
rich/Mn-rich  NMC is not considered a valuable strategy to
significantly inhibit voltage fade upon extended galvanostatic cycling
below the fully charged state. This is most probably related to the
low substitution degree of Sn** in the LMR-NMC crystal structure and
the inability of Sn#* to inhibit the structural transition from a layered
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structure to a spinel-type structure upon extended galvanostatic
cycling.
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