Open Access Article. Published on 25 April 2024. Downloaded on 12/3/2025 1:06:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton
Transactions

) Check for updates

Cite this: Dalton Trans., 2024, 53,
8105

Received 28th February 2024,
Accepted 24th April 2024

DOI: 10.1039/d4dt00600c Marc Dubois

rsc.li/dalton Hervé Martinez,

Li(Nip.g0C00.15Alp.05)0; is a lithium-ion battery cathode, commer-
cially available for more than twenty years, which is associated
with high energy capacity and high energy density, with moderate
power. Atomic layer fluorination (ALF) of Li(Nip g0C00.15Alp.05)O2
with XeF; is performed to improve its cyclability. The ALF method
aims at forming an efficient protecting fluorinated layer at the
surface of the material, with a low fluorine content. Surface fluori-
nated Li(Nip g0C00.15Alp.05)O> is characterized by X-ray diffraction,
electron microscopy, °F nuclear magnetic resonance, X-ray
photoelectron spectroscopy, and galvanostatic measurements,
and a fluorine content as low as 1.4 wt% is found. The presence of
fluorine atoms improves the electrochemical performances of Li
(Nio.80C00.15Alp.05)O02: cyclability, polarization and rate capability
are improved. Operando infrared spectroscopy and post-mortem
gas chromatography provide some insights into the origins of
these improvements.

The fabrication of robust interfaces between electrodes and
electrolytes in various electrochemical systems is one of the
great challenges for chemists.' ™ Incremental contributions are
made by controlling surface chemistry and passivation layers.*
Such incremental improvements have made Li-ion batteries
what they are today: nearly ubiquitous. Since the assembly of
the first Li-ion battery by Yoshino et al. with a carbon anode
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and LiCoO, cathode,’ surface protection has been applied to
both electrode materials in order to mitigate irreversible side
reactions from electrolytes.®™® Intensive works have been
devoted to the understanding of those degradation mecha-
nisms, especially on the carbon anode side.'* The voltage
of lithium insertion into carbon is relatively close to the
Li'/Li reference, and, at such a potential, solvents of the
electrolyte are not stable, are reduced and form a passiving
layer on the carbon electrode, the solid-electrolyte inter-
phase (SEI).">"” Understanding the mechanism led to solu-
tions being proposed to improve the electrodes: layers of
oxynitrides on carbon,"® amorphous carbon on graphite
anodes," surface oxidation and metal oxide coatings,*?!
and surface fluorination of carbon anodes.*'*??>** The
formation of an SEI layer at the end of the first discharge
in graphite-based anodes prevents the co-intercalation of
solvents or other species along with lithium ions between
the graphite sheets, and improved interfaces made this
process more efficient.’”” Nakajima et al. demonstrated that
surface fluorination of the carbon anode could improve the
first irreversible capacity and cyclability of carbon anodes
of Li-ion batteries by modifying the chemical pendant
groups at graphite and/or amorphous carbon edges, thus
reducing the reactivity of the pendant groups towards the
electrolyte.”® Reactions of the electrolyte with the surface of
cathode particles are also known to be the major contribu-
tor to Li-ion capacity fading,> and surface protection was
applied to limit the decomposition reactions on the
cathode side.”'>'*?3731

Li(Nig.g0C0g.15Al0.05)O0;, so-called NCA, is a well-known high-
voltage layered oxide material used as a cathode of lithium-ion
batteries conventionally prepared by the co-precipitation
method. Although the electrochemical performances of NCA
are already good, NCA still needs improvements to satisfy the
requirements of high performance Li-ion batteries.**?* It is
known that at the end of the charging process, above 4.0 V,
unstable Ni*" ions existing in highly delithiated phases such
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as Li;_4Nig goC0g.15Alp 050, Will induce a quick transformation
towards the more stable NiO-type rock salt phase, releasing
oxygen through the decomposition of NCA, and resulting in
capacity fading and potential safety hazard.** One effective
solution is to coat NCA with a passivating layer.’®*>3%77
Ideally, this coating is thin and uniform, Li-ion conducting,
chemically inert, and does not affect the pore size and pore
accessibility by the electrolyte. The recent literature demon-
strates the importance of coatings for improved cycling per-
formances, but we propose to study the origin of the
improvements.

The importance of the fluorination of interphases in the
battery performance is now gradually accepted in the commu-
nity. A new consensus is taking place: how should the inter-
phases be fluorinated?*® Here we proposed our atomic layer
fluorination (ALF) method in order to provide a thin fluori-
nated layer at the surface of NCA. It is known that atomic fluo-
rine can diffuse deeply within the first few nanometres of a
particle, and it should cover all outer and inner surfaces of
NCA grains. We followed the impact of our ALF protection on
NCA cycling with help from operando infrared spectroscopy
and post-mortem gas chromatography.

The surface modification of NCA was performed by follow-
ing our reported ALF protocol.*®*° In a typical treatment per-
formed in a thick-walled PTFE reactor, NCA is subjected to
vapours of xenon difluoride, XeF,, which are released thanks
to the following equilibrium:

XeF, (s) = XeF,(g) (1)

This equilibrium allows a continuous supply of gaseous
XeF,. It decomposes onto the NCA surface according to:*™**

XeF, (g) =Xe (g) +2 F (2)

2F =F, (g). (3)

Heating, at the surface of a reactive material, or under UV
irradiation,*” favours decomposition. While other solid-state
fluorinating agents could be selected to achieve surface fluori-
nation, xenon difluoride can be employed at room temperature
and requires neither nickel nor Monel alloy equipment, which
would be more expensive, and more hazardous, than PTFE
reactors at the lab scale. Moreover, no purification is required
to remove by-products; only xenon gas (Xe(y)) is formed con-
trary to MF,_;(5) produced by other MF,) fluorinating agents
(MF,, e.g. TbF,, CeF,, CoFj, etc.).

The release of F° is constant and moderate because of
the low saturating steam pressure of XeF, (3.8 mmHg at
25 °C).** The fluorination rate is controlled by the reaction
duration rather than by the molar ratio XeF,/NCA (constant
under our conditions; Table S1%); durations of 1 h 30 min
and 3 h 30 min were selected to achieve different fluorina-
tion rates, corresponding to NCA-F1 and NCA-F2 samples,
respectively. While the exact reaction of xenon difluoride
and NCA is difficult, if not impossible, to anticipate, it
seems reasonable to assume that fluorine will react with
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lithium. The expected main reaction with NCA could be
written as follows:

Li(Ni, 4,C00.15Al0.05)O0, + aXeF, A
= Li;—24(Nig.g0C00.15Al0.05)O2 + 2a LiF + a Xe. (4)

We recently demonstrated that atomic layer fluorination of
lithium titanate Li TisO;, leads to the formation of Li-F
environments at the surface of the oxide.*® Considering the
presence of lithium ions in the structure of NCA, the reac-
tion might proceed according to eqn (4). If the amount of
fluorinating agent is kept low compared to NCA, we expect
that the atomic fluorine will interact with the surface of
NCA, and will attract lithium ions in order to create passi-
vating, i.e. protecting, Li-F environments on the surface of
NCA particles, as in the case of LTO.* Therefore, through
the assumption of synthesis conditions, we designed and
obtained a surface fluorinated NCA cathode material by our
ALF method (Table S17).

X-ray diffraction (XRD) patterns displayed in Fig. 2 confirm
that the commercial NCA sample corresponds to crystalline
layered oxide, consistent with the layered structure a-NaFeO,,
as shown by the intense peaks at 26 = 18.8°, 36.7°, 38.4°, 44.5°,
48.7°, 58.8°, 65.0°, and 68.3°, corresponding to (003), (101),
(012), (104), (015), (107), (110), and (113) hkl planes, respect-
ively (ICSD #238949). When subjected to XeF, vapours for 1 h
30 min (NCA-F1) or 3 h 30 min (NCA-F2) at room temperature,
the NCA structure does not seem to evolve, with no appearance
of crystalline fluorinated phases. All three patterns can be
indexed based on the R3m space group, and the refined cell
parameters for NCA, NCA-F1, and NCA-F2 are identical (Fig. SO
and Table S21). While no obvious influence of XeF, on the
crystal structure of NCA can be evidenced by XRD, the pres-
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Fig. 1 °F NMR spectra of fluorinated NCA samples (all samples contain
6 wt% of PTFE as an internal reference, and its main peak is indicated by
the grey arrow): NCA-F1 (a), and a zoom-in view of the LiF-type signa-
ture (b), NCA-F2 (c), and a zoom-in view of the LiF-type signature (d).
*/# mark spinning sidebands for PTFE and LiF signals, respectively.
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Fig. 2 XRD patterns of pristine NCA and fluorinated samples.

ence of fluorine is demonstrated by SEM-EDX (Fig. S1 and
S27). The morphology and size of particles and aggregates are
not impacted by the fluorination procedure as expected
(Fig. S1%1), and EDX clearly shows that the distribution of F
atoms is homogeneous over the NCA particles (Fig. S21).

Fig. 1 displays the '°F solid-state NMR spectra for NCA-F1
and NCA-F2 samples. As already reported, 6 wt% of PTFE is
added to the NMR sample.*® This PTFE is used as an internal
reference to quantify the amount of fluorine present in each
surface fluorinated sample. NMR provides information about
the local environments of the fluorine atoms within the
material. Each spectrum was reconstructed using two lines
located approximately at —44 ppm and —123 ppm (including
several spinning sidebands). The main contribution, at
—44 ppm, is assigned to the PTFE internal reference. The
second signal at —123 ppm can therefore be attributed to the
fluorine from surface fluorinated NCA samples, NCA-F1 and
NCA-F2. As expected from eqn (4), it may originate from fluo-
rine atoms located in the vicinity of lithium ions, as it corres-
ponds to the '’F NMR shift of LiF. While this may mean that F
atoms are in an environment closely related to the one found
in crystalline cubic LiF (i.e. 6 fluorides surrounding 1 lithium
ion, and 6 lithium ions surrounding 1 fluoride), it could also
be understood in terms of “Li-F” species spread over the
surface of NCA fluorinated particles, as we found for LTO.?° By
using the NMR signal from PTFE as a reference, it is possible
to integrate the intensities of the reconstructed spectra. In all
samples containing 6 wt% of PTFE, the fluorine content can
be deduced, considering only one type of F environment mod-
elled with a single Gaussian line-shape (Table S3}). According
to the fitting and the calculations derived from it, the NCA-F1
sample contains 0.8 wt% of fluorine, after integration of the
NMR data, and the NCA-F2 sample contains 1.4 wt% of fluo-
rine. When considering eqn (4), the chemical formulas of
NCA-F1 and NCA-F2 could be  expressed as

This journal is © The Royal Society of Chemistry 2024
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Lig.06(Nig.50C00.15Al0.05)02; 0.04 LiF and Liy.o3(Nio.50C00.15Al0.05)
0,; 0.07 LiF, respectively.

The surface of the bare and fluorinated NCA samples was
analysed by X-ray photoelectron spectroscopy (XPS) to identify
the fluorinated species formed. The results are displayed in
Fig. S3.1 The pristine NCA sample displays characteristic peaks
expected for Li(Nig goC0g 15Al0,05)0z. The F 1s core peaks of
NCA-F1 are composed of 3 components: a strong proportion of
Li-F located at 685.5 eV accounting for 1.1 at%, and two com-
ponents at a higher binding energy, 687.5 eV (0.2 at%) related
to fluorine atoms in an oxygenated environment of a solid
solution of surface fluorinated NCA,****> and 689.5 eV (0.1
at%) attributed to CF, environments that might be stemming
from partial fluorination of chemisorbed surface carbonate
groups.*>*® A fourth component, not attributed, at 691.3 eV
(0.2 at%) is necessary to reconstruct the F 1s spectrum of
NCA-F2. This component most probably comes from charge
artifacts and may not represent any chemical species. The
intense XPS F 2s and 2p valence bands (Fig. S31) indicate that
the fluorination of NCA samples has occurred over more than
the first 5 nm from the surface. The fluorination rates
obtained from the atomic percentage ratios issued from XPS
quantitative analyses are Fy; g/Lij; ¢ = 0.26 (0.04 from NMR)
and 0.38 (0.07 from NMR) for NCA-F1 and NCA-F2, respectively
(Table S4%). Those results indicate that XPS is concordant with
solid-state NMR and defines the surface species as Li-F
environments. Moreover, XPS detects more fluorine than
NMR. The latter being sensitive to the whole volume of the
sample, we can conclude that the fluorine atoms of NCA-F1
and NCA-F2 samples are located at the surface or within the
first 5 to 10 nm of the surface. Finally, it must be noted that
XPS detects fluorine in oxygenated environments (0.2 wt%), so
that the chemical formula may be more accurate as:

Li0.96—x(Ni0.8OCOO,15A10.05)OZ—xe; 0.04 LiF for NCA-F1

Li0‘93,x(Ni0'80C00.15A10A05)OZ,XFX; 0.07 LiF for NCA-F2.

Coin cells of NCA, NCA-F1, and NCA-F2 were prepared, and
lithium insertion/deinsertion properties were evaluated versus
lithium metal. The galvanostatic charge-discharge profiles of
the first cycle of each sample were measured at C/5 (with C
being equal to 280.7 mA g™, and C/5 meaning 1 Li* ion
inserted in 5 h) between 2.5 and 4.5 V vs. Li'/Li are displayed
in Fig. 3a. The profiles are in good accordance with the
expected behaviour of NCA as the cathode of the Li-ion
system.*"*® The initial discharge capacities were found to be
181, 188, and 181 mA h g™' for NCA, NCA-F1, and NCA-F2,
respectively. This increase of the capacity on the first cycle for
NCA-F1 is a global trend observed for other surface-modified
NCA electrodes, and no clear explanations are provided in the
recent literature on the origin of this improved behaviour.***”

While their first cycle is similar, the slightly increased
capacity of NCA-F1 being put aside, Fig. 3b shows that the
cyclability of NCA-F1 and NCA-F2 is superior to the one of
NCA. After 100 cycles, surface-fluorinated material electrodes
approximately 70% of their initial charging capacity, while

Dalton Trans., 2024, 53, 8105-8111 | 8107
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Fig. 3 Galvanostatic voltage profiles of NCA/Li, NCA-F1/Li, and NCA-F2/Li cells cycled at C/5 between 4.5 and 2.5 V versus Li*/Li; the first cycle is
displayed (a); specific charge capacity of NCA/Li, NCA-F1/Li, and NCA-F2/Li cells cycled at C/5 (b); polarisation as a function of the cycle number for
NCA, NCA-F1 and NCA-F2 cells (c); and current rate capability of NCA, NCA-F1, and NCA-F2 electrodes (d).

NCA loses nearly 50% of it. The polarisation, i.e. the difference
between the average charge and discharge voltage, measured
at half-charge/discharge capacity, is smaller for NCA-F1 and
NCA-F2 than for NCA, being twice smaller after 100 cycles
(Fig. 3c). Improved polarisation usually comes from the pres-
ence of a lithium-ion conducting layer at the electrode-electro-
lyte interphase.” With higher applied current densities
(Fig. 3d), both NCA-F1 and NCA-F2 display improved capacities
up to 1C when compared with NCA, for which the capacity
drop is important (less than 50 mA h g™' at 2C, and nearly
0 mA h g* at 5C). It is noteworthy that capacity retention is
somewhat higher for all samples when cycled at increasing
current densities (Fig. 3d) than it is after 100 cycles at 0.2C
(Fig. 3b). Moreover, it must be added that NCA electrodes,
under the present experimental conditions, do not cycle well
at 1C (Fig. S4t), and a preparation cycle at 0.2C is necessary
(Fig. S51). At this stage, the cycling behaviour of NCA is clearly
improved by surface fluorination.

Operando Fourier-transform infrared spectroscopy in the
attenuated total reflection (ATR-FTIR) mode was performed on
adapted cells for NCA and NCA-F1 to study the electrolyte
behaviour at the vicinity of the cathode during cycling (Fig. S6-
S13%). In situ and/or operando FTIR is an efficient method to
study battery electrodes and electrolytes.**>® In our configur-
ation, the electrolyte at the vicinity of the cathode can be
studied and followed during charge/discharge cycles through a

8108 | Dalton Trans., 2024, 53, 8105-8111

hole in the electrode. The difference between two FTIR spectra
is calculated according to eqn (5):

AR/R = (Ry — Ro) /Ry (5)
where R, is the spectrum obtained at an arbitrary electrode
potential (here, the end of the OCV), and R, is the spectrum
obtained at a different potential. Upward and downward
bands correspond to the increase and decrease in the number
of chemical bonds, respectively.’® For the following expla-
nation, let us focus on the stretching vibration band of ethyl-
ene carbonate (EC) located at 1153 cm™" (free from Li*) and
1191 cm™" (when solvating Li*) as displayed in Fig. 4. At the
end of the first charge, lithium ions are extracted from the
NCA and NCA-F1 electrodes. Thus, the concentration of Li
will increase in the close vicinity of the cathode. During the
first discharge, a reverse mechanism occurs, and Li" ions
move back to the electrode. This behaviour applies only to the
surface-modified cathode NCA-F1 where the FTIR spectra for
the first charge and discharge are opposite (Fig. 4b), while it
seems that the lithium ions do not disappear from the ATR
prism as fast for NCA. Therefore, the FTIR spectrum at the end
of the first discharge for NCA is not the opposite of the one
measured at the end of the first charge. The fully reversible
behaviour of the Li" ions in the electrolyte for NCA-F1 may
originate from improved diffusion of lithium at the cathode

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Operando ATR-FTIR signal of a selected region corresponding to
the C-O stretching vibration of EC (1153 cm™) collected for NCA (a)
and NCA-F1 (b). Displayed spectra are recorded at the beginning of the
charge (black), the end of the first charge (orange), the end of the first
discharge (light grey), the end of the second charge (red), and the end of
the second discharge (dark grey). The ratio of each LP30 component
(area%) compared to EC as derived from GC-MS measurements (for all
chromatograms, the relative abundance of the peak attributed to EC
was always the highest and therefore normalized to 100%) for LP30/
acetonitrile, NCA, and NCA-F1 (c). Please refer to the ESI{ for further
details.

surface, compared to non-fluorinated NCA. This corroborates
the results from cycling where the surface fluorinated electro-
des NCA-F1 and NCA-F2 displayed improved polarisation and
C-rate capability (Fig. 3¢ and d). This improvement in rate
capability may stem from the decrease of the activation barrier
for lithium-ion hopping caused by the fluorinated species on
the surface of the particles.

To further understand the impact of the ALF method on
NCA cathodes, we endeavoured to study electrolytes of pristine
and fluorinated cathodes by post-mortem GC-MS analysis
(Fig. 4c, Fig. S14, S15 and Table S51). The GC-MS analysis of
the pristine LP30 electrolyte (LiPFs 1 M in EC:DMC) in the
presence of a piece of glass fibre separator (Fig. S15t) confirms
the 1:1 ratio of EC: DMC (Table S5f) and the presence of
(CH3),F,Si, (CH;3)3Si-O-POFCH3, and bis(2-methoxyethyl) ether.
The presence of fluorinated silane and phosphate is a conse-
quence of the formation of HF within the electrolyte, most
probably from the decomposition of the PFs~ species in the
presence of water. HF can react with silica from the glass fibre,

This journal is © The Royal Society of Chemistry 2024
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and those fluorinated species could be considered as a direct
indicator of HF.>® The ether might stem from the decompo-
sition of EC.®*™®

For the post-mortem analysis of electrolytes taken after OCV,
1% and 10™ charges and discharges, the first interesting, but
unexplained, feature is the loss of the 1:1 ratio of EC: DMC
(Fig. S14gt). The quantity of DMC varies from 50 to 75% for
NCA, and with a larger amplitude for fluorinated NCA (from
50 to 140%). DMC seems to react more than EC onto the NCA
surface during cycling. The difference in reactivity of EC onto
NCA or NCA-F is evident for the 10™ charge. The electrolyte
reaction mechanism obviously differs when the cathode
surface is fluorinated. Moreover, while the presence of HF is
noticeable in LP30, the quantities of (CH;),F,Si and (CHj),Si-
O-POFCHj; are lower in the case of both cycled electrolytes
extracted from NCA and fluorinated NCA (Fig. 4c). In both
systems, these fluorinated silane and phosphate might take
part in the formation of the electrode-electrolyte interphase,
but this point is scarcely documented in the literature. The
amount of the fluorinated silane is slightly higher over the
cycling of NCA, compared to fluorinated NCA (except for the
first discharge). (CH;),F,Si, and (CH;);Si-O-POFCH; to some
extent, is more likely to deposit on the surface-modified
cathode than on the pristine NCA. A study of the cathode
surface will surely provide even more insights into the cathode
reactivity and could help to unravel some complex mecha-
nisms of electrolyte reactions at the surface of the positive
electrode.

The ALF method surely brings new outlooks for the short to
mid-term future of Li-ion batteries. It modifies the surface of
cathode particles with low amounts of extrinsic atoms through
a gas-solid fluorination reaction that could be easily scaled up
with an appropriate fluorinating agent — any metal fluoride
MF; (M = Mn, Fe, Co, etc.) can release atomic fluorine under
heat treatment. Though the amount of F atoms incorporated
into the compound is low, with no trace of structural modifi-
cation from XRD, the electrochemical properties are improved.
Operando ATR-FTIR provides an insight into the influence of
the ALF coating on the electrolyte reactivity during cycling, as
confirmed by post-mortem GC-MS measurements. These pre-
liminary results on NCA cathodes encourage us to follow the
path of surface-modified cathodes by our atomic layer fluorina-
tion method.
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