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ABSTRACT

The layered oxide LiNig¢Mng,Co(,0; is a very attractive positive electrode material, as shown
by good reversible capacity, chemical stability and cyclability upon long range cycling in Li-ion
batteries and, hopefully, in a near future, in all-solid-state batteries. Three samples with variable
primary particle sizes of 240 nm, 810 nm and 2.1 um in average and very similar structures close
to the ideal 2D layered structure (less than 2% Ni*" jons in Li" sites) were obtained by
coprecipitation followed by solid-state reaction at high temperature. The electrochemical
performances of the materials were evaluated in a conventional organic liquid electrolyte in Li-
ion batteries and in a gel electrolyte in all-solid-state batteries. The positive electrode/electrolyte
interface was analysed by X-Ray photoelectron spectroscopy in order to determine its
composition and the extent of the degradation of the lithium salt and the carbonate solvents after
cycling, taking into account the changes in particle size of the positive electrode material and the

nature of the electrolyte.
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INTRODUCTION

Lithium-ion batteries (LiBs) are already widely used in many applications, especially for
electronics, stationary storage and electric vehicles. The rapid development of renewable
energies and electric transportation is especially responsible for the exponential demand for LiBs
with higher energy densities.! Different strategies are followed in order to supply this demand:
(1) optimization of high energy density positive electrode materials such as Li-rich or Ni-rich
layered oxides or high voltage spinel LiNil/zMng/zOé;,ZJ1 (i1) migration towards Li metal all-solid-
state batteries (ASSBs) with the replacement first of the organic liquid electrolyte by a solid
(inorganic, polymer or hybrid) electrolyte and then of the graphite by Li metal at the negative
electrode,”” and (iii) development of new battery chemistries such as Li/S or Li-air batteries.®
One of the main problems for the first strategy remains the safety issues, reinforced when
combining organic liquid electrolyte with high voltage positive electrode materials. Indeed, their
instability in the charge state of the battery or at high cycling rates can lead to oxygen gas and
heat release, to thermal runaway with electrolyte decomposition and flammability, and possibly
to fire of the battery.”** One of the main concerns to develop even higher energy LiBs remains
thus the optimization of organic electrolytes with appropriate additives to stabilize the electrode-
electrolyte interfaces when cycled at high potential and/or at high rate.'**" The additional
motivation beyond the higher energy density for the development of ASSBs is that, as free of
organic solvents, they appeared as another effective way to address the safety issues. However,
the performances of those systems remain poor, as facing a series of challenges to be solved
before their development and introduction into the market: mainly, interfacial irreversible

6,22-24

reactivity and strong mechanical strains® > leading to poor Li" ion diffusion at the solid-
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solid electrode-electrolyte interfaces and to formation of cracks, Li dendrites™%>*

until possible
short-circuits and safety concerns.

The layered oxide LiNig¢MngCo020, (NMC622) is a very attractive positive electrode
material as already extensively reported, with its good reversible capacity (up to 180-190
mAh/g), chemical stability and cyclability upon long range cycling in Li-ion batteries.** ™
Recently we have explored a large panel of synthesis conditions to tailor the primary particle size
of NMC622 powders from 170 nm to 2.1 um.** Their electrochemical performance in Li-ion
batteries and surface reactivity have been shown to be highly sensitive to cycling conditions (C-
rates and potential windows), as well as to primary particle size. Indeed, larger particles have
shown the formation of solid electrolyte interphase with a larger proportion of lithium salt
degradation products versus solvents degradation products, induced especially by the larger
amount of Li,CO; at their pristine surface. Furthermore, degradation of the lithium salt was
favoured at higher cycling rate, whereas in a lesser extent that of the organic solvents in larger
potential windows with a higher cut-off voltage. In this study, we have focused our interest on
three different NMC622 materials with particle sizes of 240 nm, 810 nm and 2.1 pum, to compare
their electrochemical performance in conventional LiBs with an organic liquid electrolyte and in
Li metal ASSBs with a gel electrolyte. The reactivity was studied in both systems as a function

of the primary particle size, combining X-ray diffraction (XRD), X-ray photoelectron

spectroscopy (XPS) and scanning electron microscopy (SEM).
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EXPERIMENTAL SECTION

The synthesis of the three Li(NigsMng2Co0¢2)O, layered oxides studied here is described in
details elsewhere.*” The mixed transition metal (TM) hydroxide is intimately mixed with lithium
carbonate Li,CO; (Sigma-Aldrich, >99%) such as an excess of 5 wt.% versus the Li/TM ratio of
1.05 is used. Thermal treatments are performed at increasing temperatures to promote the
particle growth, i.e. at 810°C, 900°C and 930°C, and under O, flow to favour the stabilization of
a 2D structure with almost no Ni*" ions in excess in the Li" sites. The samples are named in the
following according to their synthesis conditions: lithiation temperature (°C) - weight percentage
of Li,COj; excess - atmosphere.

As reported in reference 42, the cationic composition of the lithiated layered oxides was
determined by Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) (Varian
ICP/OES 720 ES), whereas the carbon content of the powders was also determined using a
CHNS elemental Thermo Fischer Scientific analyser equipped with an automatic sampler.
Powder X-Ray diffraction (XRD) patterns were recorded using a PANalytical X’Pert MPD Pro
diffractometer equipped with a Cu radiation X-ray tube, in the angular range of 10-80° (20) with
0.008° intervals, and for a total acquisition time of around 35 hrs. The collected XRD patterns
were refined by the Rietveld method using FullProf software.” The powders, as well as the
electrodes and their cross sections before and after cycling, were observed by scanning electron
microscopy (JEOL 6700F and TESCAN Vega), after their metallization by gold deposition. The
cross-section of the electrodes was performed using a cross section polisher (Gatan Ilion II 697).
A wedge-type polishing at 90° was performed at a 5 kV voltage for 2 hrs and at 1 kV for 1h.

Granulometry measurements were performed using a Malvern Mastersizer 2000. The powders
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were previously dispersed in distilled water and sonicated for 1 min. BET surface areas were
determined using a Micromeritics 3FLEX analyser. The powders were previously degassed
under vacuum at 90°C for 1 hr and then at 150°C for 10 hrs.

The surface composition of the pristine powders, pristine electrodes and corresponding cycled
electrodes was determined by XPS using an ESCALAB 250 Xi spectrometer with a
monochromatized Al-Ko X-Ray source (hv = 1486.6 e¢V). A neutraliser gun was used to
minimize surface charging. For the pristine powders, the spectral calibration was carried out
using the C-C/C-H component (285 eV) originated from the surface carbon contamination in Cls
core peaks. For the electrodes, it was carried out using the CF, component (291 eV) originated
from the PVDF polymeric binder in Cls core peaks. The peak fitting process was carried out
using a non-linear Shirley-type background. The peak positions and areas were optimized by
weighted least-squares calculation method using 70% Gaussian and 30% Lorentzian line shapes.
The quantification of surface composition was based on Scofield’s relative sensitivity factors
corrected by specific values depending on the apparatus.** The quantification and spectra fitting
were carried out using CASA XPS software.

The samples were electrochemically tested in CR2032-type coin cells prepared in an argon-
filled glovebox and consisting of a positive electrode and a lithium foil as negative electrode,
separated by two Celgard 2325 separators. The positive electrodes were prepared by coating a
slurry on an aluminium foil as current collector. The slurry was prepared by mixing the active
material with Super C65 carbon black and Solef 5130 polyvinylidene fluoride (PVDF) binder
(91:5:4 wt.%) in N-methyl-2-pyrrolidone (NMP) (Scharlau, GC head space grade). The samples
were cycled versus Li metal, either in a liquid organic electrolyte consisting of LiPFs (IM) in a

mixture of cyclic and linear carbonate solvents, or in a gel electrolyte consisting of LiPFs in
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carbonated solvents and liquid in its pristine state. The gelified electrolyte, which composition
cannot be disclosed but similar to that described in reference 45, was obtained after its
polymerization in situ at 60°C overnight after assembling the coin-cell with exactly the same
protocol to that already described.* The coin cells were cycled using a VMP (Biologic) in
galvanostatic mode. After cycling, the electrodes were recovered in an Ar-filled glovebox to
prevent any evolution in air atmosphere before their characterization, and they were washed with
dimethyl carbonate in large excess in order to remove the salt and dried under vacuum. The

protocol was similar whatever the electrolyte, liquid or gelified.

RESULTS AND DISCUSSION

Structural and physico-chemical characterizations

The structure of the three Li(NipcMng,Cop2)O, layered oxides was analysed by X-ray
diffraction. Their X-ray diffraction patterns are compared in Figure 1. They reveal that each
compound is a pure layered oxide with a sharpening of the diffraction lines, reflecting an
increase of the crystallinity of the powder with the increase of the synthesis temperature from
810°C to 900°C, as shown by the increase of the Full Width at Half Maximum (FWHM) of the
(003) and (104) peaks as reported in Table 1. As already reported in details in reference 42, they
crystallize in an a-NaFeO;-type layered structure described in the R-3m space group and close to
a perfect 2D structure, as determined by Rietveld refinement of their XRD patterns and as shown
by the presence of less than 2% of Ni*" in excess in the Li" sites. The structural parameters of

these three materials are gathered in Table 1, with also the description of the cationic distribution
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between the Li" sites on one side and the transition metal sites on the other side. This description
is based on a global charge compensation and on the stabilization of Ni in the divalent state in
the interslab space and of Co and Mn in the trivalent and tetravalent states in the slabs
respectively.*® These three samples are very similar layered oxides from a composition and
structural point of view, with similar cell parameters, amount of Ni*" in the Li" sites and cationic
distribution within the layered framework. Ni**, Ni*", Co** and Mn*" cations are in fact randomly
distributed in the transition metal sites. This structural study confirms as reported in reference 42
that a thermal treatment under oxygen with a small excess of Li precursor favours the formation

of almost ideal 2D layered structures at 810°C, 900°C and 930°C.
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Figure 1. X-Ray diffractions patterns obtained for the synthesized samples. The indexation of

the diffraction lines is given in the R-3m space group.
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Table 1. Lattice parameters, c/a ratios, FWHM of the (003) and (104) peaks, compositions and
cationic distributions calculated from the Rietveld refinement of the X-Ray diffraction patterns.
Average primary particle sizes determined by measuring 100 primary particles on SEM pictures

with the software ImageJ.

SEM
o, average
FWHM | FWHM Composition and .
Samples a(A) ¢(A) c/a 003) | (104) cation distribution primary
particle
size

930-5-0, | 2.86356(3) | 14.2006(4) | 4.9591(2) | 0.05 008 | i oomoNToose)NiToza@Ni |5 | um
0371(5)Mn 0204(1)C0 0204(1))02

900-5-0, | 2.86298(3) | 14.2021(3) | 4.9606(2) | 0.05 0.08 (11‘ 0985<3>NL+°°15<3>)(1§i “o2s@Ni | 10 1m
0376(5)Mﬂ 0203(1)C0 0203(1))02

810-5-0, | 2.86252(6) | 14.2014(6) | 4.9612(3) | 0.09 0.14 (L‘ 0982<3>NL+°°18<3>)(I§1 To22Ni | 40 0
0371(5)Mn 0204(1)C0 0204(1))02

The composition of the samples was verified by ICP-OES analyses; the results are shown in
Table S1 in supplementary information. The three samples show compositions in transition
metals close to the targeted ones, i.e. the stoichiometry Ni:Mn:Co of 6:2:2. A slight overlithiation
is observed with Li/TM ratios larger than 1 for the 3 samples, despite a Li/TM ratio slightly
smaller than 1 in the layered structures (0.96-0.97 obtained from XRD refinements). Traces of
carbon were estimated by gas chromatography analyses to be smaller than 1 wt.%. Combined
with the Li excess, it suggests the presence of Li,COj; in the powders despite not detected by
XRD. This carbonate can be, either a residue of the Li precursor used in excess during the
synthesis, or formed by reaction of the lithiated layered oxide with ambient air after the

. 4749
synthesis.

Figure 2 compares the morphology of the three compounds. As shown in reference 42 that is

devoted to the screening of synthesis conditions to control the formation of NMC622 with 2D
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structure and tailored morphology, the average primary particle size increases with the lithiation
temperature from 240 nm at 810°C, to 810 nm at 900°C and to 2.1 um at 930°C (Table 1). These
sizes were estimated by measuring 100 particles on SEM pictures with the software ImagelJ. The
corresponding particle size distributions are also compared in Figure 2, they widen with the
increase of the lithiation temperature. To get more insight into the morphology of the three
materials, laser granulometry measurements were performed with or without applying 1 min
sonication. Figure S1 gives the distribution in number of the particles and aggregates’ sizes.
These results obtained by SEM and laser granulometry confirm that smaller primary particles are
obtained for the 810-5-O, sample and larger primary particles are obtained for the 930-5-O,
sample. The 810-5-O, size distribution expands from 0.1 to 0.5 um for the primary particles
observed by SEM (Figure 2b), and from 0.3 to 10 um for the primary particles and aggregates
observed by laser granulometry (Figure S1a). The 930-5-O, size distribution expands from 0.8
to 4.2 um for the primary particles observed by SEM (Figure 2f), and from 0.8 to 10 um for the
primary particles and aggregates observed by laser granulometry (Figure S1a). Despite at the
limit of accuracy of the technique, a trend was observed in the variation of the BET specific
surface area as a function of the synthesis temperature. As shown in Table S2, it decreases from
around 3 m?*g for the 240 nm particles (810-5-O, sample) to around 1 m?/g for the 2.1 um
particles (930-5-O, sample), and in parallel the pore volume also decreases from around 0.009

cm’/g to 0.002 cm’/g respectively.

10
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Figure 2. Morphologies obtained for the samples synthesized at 810°C (a), 900°C (c¢) and 930°C
(e). An increase of the average primary particle size from 240 nm to 2.1 um is observed between
810°C and 930°C. These average sizes were determined by measuring 100 particles using the

software ImageJ (b, d and f).
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Surface analyses

The surface of these samples was analysed by XPS. Figure 3 compares the Cls, Ols and
Ni3p-Co3p-Lils-Mn3p spectra collected for the three compounds. Chemisorbed contamination
species are detected at the surface of the particles and are responsible for several contributions in
the Cls and Ols spectra. The Cls spectra are decomposed into four contributions observed at
285.0, 286.5, 288.7 and 290.0 eV and corresponding to C-C/C-H, C-O, C=0/0-C=0 and COs>
environments respectively.’’ Those species are assigned to adventitious carbon usually identified
at the material surface. The Ols spectra exhibit a component at around 529.2 - 529.4 eV
corresponding to O anions in the NMC crystalline network and two other components located
at 531.7 eV and 534.6 €V attributed to CO3>/0-C=0/C=0 and C-O environments.’’ In the 45-80
eV binding energy range, Ni3p, Co3p, Lils and Mn3p core peaks have been identified and
located at 68.1 eV (Ni*'/Ni**)’!, 61.2 eV (Co*")™?, 54.2 eV (Li)** and 49.9 eV (Mn*")’". Those
peaks were chosen to perform a more precise quantitative analysis as they are in the same
binding energy range as opposed to the 2p core peaks. The Lils peak is decomposed into two
components at 54.2 eV and 55.6 eV attributed to Li" ions in the NMC crystalline network

(labelled Linmc) and in Li,CO; (labelled Li2CO3)5 3, respectively. From these spectra, quantitative

analyses were performed in order to compare the surface compositions of these three samples.
The results, displayed in atomic percentages, are summarized in Table 2 and Table 3 for the
three compounds. As an example, the complete quantitative analysis of the 810-5-O, material
can be found in Table S3. Only the most interesting values obtained from these quantitative

analyses are discussed hereafter. In Table 2 the atomic percentages, extracted from global

12
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quantification, are given for the Li and C coming from Li,COj; contributions and for the oxygen
atoms in the NMC network (Onmc). The samples 810-5-O; and 900-5-O, are those that show the
lowest carbonate proportions at their surface, and thus the highest proportions of transition
metals and oxygen from the layered oxide (NMC), as less covered. The sample 930-5-O, shows
a higher proportion of Li,COs3 detected at the surface and thus less transition metals and oxygen
from the layered oxide. Note that the detection of Li,CO3 by XPS surface characterization (with
an analysis depth of 5-10 nm), despite not detected by XRD, allows explaining the overlithiation
results obtained by ICP-OES and CHNS chemical analyses. In addition, it is worth mentioning
that there is no relationship between the quantity of Li,COs; measured at the surface and the
amount of Ni*" ions in the interslab spaces as determined by the Rietveld refinement. Indeed, the
samples have very similar amounts of Ni*" ions in the interslab spaces (between 1.5 and 1.8%, as
shown in Table 1) but different amounts of Li,COj; at their surface. The results in Table 3
confirm the transition metal stoichiometry on extreme surface for the materials. All samples are
characterized by a stoichiometry Ni:Mn:Co close to 6.7:1.6:1.7 at the surface versus 6:2:2 in the

bulk, showing that the composition at the surface is enriched in Ni versus Co and Mn.

13
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Figure 3. Cls (a), Ni3p-Co3p-Lils-Mn3p (b) and Ols (c¢) XPS spectra of the three active

materials. The Cco3 and LiLizco3 peaks are highlighted in blue and the Oxyme and Linve peaks are
highlighted in red. The dots and the lines represent the experimental and the fitted data

respectively.
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Table 2. Comparison of the contribution of the carbonate species in the Cls and Lils spectra,

and the contribution of oxygen from the electrode material in atomic percentages extracted from

the global quantitative analyses performed from XPS spectra of the materials.

Atomic percentages
Samples C (Li,CO») Li (Li,COx3) Onmc
930-5-0, 9.1 19.2 6.8
900-5-0, 6.3 12.7 9.7
810-5-0, 6.2 13.0 10.1

Table 3. Transition metal ratios obtained from Ni, Mn and Co atomic percentages extracted from

the global quantitative analyses of the XPS spectra collected for the three compounds.

Atomic percentages
Samples Ni 3p Mn 3p Co 3p XTM (Ni:Mn:Co)/ETM
930-5-0, 4.1 1.0 1.0 6.1 0.67:0.16:0.16
900-5-0, 5.8 1.3 1.4 8.5 0.68:0.15:0.16
810-5-0, 5.8 1.5 1.6 8.9 0.65:0.17:0.18

15
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Electrochemical analyses

These three NMC622 powders were electrochemically tested in CR2032 type coin cells versus
Li metal in galvanostatic mode, either in an organic liquid electrolyte or in a gelified electrolyte,
in the same cycling conditions, at room temperature and in the 2.5-4.3V vs. Li'/Li potential
range. First, three formation cycles were performed at room temperature: the first at C/20 (1
charge and 1 discharge in 20 hrs), the second at C/10 and the third at C/5. Then, the samples
were cycled at C/5 in the same potential range, with a constant voltage step at 4.3V at the end of
every charge until the current becomes smaller than that corresponding to C/85. Figure 4 shows
the charge-discharge curves obtained for the three compounds during the 1* formation cycle at
C/20 (Figure 4a) and the 4™ cycle at C/5 (i.e. that corresponding to the 1% cycle after the three
formation cycles) (Figure 4c), in both types of electrolytes. The corresponding dQ/dV=£(V)
curves are given in Figures 4b and 4d, respectively. As highlighted by the cycling curves given
in Figure 4 and in Figure S2 (in supplementary information for that latter), the duration of the
constant voltage step increases with the size of the particles and when cycling is performed in
gelified electrolyte. The discharge capacity and irreversible capacity (IRCs) obtained at the end
of the 1% cycle, as well as the discharge capacity obtained during the 4 cycle are gathered in
Table 4, for the three electrode materials and the two types of electrolytes. The evolution in
performances according to changes in the particles’ size is similar in both types of batteries,
using a liquid organic electrolyte and a gelified electrolyte. The performance tends to decrease
with the increase of the particles’ size on one side and in gelified electrolyte versus the
conventional organic liquid electrolyte on the other side, as highlighted especially in Figures 4c-

d by increasing voltage polarization for larger particles’ sizes and even more in gelified

16
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electrolyte. The larger the polarization, the longer is the duration of the constant voltage step.
Beyond these observations, it is worth mentioning that the performances are very similar for the
powders showing 240 and 810 nm particles’ sizes (the samples 810-5-O, and 900-5-O,,
respectively) in the conventional liquid electrolyte. Furthermore, the 240 nm primary particles
deliver the best and similar performances in both electrolytes: a discharge capacity of ~182
mAh/g and an IRC of ~6.5%. Increasing the particle size tends to decrease the interfacial area
with the conventional electrolyte and thus limit the parasitic reactions. Nevertheless, in parallel it
implies also larger diffusion path for Li" ions within the solid. An optimum has thus to be found
for the primary particle size to deliver the highest reversible capacities and best capacity
retentions regardless of the cycling rate: here it appears to be 240 nm for good performances both
in conventional liquid and in gelified electrolytes whereas 810 nm shows similar performance
only in liquid electrolyte.** This result obtained for 810 nm particle size suggests that the

wettability by the gelified electrolyte is much difficult as the particle size increases.

17
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Figure 4. Charge-discharge curves of the three samples cycled in a conventional organic liquid
electrolyte and in a gelified electrolyte: 1% cycle (a) and 4™ cycle (c). Corresponding dQ/dV=f(V)
curves for the 1 cycle (b) and the 4 cycle (d). The samples underwent three formation cycles at
C/20, C/10 and C/5 and were then cycled at C/5 in the potential window 2.5-4.3V vs. Li'/Li. The
potential is maintained at 4.3V until the current becomes smaller than that corresponding to

C/85, at the end of every charge.

18
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Table 4. 1* and 4™ discharge capacities and irreversible capacities percentage (IRC, %) obtained

upon cycling of the 3 samples versus Li metal in conventional organic liquid and gelified

electrolytes.
C/20 ; 2.5-4.3V, 1* formation cycle C/5;2.5-4.3V, cycle 4
Liquid electrolyte | Gelified electrolyte Liquid Gelified
1 Y y electrolyte electrolyte
A\ierage Discharge Discharge Discharge Discharge
. primary . IRC . IRC . .
Sample %Niy; article capacity (%) capacity (%) capacity capacity
P size (mAh/g) ¢ (mAh/g) ’ (mAh/g) (mAh/g)
930-5-0, 1.8 2.1 ym 171 12 165 14 141 116
900-5-0, 1.5 810 nm 180 9 166 13 174 156
810-5-0, 1.8 240 nm 181 7 183 6 173 170

Figure 5 shows the evolution of the discharge capacities delivered by the 3 samples after a
larger number of cycles, 53 cycles were performed in the gelified electrolyte and 105 cycles in
the conventional organic liquid electrolyte. Figure 5 reveals that the reversible discharge
capacity decreases continuously upon cycling of the three samples, whatever their particles’ size,
in the conventional electrolyte, with a loss of capacity smaller than 36% after 100 cycles and in
good agreement with the results we recently reported.*” When cycled in the gelified electrolyte,
much lower performances are obtained as already discussed, with a first rapid drop during the
first three cycles and a second rapid drop of the reversible discharge after less than 50, 30 and 20
cycles for the 810-5-0,, 900-5-O, and 930-5-O, samples respectively as highlighted in Figure 5
and in Figure S3 (given in supplementary information for that latter). It is interesting to highlight
that despite the cycling is performed at room temperature and at a rather fast rate of C/5,
performances are similar in gelified electrolyte and in conventional organic liquid electrolyte for

the sample 810-5-O, with 240 nm particles’ size during the 40 first cycles.
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Figure 5. Evolution of discharge capacities delivered by the 3 samples cycled versus Li metal in
conventional organic liquid and gelified electrolyte. The samples were cycled at a C/5 rate, in the
potential window 2.5-4.3V after 3 formation cycles at C/20, C/10 and C/5. A constant voltage
step is performed at end of every charge until the current becomes smaller than that

corresponding to a C/85 rate.

In order to get more insight into the reactivity of the 3 materials, showing different particle
sizes ranging between 240 nm and 2.1 um, different analyses were carried out to characterize the
electrodes recovered after cycling in both types of electrolytes: after 10 cycles (after the 3
formation cycles) and after 105 (or 53) cycles at the end of the charge (EOC) or of the discharge
(EOD). OCV electrodes, exposed to the electrolyte without cycling, were also studied for

comparison. They were first observed by SEM to compare their morphologies and determine if
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some of them contained more fractures than others, that could reflect more important mechanical
strains. The morphology of the electrodes was first investigated by scanning electron
microscopy. The electrodes were then characterized by XPS analyses to study the

electrode/electrolyte interface composition.

Electrodes morphology analysis after cycling

As shown in Figure S4 (left) the morphology of the agglomerates made of 2.1 pm or 240 nm
size particles is not affected after cycling in the conventional electrolyte, showing that the
particles and the agglomerates keep good integrity and that the large number of cycles doesn’t
have a significant impact on their morphology. Nevertheless, when observing the electrodes at
lower magnification, the electrodes made with 240 nm size particles (Figure S4g-i left) seem to
become slightly more porous after cycling, however these observations were made on electrodes
after being separated from the separators with possible removal of electrode parts. These 240 nm
particles seem to be also covered by a thick layer after 10 or 105 cycles compared to the OCV
ones (Figure S4j-1 left). Figures S4d-f (left) suggest that no cracks are observed within the large
2.1 um size particles after 10 or 105 cycles in liquid electrolyte, even in the charge state (EOC)
of the battery, in good agreement with the composition of the layered oxide NMC622 and with
the potential window limited to 4.3V vs Li'/Li. Indeed, intragranular cracks were previously
observed in NMC 811 layered oxides, richer in Ni and prone to undergo huge volume variations

in the highly deintercalated state,”>™°

and especially in a wider potential window (= 4.45V vs
Li"/Li).”"® The same comparison is made for electrodes cycled in the gelified electrolyte in

Figure S4 (right). As shown especially in Figures S4d-f (right), a part of the gel remains within
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the electrodes even after the washing protocol making difficult to figure out if cracks are formed
within the large 2.1 um size particles after 10 or 50 cycles in the potential window 2.5-4.3V vs
Li"/Li. The electrodes appear to keep good integrity after their cycling in gelified electrolyte, as
in the conventional organic liquid electrolyte. As the formation of the gel is performed after
assembling the cell, the electrolyte in its liquid state fills the porosity of the electrodes as well as
that of the separator, and then the increase of the temperature to 60°C allows creating an
interpenetrated network of the gel electrolyte within the solid-state batteries. In order to get more

insight into the volume of the electrodes, cross sections were analysed by SEM.

Figure 6 compares cross sections of electrodes made with 2.1 um and 240 nm particles, after
their contact with a conventional organic liquid electrolyte (left side of the figure) and with a
gelified electrolyte (right side of the figure). Figure 6 gives the comparison of the pristine state
before cycling, with that observed at the end of the charge after 105 (or 50) cycles. These cross
sections allow showing a good distribution, on the left of the PVdF binder, carbon black and
active material in the volume of the electrodes, and on the right of the same components with in
addition the gelified electrolyte. As shown in Figure S5 given in supplementary information, it
appears that the penetration of the gel is probably not achieved in the intergranular spaces (red
arrows) within the aggregates of large 2.1 um size particles, whereas it is for 240 nm size
particles (Figure 6¢-f right). It could be one of the origins of the lower performance of the 930-
5-O, sample (2.1 pum size particles) in all these solid-state batteries (Figure 5). Indeed, this
smaller “wettability” by the gelified electrolyte induces, combined with larger particle sizes,

diffusion limitations.>’
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In conventional organic liquid electrolyte In gel electrolyte
ocv 105 EOC ocv 50 EOC

Figure 6. Observation by SEM of cross sections of electrodes after being put in contact with the
electrolyte (conventional organic liquid electrolyte on the left and gelified electrolyte on the
right): in the pristine state without cycling (OCV) (a, c, e) and after 105 (or 50) cycles at the end
of the charge (EOC) (b, d, f). SEM images of electrodes made with 2.1 um size particles (a, b)
and 240 nm size particles (c and d, and their magnification in e and f respectively) are compared.
The red arrows emphasize intergranular spaces in the aggregates of the 2.1 pm primary particles

after cycling in liquid electrolyte (also seen after cycling in gel electrolyte in Figure S4).
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XPS analysis of the positive electrode/electrolyte interface after cycling

XPS analyses were performed on these electrodes made from the 930-5-O, (2.1 pm particles),
900-5-O, (810 nm particles) and 810-5-O, (240 nm particles) samples after their cycling in the
conventional organic liquid electrolyte and in the gelified electrolyte, in order to compare the
nature of the interface. Electrodes were analysed after being exposed to the electrolyte without
cycling (OCV), after 10 cycles at the end of charge and discharge (10 EOC and 10 EOD
respectively) and after 105 (or 50) cycles at the end of charge and discharge (105 (50) EOC and
105 (50) EOD respectively). Pristine electrodes were also analysed for comparison. The
comparison of all these XPS spectra is given in Figure 7, as an example for the 810-5-O, sample
showing 240 nm particles. The results obtained from the quantitative analysis of the spectra
collected for the 810-5-O, electrode recorded after 10 cycles at the end of the charge (810-5-O; -

10 EOC liq) are given in details in Table S4 as an example.
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Figure 7. Cls (a), Fls (b), Lils, Ni3p, Co3p, Mn3p (c) and Ols (d) XPS spectra collected for
electrodes made of 240 nm particles (810-5-O, sample) cycled in the conventional organic liquid
electrolyte (left) and in the gelified electrolyte (right). The spectra obtained after 10 cycles and
105 (or 50) cycles at the end of charge and discharge are compared to those obtained for the
pristine and OCV electrodes. The dots and the lines represent the experimental and the fitted data

respectively.

As the two types of electrolytes (organic liquid and gelified) contain LiPF¢ as salt and
carbonate-type constituents, the compounds expected to compose the degradation layer localized

at the interface between the electrode and the electrolyte are the same as those already identified
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in our recent work on these NMC622 type compounds**: LiF and Li,PF,O,-type species, as well
as carbonaceous and oxygenated species. We thus focused on the analysis of the Cls, Fls, Lils,
Ni3p, Co3p, Mn3p and Ols XPS spectra as their combination allows getting more insight into
the degradation of the solvents and of the salt, but also on the degree of coverage of the pristine
electrode by degradation products.

In good agreement with the presence of additives (carbon black and binder) additional
components are observed in the spectrum of the pristine electrode versus that given in Figure 3
for the powder. In the Cls spectra, two contributions located at 286.5 eV and 291.0 eV were
attributed to CH, and CF, chemical environments of the PVDF binder, respectively. The
signature of the carbon black in the electrode is also well characterized by a set of black peaks,
represented in Figure S6. The Fls spectrum is composed of two contributions, one from the
PVDF binder located at 688.0 eV and attributed to the CF, environments and a very small
contribution at 685.2 eV attributed to LiF.°*®" A new component also appears at 56.1 eV under
the Lils peak according to LiF species. In comparison with the Figure 3, we can note a decrease
of the contribution of the Onve component (from 30% to 20%) in the whole Ols spectrum

corresponding to the presence of oxygenated species coming from the electrode formulation.

Cycling in the conventional organic liquid electrolyte

After OCV, the contribution of LiF in the Fl1s spectrum slightly increases, which is correlated
with the increase of the component at 56.1 eV under the Lils peak according to LiF species. The
oxygen function linked to solvent degradation like CO, or O=C species on one side and to C-O

60-61

species on the other side are associated to the peaks at 531.9 eV and 532.9 eV, respectively.
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A very light amount of phosphate species has been also deposited after OCV (less than 1 at%).
No either modification has been reported.

Now, we follow the evolution in the core peaks spectra associated to the deposition of species
on the electrode surface upon cycling at different stages in the conventional organic liquid
electrolyte (Figure 7-left), especially to investigate the impact of the particles size on the
degradation products and the covering of the electrodes.

In the Fls spectra, the cycling is concomitant with the appearance of a third component at
686.1 eV associated to the deposition of Li,PF,O, species, which is more quantitative for the
810-5-O, sample. We also note a large increase of the LiF component, coming from the
electrolyte salt decomposition. Concomitantly, a corresponding increase of the LiF/LiPF,0,
component in the Lils spectra at 56.2 eV is observed.

The Ols and Cls spectra are also modified after cycling, due to the degradation of electrolyte
salt and solvents. For Ols spectra, the Oxye component at 529.6 eV tends to disappear (from
20% to 2% of the Ols signal) while the contribution of the components at higher binding energy
(532.0 eV, 533.0 ¢V and 534.3 eV) is continuously increasing as the covering increases along the
cycling. The formation of oxygenated fluorophosphates species corresponds to the peak at 534.3
eV.

All along the cycling, the contributions in the Cls spectra located at 285.1, 286.4, 287.5 and
288.9 eV assigned to C-C/C-H, C-O, C=0 and O-C=0 environments respectively are increasing
according to the solvents degradation. From the direct observation of these spectra, we can easily
detect a slight consumption of the degradation species at the end of each discharge.

The comparison of the results obtained for the three materials cycled in the conventional

organic liquid electrolyte are summarized in Figure 8a-c and in Table S5. Only the most
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interesting values obtained from those quantitative analyses are discussed hereafter. The atomic
percentages contribution of each element associated to electrode components and degradation
species are gathered into three different categories: carbon black; LiF/Li,PF,O, species
containing the LiF and Li,PF,0O, contributions in Lils and F1s and the phosphate contributions;
and carbonaceous species comprising the remaining contributions in Cls spectra (i.e.
contributions that are not carbon black nor PVDF), the remaining contributions in Ols spectra
(i.e. contributions that are not NMC nor phosphate species) and the Li,COj; contribution in Lils
spectra.

First, the amount of LiF/Li,PF,O, species is increasing along the cycling reflecting an
important degradation of the LiPFg at the surface. We note a significantly larger amount of those
species at the surface of the 240 nm particles (810-5-O, sample) especially after 105 cycles. The
salt degradation is decreasing as the particles size is increasing (after 105 cycles at the end of
charge: 64.6 at.% for the 810-5-O,, versus 45.4 at.% for the 900-5-O, and 42.6 at.% for the 930-
5-0, samples). Consequently, the evolution of the carbon black and carbonaceous species
surface composition is affected as the amount of those two species are less observed for the
sample with smaller particles (810-5-O, sample).

We found that the atomic percentages of carbonaceous species are increasing with the particles
size and along the cycling. For example, after 105 cycles at end of charge, we report 25.7 at.%,
38.0 at.% and 40.4 at.% for, respectively, the 810-5-O;, (240 nm particles), 900-5-O, (810 nm
particles) and 930-5-O, (2.1 um particles) samples.

For the carbon black (CB), the tendency is an increase of its covering by the SEI during

cycling; this covering being thicker for smaller particles (1.6 at.% for the 240 nm particles after
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105 cycles at end of charge for example, versus 7.9 at.% and 8.1 at.% respectively for the 810
nm particles and the 2.1 um particles).

We thus identify that the covering of the electrode material by the SEI is less important for
larger particles as for the 930-5-O, sample (2.1 pum). As shown in one of our previous works, the
increase of particle size allows the decrease of the specific surface area which limits the parasitic
reactions at the electrode/electrolyte interface, thus reducing the amount of degradation products
formed in the SEI and limiting the covering of the electrode.*” These XPS results show that the
amount of LiPFs and solvents degradation products deposited at the surface of the electrodes
during cycling depends on the particles size, i.e., the degradation products of the LiPF¢ are much
more represented in the SEI of smaller particles electrode material whereas the SEI of larger

particles electrode material contain a larger proportion of solvents degradation products.

Cycling in the gelified electrolyte

The Cls, Fls, Lils, Ni3p, Co3p, Mn3p and Ols XPS spectra obtained for the 810-5-O;
electrodes after their cycling in the gelified electrolyte are shown in Figure 7-right as an
example. The spectra were decomposed in the same way as previously described. The complete
quantitative analysis achieved for the spectra collected for the 810-5-O, electrode recovered after
their cycling for 10 cycles and at the end of the charge (810-5-O, - 10 EOC gel) are given in
Table S6 as an example. The results obtained from those analyses are compared for the three
samples in Figure 8d-f and in Table S7, as for those obtained in the conventional organic liquid
electrolyte. Moreover, we can notice, for some electrodes, a slight content (< 1 at. %) of

Aluminium and/or Magnesium, which origin is not known.
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We remark that, for the three materials, a much larger quantity of carbonaceous species
(especially C-O species located at 286.6 eV) was found at the surface of the electrodes,
regardless of the particles morphology, as soon as they were exposed to the electrolyte (from
24.3 £+ 1.0 at.% for the pristine electrodes to 69.0 = 2.5 at.% for the OCV electrodes). This could
be explained by the thin layer of gel, observed by SEM (Figures S4d-f and S4j-1), which
remains at the surface of the electrodes after DMC washing. Thus, the components associated to
the electrode material (Oxmc, Cpvar, Fpvar and CB) are very quickly not discernible anymore on
the XPS spectra. As an example, the carbon black contributions are decreasing from 36.7 + 2.2
at.% for the pristine electrodes to 2.5 + 1.8 at% for the OCV electrodes (Table S7).

In that condition, we can only investigate the LiPF¢ degradation of the gelified electrolyte
along the cycling regarding the particles size of the NMC622 electrodes.

For the cycled electrodes, we notice that the amount of carbonaceous species, mainly coming
from the remaining gel layer at the surface of the electrodes, remains high (62.5 at.%, 48.2 at.%
and 54.1 at.% for, respectively, the 810-5-O,, 900-5-O, and 930-5-O, samples, at end of charge
of the 50 cycle for example) but varies between the different states of charge (between 67.5 +
5.0 at.%, 59.9 £ 11.7 at.% and 61.2 + 9.8 at.% for respectively the 8§10-5-O,, 900-5-O, and 930-
5-0, samples) showing that its thickness may not be constant between the different electrodes.

The proportion of carbon black species remains very low for the three materials, regardless of
the state of charge (4.0 at.%, 0.9 at.% and 0.8 at.% for, respectively, the §10-5-O;, 900-5-O, and
930-5-0; samples, at end of charge of the 50 cycle for example), showing that the electrodes
are all covered in a similar way by the degradation products and the remaining gel layer.

Although the degradation products may be hidden by the remaining gel layer at the surface of

the electrodes, the proportions of LiF/Li,PF,O, species are similar after 10 or 50 cycles and
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increase less sharply than for the liquid electrolyte (18.9-31.1 at.%, 24.9-47.4 at.% and 21.9-40.9
at.% for respectively the 810-5-O,, 900-5-O; and 930-5-O, samples) showing a probable more
moderate degradation of the LiPFg at the surface and a relatively stable electrode/electrolyte
interface. The results exhibit a lower degradation of the polymer electrolyte for the 240 nm
particles sample regardless of the cycle number and state of charge according to the atomic
percentages evolution of the LiF/Li,PF,O, species (31.1 at.%, 47.4 at.% and 40.9 at.% for,
respectively, the 810-5-O;, (240 nm particles), 900-5-O, (810 nm particles) and 930-5-O, (2.1
um particles) samples, at end of charge of the 50" cycle for example).

Those results show that, for very different particles size from 240 nm to 2.1 pm, the
composition of the electrode/gel electrolyte interface does not differ much from one material to
another. The nature of the degradation products is not very different either from those observed
in the liquid electrolyte so it cannot explain the capacity drop observed for the 3 samples after a
given number of cycles (Figure 5). Also, as the SEI compositions after 50 cycles, i.e. after the
capacity drop, is not that different from those after 10 cycles, this rapid capacity drop may not be
caused only by the degradation of the electrolyte on the positive electrode side. The reactivity of
the gel versus the Li metal electrode and the possible formation of Li dendrites have to be
considered to explain this capacity drop. Further studies are needed to better understand the
reactivity between the Li metal negative electrode and the gel electrolyte. To this end, a similar
study of the Li metal negative electrode/gel electrolyte interface at different states of charge
along cycling, like the one we performed on the positive electrode side, could be interesting to

perform.
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Figure 8. Evolution of the amount of LiF/LiPF,0O, species (a, d), carbonaceous species (b, €)
and carbon black (CB) proportions (c, f) depending on the state of charge and discharge in the
conventional organic liquid electrolyte (a-c) and in the gelified electrolyte (d-f). These amounts
were determined from the quantitative analyses of the XPS spectra collected for the 240 nm

(black dots), 810 nm (red dots) and 2.1 um size particles (blue dots).
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To support the hypothesis that the reaction between the gelified electrolyte and the lithium
metal electrode is responsible for the capacity drop, a complementary cycling test was performed
in the gelified electrolyte with an 810-5-O, electrode (240 nm particles). As shown in Figure 9, a
coin cell was cycled in the same conditions as those previously described (C/5 rate; in the
potential window of 2.5-4.3V vs. Li'/Li after 3 formation cycles at room temperature at C/20,
C/10 and C/5) until the capacity drop occurs after 53 cycles. It was dismantled, the positive
electrode was recovered, washed with DMC and put back in a new coin cell with a new separator
and Li negative electrode, to see if the performances could be improved or recovered when the
Li metal/gelified electrolyte interfaces are renewed. The first discharge capacity obtained in the
new coin cell is significantly improved compared to the discharge capacity delivered at the end
of the previous cycling: 126 mAh/g vs. 52 mAh/g. This shows that renewing the Li
metal/gelified electrolyte interfaces has a significant beneficial effect over the electrochemical
performances so the reactivity at the negative electrode side has an actual impact on the capacity
drop observed for the 3 samples. However, the capacity delivered by this new coin cell is still far
from that obtained at the beginning of the pristine cycling: 126 mAh/g vs. 173 mAh/g, meaning a
27% decrease of the 1% discharge capacity between the pristine and the second cycling. Indeed,
as shown by the SEM analyses previously discussed, a residual gel electrolyte layer remains at
the surface of the positive electrode even after being washed with DMC. So, on the contrary to
the Li metal/gelified electrolyte interface, that of the positive electrode with the electrolyte could
not be renewed. Even if the residual gel electrolyte could have retained a part of the CEI of the

positive electrode, it is not obvious that the second polymerization creates an actual continuity
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with the residual gel, thus limiting the possibilities for lithium diffusion and explaining the
improved, but mitigated, electrochemical properties of this renewed battery.

One of the possible strategies to stabilize the interface with the Li metal and prevent the Li
dendrites growth into the gel electrolyte is to improve the mechanical properties of the polymer
matrix by synthetizing a composite, often by adding ceramic fillers for example (Li;La3Zr;01
(LLZO), Lig7sLasZr; 75Tag25012 (LLZTO), Lig3sLag ssTiOs (LLTO)...).% " The idea is to give
the gel, on one hand, a high hardness to prevent the Li dendrites from penetrating inside the
electrolyte and, on the other hand, a shear modulus at least twice as high as the one of Li metal
(> 8 GPa) to avoid increasing the surface roughness at the Li/electrolyte interface that would
enhance the Li dendrites growth through the electrolyte.”’' Another way to decrease the
reactivity between the Li and the gelified electrolyte could be to synthesize a surface layer to
stabilize the Li metal/electrolyte interface, prevent the electrolyte degradation and maintain a
good contact and conductivity at the interface.”” Different kinds of surface layers can be formed:
alloy interfacial layers (based on A1, Si”, Ge’*"", Sn™", Au® for example), polymer layers
(based on CPMEA ((polyethylene glycol)methyl ether acyalte)®', PEO (poly(ethylene oxide))*?,
PAN (poly(acrylonitrile))*>, PEGDA (poly(ethylene glycol diacrylate))® for example), LiPON
(lithium phosphorus oxynitride)** or LiF***’,

This study has revealed that, despite undergoing similar degradation phenomenon, induced
mostly by the reactivity between the gelified electrolyte and the negative electrode, the
morphology of the positive electrode material plays an important role in those degradation
reactions. Degradation reactions are mitigated for smaller particles’ sizes, promoting longer

cyclability and better performance.
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Figure 9. Electrochemical performances of an electrode made of the 810-5-O; (240 nm particles)
sample and cycled in the gelified electrolyte. One first coin cell was cycled (black squares) and
dismantled after the capacity drop after 53 cycles, the positive electrode was recovered and

reintroduced in a new coin cell (red squares).

35



To be submitted to ACS Applied Materials and Interfaces

CONCLUSION

Three NMC622 type layered oxide samples, with crystallographic structure close to the ideal
2D layered structure (less than 2% Ni*" ions in Li" sites) and with different primary particle sizes
of 240 nm, 810 nm and 2.1 um, were obtained. They were tested in coin cells vs. Li metal in a
conventional organic liquid electrolyte and in a gelified electrolyte, both containing LiPFg as salt
and carbonate type constituents. Their electrochemical performance and surface reactivity at the
interface with the electrolytes were compared to identify a possible effect of the primary particle
size. In the liquid electrolyte, the 240 and 810 nm particles showed good performances upon
long range cycling, whereas the 2.1 um particles showed limited performance due to diffusion
limitations. Despite a larger quantity of LiF/Li,PF,O, species reflecting a more important LiPFg
degradation in the liquid electrolyte for the 240 nm particles, induced by their larger interfacial
area, it is not detrimental to their performance. Only these 240 nm particles show similar
performance in both electrolytes, despite a rapid loss of cyclability in the gelified electrolyte
after few tens of cycles. For larger particles of 810 nm and 2.1 pm in diameter, limited discharge
capacity is observed in the gelified electrolyte versus the conventional organic liquid one, with a
capacity drop after a more limited number of cycles compared to the 240 nm particles. Lower
amounts of LiF/Li,PF,0, species were found at the surface of the 240 nm particles, regardless of
the state of charge, reflecting a less important LiPF¢ degradation compared to the 810 nm and 2.1
um particles. Smaller particles’ sizes promote longer cyclability and better performance in both
electrolytes. The similar compositions of the positive electrode/gel electrolyte interfaces between
the three materials and between the beginning and the end of the cycling suggest the role played

by the reactivity between the Li metal negative electrode and the gel electrolyte in these
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performances drops. Indeed, the recovery of a significant part of the electrochemical
performances lost after the capacity drop was observed after renewing the Li metal/electrolyte
interfaces. Those results suggest that the reactivity between the gelified electrolyte and the
negative electrode is mostly responsible for this capacity drop observed for the three materials
and that the morphology of the positive electrode material plays an important role in the
degradation reactions occurring at the interface. Further studies are needed to better understand
the reactivity between the gel electrolyte and the Li metal negative electrode in order to improve

the performances of the batteries containing this gel electrolyte.
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