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Herein, a systematic surface modification approach via double gas (SO2 and NH3) treatment at elevated tem-
peratures is described, aimed to achieve a stable electrochemical performance of Li and Mn-rich NCM cathode
materials of a typical composition 0.33Li2Mn03-0.67LiNi0.4C00.2Mn0.402 (HE-NCM). Partial surface reduction
of Mn4+ and the formation of a modified interface comprising Li-ions conductive nano-sized Li2504/Li2S03
phases are established. Li-coin cells’ prolonged cycling performance demonstrated significantly improved capac-
ity retention (~2.2 times higher than untreated cathode materials) for the double-gas-treated cathodes after 400
cycles at a 1.0 C rate. Stable discharge potential and lower voltage hysteresis during cycling were also achieved
through the double gas treatment. Comparative electrochemical studies in full-pouch cells [vs. Graphite anodes]
also demonstrated considerably stabilized electrochemical behavior for the double-gas-treated HE-NCM cathode
materials. Lower gasses (02, CO2, and H2) evolution in the first charge-discharge cycle and improved thermal
stability are indeed crucial achievements of this treatment. Electrodes’ post-cycling investigation revealed mor-
phological integrity of the gas-treated cathode materials and lower transition metals (TMs) dissolution from the
active cathodes. The positive effects of the double gas treatment are clearly related to the modified surfaces and
lessening undesirable side reactions at the electrode-electrolyte solution interface.

transformations, voltage fading due to a layered-spinel transition,
and lattice rearrangements during prolonged cycling [7]. Finding an
easy and economical solution to alleviate these notable drawbacks
like oxygen release, voltage fading, hysteresis, surface reactions, and

1. Introduction

In recent years, Li and Mn-rich NCM cathode materials
[Li;xNi,Co,Mng5,,,02 (x + ¥y + 2z + w = 0.5) or xLi;MnO3(1-

x)LiMO, (M = Mn, Ni, and Co; x = 0.33 in the present study)] have
drawn substantial attention, due to their high reversible capacities (>
250 mAh g ~ 1, that can lead to high theoretical energy density of
~800 Wh kg~1) and cost-effectiveness (as manganese is an abundant
element), for the future rechargeable lithium battery era [1,2]. The
decisive factors, like lower rate capability, constant capacity fading,
and severe fall in discharge potential during prolonged cycling, are
limiting this class of cathode materials’ practical applicability [3-6].
The evolution of Mn and Co redox couples and change in oxygen-layer
stacking in the crystal lattice are mostly responsible for the voltage fad-
ing [7]. Gradual falling in these materials’ electrochemical performance
is attributable to surface lattice-oxygen release, continuous structural
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dislocations is essential in the present scenario [7-14].

Several techniques, treatments, and modifications were adopted
to mitigate the above negative mentioned issues. Partial substitutions
of transition metals [TMs] and cationic/anionic doping can stabilize
the gradual voltage hysteresis and consecutive electrochemical charge-
discharge processes while operating at high current densities [15-
17]. Protective surface coatings using metal oxides, like, TiO, [18],
ZrO, [19], Al,05 [18,20-22], and Li/Na-ion conducting materials, like,
lithium aluminate [20,23-26], lithium zirconate [19], sodium alumi-
nate [20,27,28], were found to be extremely functional and effective.
Using modified electrolyte systems, prepared by adding several func-
tional reactive additives into standard electrolyte solutions, was also
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helpful in forming a protective sustainable electrode-electrolyte solu-
tion interphase, indorsing stable cycling performance [29,30]. Chemical
treatments under an inert atmosphere with active materials can effec-
tively modify the surface properties of these high-capacity but unstable
cathodes at elevated temperatures [31,32]. Using carbo-thermal reduc-
tion, creating hetero-structures associated with a spinel phase at the
outmost surface showed enhanced capacity and superior rate capability
[33].

Thermal treatments by reactive gasses (like F,, NH3, SO,, CO,) can
alter the physicochemical properties of the outer-most surface of these
cathode materials [34-37]. Such treatments typically comprise several
solid-gas interactions. Active gasses treatments commonly involve the
in-situ formation of inorganic species at the outer-most surface, acting
like a protective layer at the electrode-electrolyte solution interphase
[34,36]. Removal of surface-lattice oxygen [36,37], partial reduction of
transition metals (TMs) [35,36], and oxygen-deficient spinel-like phase
formation [35], may also be the outcomes of thermal gas treatment tech-
niques.

However, in two of our previous works[35,36], we have success-
fully demonstrated the improved electrochemical behavior upon the
thermal treatments on Li and Mn-rich NCM cathode materials with
SO, and NH;. Thermal treatment with NHj; results in (i) partial reduc-
tion of Mn and Co, (ii) oxygen-deficient spinel phase formation, and
(iii) formation of lithium oxide and salts at the surface [35]. The ther-
mal treatment by SO, is typically associated with “non-electrochemical
activation” of the Li,MnO3; monoclinic phase and the formation of a
modified interface comprising nano-sized Li, SO, [36]. In this work re-
ported herein, we have executed dual thermal gas treatments on HE-
NCM cathode materials. Based on electrochemical performance consid-
eration, we have optimized the individual gas treatments by SO, or
NH;, following different time and temperature regimes. It should be
emphasized that the time and temperature regimes we reported previ-
ously for individual gas treatment (NH; or SO,)[35,36], applied for sta-
bilizing Li, Mn-rich cathode materials, are not relevant for the present
case. Probably, the change in chemical composition and surface reac-
tivity are the two limiting factors here. We have shown that the fol-
lowing individual regimes: the one hour (1 hr.) of SO, treatment at
300 °C [addressed as “SO,-treated” sample] and two hours (2 hrs.)
of NHj treatment at 400 °C [addressed as “NHjz-treated” sample], on
HE-NCM cathode materials independently, delivered the best electro-
chemical performances. In turn, the double-gas-treated (SO, and NH3)
cathodes outperformed the individually gas-treated cathode materials
in every aspect. The two hours (2 hrs.) NH; treatment at 400 °C on the
previously SO,-treated [1 hr. at 300 °C] HE-NCM sample is denoted
here as the “double-gas-treated” cathode. Schematic illustrations de-
scribing gas treatment protocols and their effects (schematically demon-
strated) on the HE-NCM materials are presented in Figures S1 and
Fig. 1.

The novelty of the present research is that we have demonstrated
notable achievements for developing modified HE-NCM cathode mate-
rials for the first time. We have standardized the single gas-treatment
procedure and combined two optimized processes that vastly enhanced
the electrochemical behavior of HE-NCM cathodes. The double gas treat-
ment described herein can be easily up-scaled and industrialized. Hence,
we succeeded in developing a stabilization process for high-capacity
cathodes in advanced Li-ion batteries, which is fully practical. In addi-
tion, we also carried out several important and novel analytical studies
which were found to be very coherent in their results: electrochemi-
cal performance in the full-pouch cells [vs. Graphite anode] assembly,
thermal testing of HE-NCM materials in electrolyte solutions, gasses evo-
lution measurements, electrochemical impedance [in three-electrodes
cells], and thorough post-cycling structural, surface, and chemical anal-
yses that enable to understand the effects of SO, and NH; gasses treat-
ments deeply. Considering commercial aspects, these findings are novel
and crucial for the long-term performance and safety of advanced LIBs
for EV application.
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Fig. 1. A simplified schematic illustration of the double gas treatment method
on the HE-NCM cathode materials at elevated temperatures.

Table 1
Lattice parameter values of the untreated, SO,, NH;, and double-gas-treated
HE-NCM materials.

Cell Parameters a (A) b (A) c(d) p0O) c/a
Materials

Untreated

Li[TM]O, (R-3 m) 2.8569 - 14.2484 - 4.9874
Li,MnO; (C2/m) 4.9367 8.5559 5.0136 109.2845

SO,-treated

Li[TM]O, (R-3 m) 2.8577 - 14.2517 - 4.9871
Li,MnO; (C2/m) 4.9702 8.5621 5.0253 109.0845
NH;-treated

Li[TM]O, (R-3 m) 2.8571 - 14.236 - 4.9827
Li,MnO; (C2/m) 4.976 8.549 5.029 109.12
Double-gas-treated

Li[TM]O, (R-3 m) 2.861 - 14.233 - 4.9748
Li,MnO; (C2/m) 5.007 8.458 5.072 108.51

We believe this work will open new ways to improve the electro-
chemical behavior of NCM materials for advanced Li-ion batteries by
relatively simple, cost-effective, and scalable gas treatment using single
gasses like NH3, SO,, and their combinations.

2. Results and discussion

2.1. Structural, morphological and surface studies of untreated and
gas-treated HE-NCM cathode materials by X-ray, SEM, TEM, and X-ray
photoelectron spectroscopy methods

Fig. 2a presents the X-ray diffraction patterns of the un-
treated and gas-treated [SO,, NH3, and double gas (SO,+NH,3)]
HE-NCM [0.33Li,Mn0O50.67LiNij 4Cog ;Mng 40,] cathode materials.
All the XRD patterns (Fig. 2a) display the clear reflections of
the monoclinic [Li,MnOgj; space group: C2/m] and rhombohedral
[LiNig 4Coqg oMng 4O,; space group: R-3 m] phases as the main com-
ponents. The calculated lattice parameter values (Table 1) of the gas-
treated HE-NCM materials show very insignificant deviations from the
cell parameter values observed for the untreated sample (Table 1). It
proves the structural integrity of the bulk of the gas-treated HE-NCM
materials. Aside from the primary constituent phases, one new phase is
detected for the SO, and double-gas-treated samples. Our primary anal-
ysis confirms this additional phase as the monoclinic phase of Li,SO,
(XRD peaks at 20 = ~22.5° & ~23.4°) described by space groups P2, /c
[36,38]. Here, we can formulate a primary chemical reaction in support
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Fig. 2. (a) X-ray diffraction patterns and (b-e) SEM images of untreated, SO,
NHj, and double-gas-treated HE-NCM materials. Table 1 presents the calculated
lattice parameter values of these materials.

of this Li,SO, phase formation as a result of the Li,MnO; interaction
with SO,:[36]

2Li,MnO; + SO, — Li,SO, + 2LiMn®*00, ;) + O, [a < 1, f = a/2]
O)

The Li[TM]O, (here, Li[Ni, 4Co, ,Mn 4]10,) component of HE-NCM
samples reacts in a similar way producing lithium sulfate. Following
reactions can be projected here [36].

2Li(TM)O, + 380, — Li,SO, + 2(TM)SO,4 @)

2Li(TM)O, + 4SO, — Li,SO; + (TM),(SO3)4 3)

Although there are a few more possible secondary gas-solid reactions
for Li, SO, formation, discussed in our previously reported work [36].
However, we did not observe any additional phases formed in the NH;-
treated HE-NCM sample.

The scanning electron microscopy (SEM) images [Fig. 2b-e] repre-
sent the micron size (~2-15 ym) secondary agglomerates of submicron
primary particles for both the untreated and gas-treated HE-NCM mate-
rials. No significant changes in the surface morphology of the micron-
sized secondary agglomerates are observed after the gas treatments.

TEM images, electron diffraction (ED) patterns, and the associated
data from the individually gas-treated [SO, or NHj-treatment] and
double-gas-treated HE-NCM materials are presented in Figs. 3 and Fig-
ure S2. The TEM bright-field images in Fig. 3a show the primary par-
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ticles of the SO,-treated HE-NCM samples. Fig. 3b-c demonstrates the
CBED patterns, indexed in rhombohedral (r) and monoclinic (m) phases
of the SO,-treated samples. The CBED patterns in Fig. 3d exhibit the
formation of the Li,SO4 phase (monoclinic, P2, /c) on the HE-NCM par-
ticle during SO, treatment. Such observation is per the XRD analysis,
presented in Fig. 2a. The additional TEM studies on the FIB cut sample
of the SO,-treated HE-NCM particles are presented in Figure S2. Fig-
ure S2a-b represents the low and high magnification TEM images of the
FIB-cut lamella. The numbers (1-8) in Figure S2b are associated with the
points for obtaining the average EDS data. HR-TEM images and SAED
patterns (inset, taken from the square area in Figure S2c) further con-
firm the presence of the Li, SO, (P2;/c) phase. The EDS patterns of the
SO,-treated sample in Figure S2d show the constituent elements and
sulfur (from the SO, treatment). The inserted table (Figure S2e) shows
these elements’ weight% and atom% in the EDS elemental mapping of
SO,-treated HE-NCM particles. At the same time, a consistent uniform
elemental distribution of Mn and S is seen in the FIB-cut lamella (Figure
S2f-h). Based on our previous report [36], we have concluded that there
are possibilities for the formation of sulfates (SO42‘) or sulfites (SO32‘)
upon SO,-treatment at elevated temperature. However, the presence of
sulfites (8032‘) was not confirmed through TEM studies.

The results of TEM studies of the NH;-treated HE-NCM samples are
also presented in Fig. 3e-f. HR-TEM image and the corresponding SAED
pattern (inset, taken from the square area) in Fig. 3e shows the for-
mation of LiNO; upon NH; treatment. The CBED pattern in Fig. 3f also
demonstrates the presence of the LiINO5 phase along with the constituent
rhombohedral (r) phase of HE-NCM material. The formation of LiNO5
upon NH; treatment is indeed a new observation compared to our pre-
viously reported study [35], where the formation of LiOH and Li,CO4
was established conclusively via TEM studies. Although, here, we fail to
confirm the existence of LiOH and Li,CO5 via TEM studies, as it may be
beyond the detection limit [35]. Here, we can formulate the following
chemical reactions in support of the LiNO; formation.

4Li,MnO, + 2NH; + 30, (at 400 °C) — 4LiMnO, + 2Li,O
+ 3H,0 + 2NO?t “

2NO + 20, e (at 400 °C) — 2NO, 1 ©)

2Li,0 + 4NO, + 20;,4ic. (at 400 °C) — 4LiNO4 (6)
We have already hypothesized and discussed Eq. (4) in our previous
study, published elsewhere [35].

TEM studies of the double-gas-treated cathode materials are pre-
sented in Fig. 3g-i. Fig. 3g shows agglomerated primary particles. The
indexed CBED patterns in Fig. 3h-i indicate the constituent rhombohe-
dral (Rh) and monoclinic (m) phases. Although, we can not confirm the
presence of the Li,SO4 or LiNO3 phase on the HE-NCM particles after
the double gas treatment conclusively via the TEM studies. We further
conducted high-resolution XPS studies of these samples to enlighten the
surface chemistry of the gas-treated samples.

Fig. 4a-d and Figure S3 present the comparative C1s,01s, S 2p, Mn
3's, Mn 2p, Ni 2p, and Co 2p spectra extracted from the XPS measure-
ments of untreated, SO,, NH3, and double-gas-treated HE-NCM materi-
als, respectively. The C 1 s spectra for all the samples (Fig. 4a) are well
fitted to the components C-C/C-H (~284.9 eV), C-O-C (~285.6 eV), and
C =0 (~288.9 eV) [39]. Such observation may relate to the presence of
Li,CO5 (as minor surface impurity) or physisorbed organic impurities
(minor content) formed during the synthesis of the HE-NCM material or
upon gas treatments [35,36]. The O 1 s spectrum (Fig. 4b) of the un-
treated HE-NCM sample displays the typical peak for the lattice oxygen
(0% in the layered structure) at ~529.4 eV [40]. An additional peak
at ~531.2 eV may relate to the surface impurities like TM-OH and TM-
CO;3 [20,36]. In the spectra of SO,-treated materials (Fig. 4b), the peak
for lattice oxygen can be fragmented into two asymmetric peaks [36].
A spinel-type phase formation (~ 530.1 eV) can be suggested upon the
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Fig. 3. TEM bright-field images and the corresponding CBED patterns measured for (a-d) SO,, (e-f) NH;, and (g-i) double-gas-treated HE-NCM materials. The CBED
patterns for the gas-treated samples show the reflections attributed to the rhombohedral phase (b, f, h) [LiNi, ,Co,,Mn, 40,; denoted by ‘r’ or ‘Rh’], and (c, i)
monoclinic phase [Li,MnO;; denoted by ‘m’]. In addition, the formation of (d) Li,SO, (space group, P2/c) and (e, f) LINO5 (space group R-3c) is evident upon SO,

and NH;-treatment, respectively.

oxygen release from the near-surface region during the SO,-treatment
[41]. Additionally, a new peak at ~532.4 eV can be seen in the XPS
spectra of the SO, and double-gas-treated samples that may relate to
the formation of M-SO, type phases due to the SO, treatment [36]. The
O 1 s spectrum of the NH;-treated samples does not show separate peaks
related to spinel or M-SO, phases; instead, a new peak at ~528.2 eV is
seen (Fig. 4b), corroborating the formation of Li,O. However, such ob-
servation was not confirmed by XRD analysis because of their minor
concentration over the HE-NCM particles and poor crystallinity as the
treatment was done at 400 °C for two hours. Our previously reported
work demonstrated the formation of Li,O during NH; treatment [reac-
tion (4)] [35]. Layered-to-spinel transition upon ammonia treatment has
already been theorized [35], and it is worth mentioning that the peaks’
intensity, associated with spinel and Li, O phases, decreases significantly
for the double-gas-treated cathode materials.

The S 2p spectra of the untreated and gas-treated HE-NCM materi-
als are presented in Fig. 4c. The untreated and NH;-treated samples do
not show any characteristic peak for S 2p (Fig. 4c), which is an obvious
observation. XPS studies of SO,-treated materials demonstrated the for-
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mation of sulfate (SO42‘, mostly) and sulfite (SO32‘, a minor fraction)
moieties on the cathode particles’ surfaces. Such observation is consis-
tent with our previously reported results that present all the possible
sulfate and sulfite formation mechanisms [36]. Although the S 2p spec-
tra of the double-gas-treated materials show a significant alteration of
the characteristic peaks compared with the single gas SO,-treated ma-
terials. High intense peaks corroborate to sulfite (S032~, major) were
observed, while the intensity of the peaks related to sulfate (SO,42) di-
minishes greatly. Besides, a new peak associated with sulfide (S%~) for-
mation is observed for the double-gas-treated sample, attributed to the
NH; reduction during the second stage of gas treatment. We hypothe-
sized the following chemical reactions in support of this observation:

35042 4 2NH; — 35032~ + N,1 + 3H,0 (7

SO;% + 2NH; - S~ + N, 1 + 3H,0 ®)

The above observation also agrees with our TEM studies of the
double-gas-treated samples, where we could not establish the presence
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Fig. 4. XPS dataof the (@) C1s, (b) O 1, (¢) S 2p, and (d) Mn 3 s photoemission lines collected from the untreated, SO,, NH;, and double-gas-treated HE-NCM

materials.

of Li,SO,4 on the material’s surface. At the same time, LiNO; formation
[observed in NH3-treated sample] on the HE-NCM surface is unlikely as
the surface has already been modified with nano-sized Li,SO, during
the first stage of SO, treatment. However, the XRD analysis [Fig. 2a]
showed the presence of Li,SO, in the double-gas-treated materials. In
comparison, the TEM and XPS studies suggest a diminishing concen-
tration of sulfate [SO42’] species while an increased concentration of
sulfite [8032‘] species on the HE-NCM particles’ surface could be de-
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tected. Henceforth, we can conclude that the surface of the double-gas-
treated materials consisted mainly of sulfites [SO32~1, whereas the bulk
of the material still includes some sulfates [SO42‘] moieties. Therefore,
the presence of sulfates [SO42‘] and sulfites [8032‘] in the same entity
can improve the Li-transport kinetics[36] and is advantageous in the
formation of effective electrode-electrolyte interphase [42]. Addition-
ally, Egs. (4)-(6) are equally applicable during the second stage of gas
treatment by NHj.
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The Mn 3 s spectra (Fig. 4d) show an increase in their energy split-
ting [~0.42 eV for SO,-treated materials and ~0.10 eV for NH;-treated
material] for both the individually gas [NH3 or SO,] treated materials
compared to the untreated HE-NCM materials. Such observation may
point to the partial reduction of the surface manganese from Mn** to a
relatively lower valence state, for instance, Mn“4~-9* (0 < § <1), simi-
lar to what we showed in our previous studies [35,36]. In comparison,
the energy splitting is much higher for the double-gas-treated sample
[~0.70 eV] than the untreated and individually gas-treated samples.
This observation indicates a higher degree of surface manganese reduc-
tion during the second stage of thermal treatment with NH;. The Mn
2p spectrum of the double-gas-treated materials also displays a shift-
ing of the typical peaks to lower binding energies concerning the peaks
observed for the untreated or individual gas-treated HE-NCM materials
(Figure S3a). We can explain this by the partial reduction of the surface
Mn**+ [43], as mentioned earlier in the discussions. Regarding the Ni
2p and Co 2p spectra, a similar trend [likewise we observed for Mn 2p]
in peaks shifting to lower binding energies is witnessed for double-gas-
treated materials [Figure S3b & c].

Furthermore, we have carried out thermogravimetric analysis (TGA)
followed by gas chromatography-mass spectrometry (GC-MS) of un-
treated, SO,, and NH;-treated HE-NCM samples to understand the inter-
face after exposure to the gasses. However, the TG-GC/MS results (Fig-
ure S4, S5, and S6) are not entirely conclusive for surface studies as no
sulfur or nitrogen-containing fragments (SO, or NO,) were observed.
This observation indicates that only minor contents of LiNO; (NHj-
treated samples) or Li,SO,/Li,SO5 (SO,-treated sample) are present on
the HE-NCM surface as a result of the gas treatments. Therefore, reach-
ing stabilization and performance improvement by processes that form
only thin films is very desirable since it ensures low impedance of the
electrodes.

In addition, we must mention that the double gas treatment via re-
verse approach (NH; followed by SO,) was not performed as it may
negatively impact the electrochemical performance of HE-NCM. A de-
tailed explanation is presented in the supporting text (Figure S7).

2.2. Comparative electrochemical performance of the untreated and
gas-treated HE-NCM electrodes

2.2.1. Electrochemical studies in coin cells [vs. Li/Li*] at 30 °C

The comparative electrochemical cycling (at 1.0 C rate) and rate pro-
files (taken after certain cycling intervals at 3.0 C rate) for electrodes
comprising untreated and gas-treated HE-NCM materials are presented
in Fig. 5a-b. The electrochemical cycling studies in coin cells were per-
formed according to the protocol given in Table S1. The obtained pro-
longed cycling and rate profiles demonstrate improved and more stable
performance for the electrodes comprising gas-treated materials than
untreated electrodes. Even after prolonged cycling during 400 cycles,
the gas-treated cathodes demonstrated capacity retention values of 63%
(for SO,-treated cathode materials), 57% (NHj-treated cathode materi-
als), and 70% (double-gas-treated cathode materials) [as indicated in
Fig. 5a] compared to the untreated cathodes that show only 29% of
capacity retention after 400 cycles. During the early stages of cycling
(~40-50 cycles) at a 1.0 C rate, the untreated cathodes show relatively
higher discharge capacity than the SO, and double-gas-treated materi-
als (but not the NHj-treated cathodes). Such behavior may be associ-
ated with the suppressed electrochemical contribution from the man-
ganese (Mn3*+/4*) and anionic redox (oxide/peroxide transition) due
to delayed activation of the layered structure of Li,MnO5. We also in-
clude the supplementary cycling profiles [at 1C rate] of the HE-NCM
samples, prepared individually by SO, or NH;-treatment following dif-
ferent time and temperature regimes [Figure S8a-b]. Improved elec-
trochemical behavior [compared to the untreated sample] is also seen
for the individual gas-treated samples [Figure S8a-b] except for two
regimes [5 min SO, treatment at 400 °C and 1.0 hr. NH; treatment at
300 °Cl.
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The double-gas-treated sample typically shows the utmost stability
during studies at high rates of 3C [Fig. 5b], followed by SO,-treated,
NHj;-treated, and untreated HE-NCM cathodes (this is the order of stabil-
ity obtained). Figs. 5c and d present the comparative profiles of the av-
erage charge-discharge voltage and voltage hysteresis for the untreated
and gas-treated cathodes during prolonged cycling at a 1.0 C rate. In
this comparative study, significantly stabilized average voltage profiles
during repetitive charge and discharge processes (Fig. 5¢) and lesser
voltage hysteresis (Fig. 5d) profiles are obtained for the gas-treated elec-
trodes. The numerical values, given in Figs. 5b and d, clearly indicate
the gradual increase in the hysteresis. The gas treatments significantly
mitigate the rapidly increased voltage hysteresis of the untreated HE-
NCM cathodes, especially via the double-gas treatment. The drop in Co
and Mn reduction potentials while cycling is likely one of the decisive
factors for voltage hysteresis, which has already been well documented
in the literature [7]. The following crucial factors, like, (i) dispropor-
tionation reactions (2Mn3* — Mn** + Mn?* and 2Co3* — Co** + Co2*)
that activate the Mn3*/Mn** and Co2t/Co3* redox couples; (ii) Mn%*
cations migration to lithium sites; (iii) layered- to-spinel or spinel-like
phase transitions and (iv) oxygen loss, are mostly responsible for the
voltage fading. Therefore, surface modification via gas treatment, espe-
cially with a combination of gasses, is quite novel to inhibit the above-
stated factors to an extended level. Our previously reported works have
already discussed the most suitable and logical explanation for this sta-
ble and improved electrochemical behavior of this individual [SO, or
NH;] gas-treated samples [35,36]. Here, in this work, our emphasis of
explanation is related to the double-gas-treated (SO,+NH3) cathodes.

Fig. 6 presents the characteristic voltage profiles and the derived
differential capacity vs. V plots obtained from the first and second
charge-discharge profiles of Li-cells comprising untreated and gas-
treated HE-NCM materials. The charging voltage profiles from OCP to
4.4 V [Fig. 6a] reflect the lithium extraction phenomenon from the
rhombohedral Li(TM)O, phase. This process is associated with the ox-
idation of Ni%t and Co3*t to their tetravalent states (Ni2* — Ni%*,
Co3*t — Co**) [34,44,45]. Upon further polarization of electrodes up to
4.8V, the second stage of lithium extraction occurs from the monoclinic
Li,MnO; phase as the lattice oxygen participates in anionic oxidation
[0,2~ — 0,77, 1<n<2] [46,47] while maintaining the charge neutrality
of the active cathode materials. The reversible participation of lattice
oxygen in crystal-bulk in the anionic redox process has already been
proven [40]. This reversible process is associated with an intermediate
step where the peroxo/superoxo-like (0,"~) dimer species coordinate
with Mn(IV) via an inductive bond in the bulk of crystal lattice [48].
Such dimers are converted to triplet oxygen at the surface [at the ma-
terial and electrolyte interphase], then some molecular oxygen can be
released as a side reaction [48].

The charge capacity contribution from cationic oxidation [OCP to
4.4 V] and anionic oxidation [4.4 V to 4.8 V] of untreated and gas-
treated samples are given in Table S3. The charge capacity values ob-
tained within those potential windows [Table S3] indicate the effect of
gas treatments on HE-NCM materials. For the SO,-treated samples, we
observe reduced capacity contributions [Table S3] from both the rhom-
bohedral [OCP to 4.4 V] and monoclinic [4.4 V to 4.8 V] phases. These
values are relatively lower than values extracted from untreated cath-
odes. For the NH;-treated samples, almost no capacity loss from both
phases is seen [Table S3]. Upon double gas treatment [first, the sample
is treated by SO, and then by NH;], a charge capacity of ~ 19 mAh
¢! has been recovered within the potential barrier of 4.4 V [Table S3].
Such an increase may be associated with an additional voltage plateau
in Fig. 6a (highlighted by a dotted violet rectangle) or the additional
oxidation peak in Fig. 6b (~ 3.3 V; highlighted by a dotted violet rect-
angle). It may correlate to the possible reduction of transition metals
(TMs, mostly Mn**+) by NH; treatment that re-oxidizing during the first
charge [35]. The LiMnO, like phase formed [as per reaction (2)] dur-
ing the second stage of gas treatment by NH; probably contributed to
this extra charge capacity [49]. Here, one question may arise: if LiMnO,



S. Maiti, H. Sclar, Rosy et al.

Energy Storage Materials 45 (2022) 74-91

a 250 — T T T T . T v T 200 T T T . T T T
* 222 Rate: 1.0C b untreated
B oc 5 00 SOn-treated 1
2200 (2 o, - én150 N ( d
= 185 o =z - s-treate =
< N E :
= #P —_ | Double Gas treated
= 150 ; g =
£ ° 147(7()% ret.) ‘5 Rate: 3.0 C
g | 126(57% ret.) 100 [ e
0/ = o
8 100 k- (ﬂ Yo tet.) i): i 30°C
5;’:3 | untreated %‘)
3 SO2-treated 63(29% ret) = 50 |
o 50 ot S
» NHs-treated a K
Double Gas treated |
0 1 1 1 L 1 H 1 i 1 0
0 100 200 300 400 7 47 87 127 167 207 247 287 327 367
Cycle number Cycle number
48 ——T——T——T— d 20 4——V———+—7+——7—+—
C.44 i : . ,
4F -~ Rate: 1.0 C TmVicye
-~ o~ >1.6 F Tl
> uu—n__;g::‘, 1 2 30°C // &L’:z 5mVicyc
4.0 v-__,‘gg_wn—n -z [ / w——) ImV/cyc
& ()_@t)ﬁg A S 12k V‘-,’w a2 ImV/cyce
E 03y untreated 1.62V+ gie w7 >
©36 v SO2-treated 1.40 V] Z - R —” |
=S Nil-treated 148V Z ol =T
£ §§% Double Gas freated 1,22 V1 208 |- /,f ‘__,-i-" -
£32 | — — 8 -
5 =, = s untrcated 4
< - \3?;:%:%% ] > //’ SO2-treated
o SO2-trez
2 “Q“E““' 04 [ o™
2.8 FRate: 1.0C & NHs-treated
[E iR e e q i Double Gas treated
24 1 1 1 i 1 i 1 A 1 0.0 1 i 1 1 1 1 1 i 1

0 100 200

Cycle number

300 400

0 100 200

Cycle number

300 400

Fig. 5. Electrochemical studies in coin cells [vs. Li/Li*] at 30 °C. (a) Cycling performance at 1.0 C rate and (b) rate capability studies [3.0 C rate] of electrodes
comprising the untreated, SO,, NH;, and double-gas-treated HE-NCM materials. Rate capability studies were performed after every 33 cycles at a 1.0 C rate. Discharge
capacity and the corresponding capacity retention (in brackets) values, measured after the 401st cycle, are indicated in Fig. 5a. (c) Average (mean) voltage profiles
in charge and discharge and (d) voltage hysteresis profiles, calculated as a difference between mean charge and discharge voltages for the untreated and reactive
gas-treated HE-NCM electrodes. The average voltages and voltage hysteresis profiles are only plotted for cycles carried out at a 1.0 C rate for clarity. Two to three
coin-type cells were averaged for each data set (after confirmation that the cells displayed very similar results).

like phases are formed upon NH; treatment, why don’t we observe such
electrochemical behavior for the individual NH;-treated sample during
the first charge? The formation of a noticeable amount [to be observ-
able during electrochemical studies] of the LiMnO, like phase depends
entirely on the longer time of NH;-treatment, which we have already
seen in our previous study that showed a similar electrochemical fea-
ture [35]. However, prolonged NH; treatment can be inappropriate for
the HE-NCM material’s electrochemical performance since a substantial
amount of Li,CO; and LiOH will be formed via Li-leaching from the
crystal lattice, lowering the maximum achievable capacity [35]. Mean-
while, the LiMn®*+® 0, ;) phase [reaction (1)], already formed in the
SO,-treated sample, can now easily be reduced to the LiMnO, phase
upon 1.0 hr. NH; reduction without forming Li,CO5; and LiOH. How-
ever, one should consider that only ~5 mAh g! of charge capacity was
recovered in the potential range of 4.4 V to 4.8 V upon the second stage
of NH;-treatment on SO,-treated HE-NCM samples [Table S3]. The NH;-
treated HE-NCM cathodes exhibit indistinctly lesser charge-discharge
capacity values [Table S4] than the untreated sample in the first cycle.
In comparison, SO, and double-gas-treated samples showed relatively
lower capacity values than the untreated samples during the first acti-
vation cycle [Fig. 6a and Table S4]. A similar trend in charge-discharge
capacity values has also been witnessed at the second cycle (Fig. 6¢,
Table S4). It is worth mentioning that the double-gas-treated materials
has better coulombic efficiency (CE) and lower irreversible capacity loss
(ICL) compared to the other two gas-treated and untreated cathodes in
the first cycle (Table S4). Some of the crucial numeric values extracted
from the first and second cycles of the cells comprising the untreated
and gas-treated cathodes are summarized in Table S4. These values ev-
idently indicate the impact of gas treatments on the HE-NCM cathodes.

After carefully analyzing the dQ/dV vs. V plots (Fig. 6b) for the
SO,-treated sample during the first discharge, we observed suppressed
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manganese Mn**/Mn3+ and anionic reductions [in the range of ~3.6
to 3.0 V]. This suppressed reduction phenomenon has been further en-
hanced upon the subsequent gas (NH3) treatment on the SO,-treated
sample [Fig. 6b]. The second cycle dQ/dV vs. V plot (Fig. 6d) for the
SO,-treated sample demonstrates that manganese Mn3+/4* oxidation di-
minishes [a feature at ~ 3.5 V; highlighted with a dotted violet rectan-
gle]. At the same time, the double-gas-treated sample exhibits a dual
electrochemical environment for Mn3+/4+ oxidation [at ~3.3 V and ~
3.5 V; highlighted with a dotted violet rectangle, Fig. 6d] due to the
presence of both the LiMnO, and Li,MnO3; phases in the same entity.
Now, we analyze the redox kinetics of the untreated and gas-treated
HE-NCM electrodes upon cycling to comprehend the cycling stability
and the voltage hysteresis. Both the thermodynamically and kinetically
controlled redox processes are crucial here for stable cycling perfor-
mance [50]. We present the voltage profiles [Figure S9a, c, e, and g]
and the corresponding differential capacity plots [Figure S9b, d, f, and h]
for untreated and gas-treated HE-NCM electrodes extracted from the fol-
lowing cycles: 10th, 20th, 40th, 60th, 80th, and 100th. Arrows indicate
voltage hysteresis and the shifting in redox peaks upon cycling for the
gas-treated and untreated samples in Figure S9. Capacity drop and volt-
age hysteresis are very severe for the untreated cathodes compared to
the gas-treated cathode materials. The oxidation and reduction (related
to the Li-extraction and insertion, respectively) peaks shifting to higher
and lower potentials, respectively, with a gradual decline in these peaks’
integral intensity upon cycling, are severely observed for the untreated
cathodes [Figure S9b]. In turn, such declining electrochemical behav-
iors are significantly restricted due to the gas treatments [Figure S9d, f,
and h], particularly upon double gas treatment [Figure S9h]. We believe
that improved redox kinetics for the gas-treated electrodes are primarily
associated with the modified surface of the primary particles (as was dis-
cussed above). It creates a facile Li-intercalation/de-intercalation path
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Fig. 6. The voltage profiles of the first and second cycles (a and c) and the corresponding differential capacity vs. V plots (b and d) for untreated, SO,, NH;, and
double-gas-treated HE-NCM electrodes measured in Li-cells at 30 °C, using cycling rates of C/15 (1st cycle) and C/10 (2nd cycle).

while restricting other harmful side-reactions [responsible for thick and
unstable SEI formation that increases cell-impedance] at the electrode-
electrolyte solution interface. Later on, we correlate such improved elec-
trochemical behavior of double-gas-treated HE-NCM cathodes to other
associated studies, e.g., electrochemical impedance spectroscopy (EIS),
online electrochemical mass spectrometry (OEMS), thermal and post cy-
cling studies.

2.2.2. Comparative electrochemical studies of the untreated and
double-gas-treated HE-NCM electrodes in full-pouch cells [vs. graphite
anodes] at 30 °C

We further discuss the comparative electrochemical results [Fig. 7]
of untreated and double-gas-treated HE-NCM cathode materials in the
full-pouch cell configuration (vs. graphite anodes). Based on their su-
perior electrochemical performance in half cells (vs. Li metal anodes),
the double-gas-treated HE-NCM cathodes were chosen for comparative
electrochemical studies with the untreated cathodes. Indeed, double-
gas-treated cathodes perform significantly better than untreated in long-
term cycling experiments at 1C [Fig. 7a] and 3C [Fig. 7b] rates. The elec-
trochemical cycling studies in pouch cells [vs. Graphite anode], were
performed according to the protocol described in Table S2. The results
display a discharge capacity of 145 mAh g~! with ~72% capacity reten-
tion during cycling at 1C rates after the 400th cycle. While only ~55% of
capacity retention [a discharge capacity of 118 mAh g™1] is witnessed for
the untreated HE-NCM cathode after the same cycling interval (Fig. 7a).
During the rate capability studies [Fig. 7b] at a high discharge cur-
rent density of 750 mA g ~ ! [3C rate], the double-gas-treated cathodes
show much higher stability than the untreated HE-NCM cathodes. The
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bar profiles and the numeric values, given in Fig. 7b, validate the im-
proved stability of the double-gas-treated cathodes during the high rate
discharge processes. The discharge capacities for untreated and double-
gas-treated samples are very close at a 3C rate in the 7th cycle. It must
be noted that both thermodynamically (Mn-redox and anionic redox)
and kinetically controlled (Ni and Co-redox) redox parts contribute to
the specific capacity values. Usually, thermodynamically controlled re-
dox predominates during low current density charge-discharge, while
kinetically controlled redox prevails during high current density charge-
discharge. As we discussed earlier while analyzing the electrochemical
performance in half cells (vs. Li metal anodes), improved redox kinetics
for the gas-treated electrodes (especially for double-gas-treated samples)
are primarily associated with the modified surface of the primary parti-
cles. Thus, it creates a facile Li-intercalation/de-intercalation path while
restricting other harmful side reactions at the electrode-electrolyte solu-
tion interface. This explanation suggests that double-gas-treated samples
perform much better than untreated samples at higher rates. However,
the double-gas-treated cathode materials outperform the untreated ma-
terial after the 25th cycle at a 1C rate; the performance of the double-
gas-treated cathode materials is exceptionally close to that of the un-
treated active mass at a 3C rate even in the 7th cycle. Figs. 7c, 7d, and
7e present the average voltage profiles, voltage hysteresis plots, and
energy density profiles for untreated and double-gas-treated HE-NCM
cathodes. The comparative profiles and inserted values in Fig. 7c-d prove
very stable voltage profiles and significantly lower voltage hysteresis for
double-gas-treated electrodes than untreated ones. The calculated volt-
age hysteresis evolution with cycling for the double-gas-treated cath-
odes is only ~0.5 mV cycle~!. In comparison, it is significantly higher
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[~1.54 mV cycle~!] for the untreated cathodes. The results validate the
advantages obtained in the reversible redox processes of these cathodes
due to the double gas treatment [7,51]. The energy density (calculated
based on the active cathode mass) profiles during cycling at a 1C rate
also demonstrate an improved behavior for double-gas-treated HE-NCM
cathodes (Fig. 7e). It shows the value of 468 Wh kg~ (~68% retention)
at the 400th cycle compared to only 336 Wh kg~! (~48% retention) for
untreated cathodes after the same cycling intervals.

We have also measured direct current internal resistance (DCIR)
evolution of the full-pouch cells comprising untreated and double-gas-
treated HE-NCM cathodes (Fig. 7f). The results show a gradual in-
crease in DCIR values upon cycling for both cases. However, signifi-
cantly lower evolution in the DCIR values is seen for the cells compris-
ing double-gas-treated HE-NCM cathodes (41 mQ/cycle). In contrast, a
severely increasing trend in DCIR evolution for the untreated cathodes
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(79 mQ/cycle) was measured [Fig. 7f]. The DCIR data is correlated fur-
ther to impedance spectroscopic measurements of these systems.

2.3. Electrochemical Impedance Spectroscopic (EIS) studies of
three-electrodes pouch cells (Li metal counter and reference electrodes)
comprising untreated and double-gas-treated HE-NCM cathodes

Here, we discuss the gradual evolution of solution/ohmic resistance
(R), surface films resistance (Rgg), and charge transfer resistance (R¢r)
of the HE-NCM cathodes by analyzing their electrochemical impedance
spectroscopic (EIS) behavior. They were measured at a state of charge
(SOC) of 4.0 V (equilibrium situation) after the 15th and 100th cycles.
Usually, most of the parameters related to the impedance data increase
when the material’s internal resistance (IR) increases. In addition, it
has been observed that IR values are high at both low state-of-charge
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elements. R corresponds to solution resistance, CPEg; and CPE are the corresponding capacitances (or Constant-Phase Elements) associated with surface film and

charge-transfer resistances Rg; and Rey.

(SOC = ~0%) and high state-of-charge (SOC = ~100%) because, at these
states, the material behaves like an insulator. Therefore, when the SOC
of the material resides in the range of 40-50%, the IR values reach a
minimum value, and it is the best-optimized condition for studying EIS.
In the case of HE-NCM, the SOC reaches ~40% when it is charged up
to 4.0 V. This is why we have selected 4.0 V (while charging) as the
equilibrium potential for the EIS study. Stable SEI/CEI formation usu-
ally needs a few cycles of charge discharge. Usually, after 5-6 cycles, a
significant part of SEI/CEI formation is completed (although this process
never stops entirely, the braking and making of SEI/CEI continue with
the cycling). As we are operating at a very high upper potential (~4.7-
4.8 V), we have chosen the interval of 15 cycles for complete SEI/CEI
formation. In addition, a certain number of cycling intervals is crucial for
a better understanding of the evolution of charge-transfer impedance.
Thus, we selected the 100th cycle to record the EIS for demonstrating a
convincing explanation for charge-transfer impedance.

The spectra are presented as Nyquist plots, and the software we
use enables fittings to responses of plausible equivalent circuit analogs
(Figs. 8a and 8b related to 15 and 100 cycles, respectively). The spec-
tra contain two semicircles at high and medium frequencies and short
straight lines at the low frequencies (up to 5 mHz), which can be as-
signed to Warburg-type elements that may reflect solid-state diffusion
of Li ions into the active mass bulk. Since not all the spectra we ob-
tained contain distinguishable Warburg-type elements, we did not use
the low frequencies part of the spectra for diffusion coefficient calcula-
tions. In turn, we naturally assign the high frequencies semicircles to sur-
face films resistance (for Li-ions migration) coupled with surface films
capacitance. While the medium frequencies semicircles are naturally
associated with charge transfer resistance at the electrode-electrolyte
interphase. We used logical equivalent circuit analogs, which are also
presented in Figs. 8a and 8b [52]. The R(Q), Rgp(QQ), and Rcr(Q) val-
ues calculated after the 15th and 100th cycles (at the SOC of 4.0 V) are
presented in Table 2.

A quantitative discussion on these EIS results is unnecessary because
an exact assignment of spectral features presented in Figs. 8a,b to time
constants of processes that the composite cathodes in the cells undergo
is impossible. However, a short qualitative discussion is nearly trivial.
The spectra reflect, as expected, an increase in electrodes impedance (all
features related to resistive elements) as cycling proceeds. However, it
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is spectacular that the overall impedance of the double-gas-treated cath-
odes is much smaller and grows less upon cycling than that of untreated
cathodes. These results indicate the positive surface effect of the treat-
ment by the two active gasses (SO, and NH3).

These results fit the discussed electrochemical cycling performance
and the DCIR evolution data observed during cycling in full-pouch cell
assemblies (Fig. 7f).

2.4. Online Electrochemical Mass Spectrometric (OEMS) in-situ studies of
gasses (04, CO, and H,) evolution from Li half-cells comprising untreated
and double-gas-treated HE-NCM cathode materials at 30 °C

We selected the untreated and double-gas-treated HE-NCM materi-
als for the comparative OEMS studies based on their electrochemical
cycling performances. We correlate our electrochemical analysis during
the first charge-discharge [Fig. 6a-b] with the OEMS data and discuss
how the surface modifications effectively lower the gas evolution phe-
nomenon, which further stabilizes the cycling performances and volt-
age hysteresis. The gasses [0,, CO,, and H,] evolution profiles during
the first charge-discharge at a C/15 rate in Li-cells are demonstrated in
Fig. 9a-d. Fig. 9a shows the typical voltage profiles for the HE-NCM elec-
trodes comprising untreated and double-gas-treated HE-NCM materials.
In the present study, the untreated samples typically show minor O,,
CO, evolution during the rest period. This is because surface lattice oxy-
gen and surface impurities (like Li,CO3) may interact with electrolyte
solution forming O, and CO,, respectively, during the rest period. In
addition, H, evolution during the rest period is likely related to some
partial degradation of the electrolyte solution. The O, evolution for un-
treated samples at ~3.8 V may be associated with Li,CO5; decomposi-
tion as per the following reaction: Li,CO3 — CO, + 0.50, + 2Li* + 2¢7;
~3.8 Vvs Li/Li* [53]. However, the major oxygen evolution occurs from
the untreated HE-NCM cathode at the 4.5 V plateau and continues to
evolve until the potential reaches 4.7 V during charging. As presented in
Fig. 9b, the double-gas-treated HE-NCM cathodes typically demonstrate
significantly suppressed oxygen evolution (almost a linear profile) com-
pared to the untreated sample. This observation may associate with two
factors. First, an oxygen-deficient outer-most surface can be formed due
to “chemical” or “non-electrochemical” activation during the first stage
of gas treatment by SO, [36]. Second, the triplet oxygen, which is typi-
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set-up; Li metal as Reference Electrode (RE)]

R(Q) Rgr (Q) Rer (Q) R(Q) Rgr (Q) Rer (©Q)
Untreated HE-NCM 0.5 8.3 1.46 0.82 18.54 16.83
Double-gas-treated HE-NCM 0.43 1.47 2.67 0.69 2.89 5.39
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Fig. 9. (a) The first cycle charge-discharge profiles of the electrodes comprising
untreated and double-gas-treated HE-NCM cathodes measured by OEMS tech-
nique at a C/15 rate in Li half-cells. After charging to 4.7 V, electrodes are kept
for constant voltage steps (CCCV) for 3.0 h at this potential; Figures (b), (c), and
(d) demonstrate O,, CO,, and H, evolution plots, respectively.

cally converted to molecular oxygen at the electrode-electrolyte solution
interface, is being constrained to reach the interface due to the forma-
tion of nano-sized Li,SO,4/Li,SO5 species on the surface of the particles
[48].

The CO, evolution from the untreated cathodes starts during the
rest period at OCV due to oxidation reactions between the electrode
and the electrolyte solution. After that, a continuous CO, evolution is
observed during charging, usually attributed to the decomposition of
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Li,CO5 [54,55] (present as a minor surface impurity on HE-NCM) and
alkyl carbonate solvents [56,57]. Interestingly, the CO,, release has been
significantly lowered for the double-gas-treated cathodes till ~4.5V and
further demonstrates a sharp increase at ~4.7 V and the constant voltage
(CCCV) step. Such a sudden increase in CO, evolution may be credited to
the oxidation of surface impurities and electrolyte degradation (Fig. 9a
and ¢).

A substantially low hydrogen evolution can be seen for the double-
gas-treated HE-NCM cathodes (Fig. 9a and d) compared to the untreated
HE-NCM cathodes. It indicates suppressed electrolyte degradation due
to improved interface stability, thus diminishing several parasitic reac-
tions [20].

2.5. Thermal studies of the untreated and gas-treated HE-NCM cathode
materials by DSC

Fig. 10 presents the thermal behavior of untreated and gas-treated
HE-NCM materials in interaction with electrolyte solution species mea-
sured by Differential Scanning Calorimetry (DSC). In the temperature
range of ~55-62 °C, a minor exothermic peak is observed in untreated,
SO,, and NH;-treated HE-NCM materials. Exothermic reactions between
the electrolyte solution and the surface impurities like, Li,CO3, LiySOy4
and Li,O-LiNO5 [based on XRD, TEM, and XPS studies], are responsible
for such observation (Fig. 10, Zone-I). This finding is understood from
our previous studies [32,58]. However, such observations were usually
detected in the temperature range of ~65-110 °C for EC-DMC or EC-
EMC-based electrolyte solutions [59]. We propose that observing this
phenomenon at a relatively lower temperature is probably because of
the interactions of DEC with the surface impurities [60]. In addition,
to be assured that this minor peak (~55-62 °C) is somehow unrelated
to LiPF¢ decomposition, we performed DSC measurements for the elec-
trolyte solution individually (Figure S10) and found no exothermic heat-
evolution in the temperature range of 40-120 °C. Therefore, the initial
heat evolution around ~60 °C is probably not related to LiPFg decompo-
sition. Surprisingly, such an exothermic peak in the temperature range
of 50-70 °C was absent for the double-gas-treated cathode materials
(Fig. 10, Zone-I). This phenomenon may relate to the modifications of
surface impurities [partial reduction of Li,CO53 or Li,SO4] during the
second stage of gas treatment with NH;.

The DSC profile of the untreated material exhibits one minor and
three major exothermic peaks at ~207 °C, ~230 °C, ~244 °C, and
~260 °C, separately. These exothermic reactions are typically associ-
ated with lattice oxygen release, partial Li-leaching in the form of Li,O
from HE-NCM, TMs-oxides formation, and H,0/CO, formation upon
the interaction of the released lattice oxygen and the solvent molecules
[61,62]. The first two exothermic peaks (~207 °C and ~230 °C) are due
to the thermo-chemical interactions between the released lattice oxy-
gen from HE-NCM material with DEC-FEC solvents molecules in the
electrolyte solution [62]. While the last two major exothermic peaks
(~244 °C, and ~260 °C) along with a small peak (~253 °C) relate to
the combustion reactions between solvents molecules and the HE-NCM
material [61,62]. The exothermic reactions’ onset temperature values
for untreated, SO,, NH3 and double-gas-treated HE-NCM materials are
mentioned and pointed by arrows in Fig. 10. We observe an upshifting of
the onset temperature values for all the gas-treated samples, especially
for the double-gas-treated sample showing maximum upshifting. These
thermal results should be attributed to the modified active material’s
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Fig. 10. Heat flow versus temperature plots,
measured by DSC for the untreated, SO,, NHj,
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surface that mitigates/delays the release of surface lattice oxygen from
the gas-treated HE-NCM, suppressing the heat evolution at a relatively
lower temperature than we have seen for untreated samples [62]. The
oxygen evolution studies via the OEMS technique [Fig. 9a-b] support
very well our observation of lowered thermo-chemical heat release for
the double-gas-treated cathode materials.

The calculated specific heat release concerning the signifi-
cant thermo-chemical interactions for the untreated material is
Quntreated = 384+9 J/g (Fig. 10, Zone-II). While, those values for
the HE-NCM materials are significantly lowered upon SO,, NH;, and
double-gas treatments. The calculated values for the gas-treated sam-
ples are as follows: Qgos.treated = 24046 J/8, Qnu3.treated = 2463 J/g,
and Qgouble-gas-treated = 131+3 J/g. A moderate upshifting of the tem-
perature zones (~207 °C, ~230 °C, ~244 °C, and ~260 °C) associ-
ated with exothermic heat evolutions to relatively higher values are
seen for all the gas-treated materials (Fig. 10, Zone-II). The maxi-
mum upshifts are recorded for the double-gas-treated sample (Fig. 10,
Zone-II). Thus, the results of these thermal studies are fully coher-
ent with all the other above-described studies, demonstrating the
unique positive effect of the double gas treatment again on the elec-
trochemical, chemical, and thermal behavior of HE-NCM cathode
materials.
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2.6. Post-cycling analysis of untreated and gas-treated HE-NCM electrodes:
structural and morphological characterization; transition metals [TMs]
dissolution, and surface analysis

Post-cycling studies are incredibly crucial for the accurate under-
standing of capacity fading and stabilization mechanisms of cathodes
in Li-cells [35,63]. Herein, we present and analyze the comparative
post-cycling data extracted from the untreated and gas-treated HE-NCM
cathodes and their counter Li-anodes [the latter used for transition met-
als dissolution studies]. The X-ray diffraction patterns and the calcu-
lated lattice parameter values of the cycled electrodes are shown in
Fig. 11 and Table 3, respectively. The presence of Li,SO, in the SO,
and double-gas-treated electrodes cannot be confirmed from the XRD
patterns [Fig. 11a]. Such observation usually relates to the decom-
position or loss of crystallinity of the Li,SO, phase during the rapid
lithiation/de-lithiation processes [32,36]. While comparing the calcu-
lated c-lattice parameter values and c/a ratios for the rhombohedral
[Li(TM)O,] phase, before (Table 1) and after the 400 cycles (Table 3),
an increase to a certain degree can be seen for both untreated and gas-
treated cathode materials. Since the c-parameter represents the distance
between the TMs and Li layers, it should likely increase upon multiplied
charge-discharge (Li-extraction-insertion) cycles.
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Fig. 11. (a) X-ray diffraction patterns of untreated, SO,, NHj,
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and double-gas-treated HE-NCM electrodes after the 401st cycle.
Table 3 demonstrates the calculated lattice parameters of these elec-
trodes after the 401st cycle. SEM images (scale bars are 10 pm) of
the submicron particles for (b) untreated, (c) SO,, (d) NH; and (e)
double-gas-treated HE-NCM electrodes after prolonged cycling (after
401st cycle; extracted from the in coin-type Li-cells as represented in
Fig. 5). Yellow rectangles are drawn (Figures b-e) to point out the
observed cracks in the particles.

s
tage (%)

S
A

S
&S
Dissolution Percen

Fig. 12. Dissolution percentage of constituent transition metal cations (Ni, Co,
and Mn) upon prolonged cycling from the untreated and gas-treated HE-NCM
cathodes and deposited onto Li counter electrodes in Li-cells during cycling.
The Ni, Co, Mn ions concentration, deposited onto Li metal anode, is measured
by chemical analysis (ICP-OES method). Results from two coin cells tested in
parallel were averaged.
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Table 3
Lattice parameters of untreated, SO,, NH;, and double-gas-treated HE-

NCM materials from cycled electrodes.

Cell Parameters a(A) b @A) c(A) XQ) c/a
Materials

Untreated

Li[TM]O, (R-3 m) 2.8644 - 14.3052 - 4.9941
Li,MnO; (C2/m) 4.9420 8.5170 5.1110 109.0016
SO,-treated

Li[TM]O, (R-3 m) 2.871 - 14.328 - 4.9906
Li,MnO; (C2/m) 4.957 8.599 5.086 109.04

NH,-treated

Li[TM]O, (R-3 m) 2.861 - 14.317 - 5.0042
Li,MnO; (C2/m) 4.947 8.592 5.064 108.941
Double-gas-treated

Li[TM]O, (R-3 m) 2.865 - 14.359 - 5.0118
Li,MnO; (C2/m) 4.985 8.599 5.046 109.071

The post-cycle SEM images of the cycled electrodes composed of
untreated and gas-treated HE-NCM materials are shown in Fig. 11b-
e. A significantly lesser number of surface cracks and/or particle de-
formations (pointed through yellow rectangles) are seen for the gas-
treated cathode materials than the untreated HE-NCM materials. The
preliminary surface characterizations confirmed that the modified sur-
face of the gas-treated HE-NCM particles is composed of nano-sized
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Fig. 13. XPS data of the (@) C1s, (b) O 1s, (c) F1 s, and (d) P 2p photoemission lines collected from the untreated, SO,, NH;, and double-gas-treated HE-NCM
electrodes after prolonged cycling (after 401st cycle; extracted from the in coin-type Li-cells as represented in Fig. 5).

Li,SO,4/Li,SO3/LiNO3, formed during the reactive gas treatments. Such
a modified surface indeed acts as protective interphase that constrains
the harmful side reactions involving the active material and electrolyte
solution species.

The transition metals (TMs) dissolution from cycled cathodes was
determined by chemical analysis (using the ICP method) of Li anodes ex-
tracted from the cells after the 401st cycle and dissolved in 10 ml double-
distilled (DD) water. The results presented in Fig. 12 demonstrate the
percentage of TMs dissolved from the untreated and gas-treated HE-
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NCM cathodes and subsequently deposited on the Li-anodes during pro-
longed cycling. The results (Fig. 12) exhibit lower TMs dissolution from
the cathodes comprising gas-treated HE-NCM materials than untreated
HE-NCM samples. Interestingly and coherently, the double-gas-treated
samples show the lowest TMs dissolution values. In all the cases, the
Ni-dissolution was higher than that of Mn and Co. Such observations
are quite consistent with our previously reported results [20,32]. The
selective replacement of the Mn-ions occurs from the upmost surface
(~2-3 nm) to the bulk via the Li-vacancies near the particles’ surface



S. Maiti, H. Sclar, Rosy et al.

[64]. This rearrangement phenomenon is responsible for forming Mn-
deficient but Ni-rich HE-NCM surface, resulting in greater Ni ions dis-
solution than manganese and cobalt ions. Logically, the gas-treated HE-
NCM materials are certainly experiencing minimal exposure to highly
reactive and harmful species, like, HF, PF5 and electrophilic alkyl car-
bonate molecules. Like Li-sulfites [5032‘], this surface species can react
with HF and PF; in the battery solutions. Such chemical interactions
may reduce the chances of direct interactions with active cathode ma-
terial at the interface, for example:

Li,SO; + 2HF — 2LiF + H,0 + SO, 1 )

Li,SO5 + PFgy — 2LiF +POF51 + SO, 1 (10)
[We note that these two hypothetical reactions are based on chemical
perception without any experimental proof] [36]. Thus, the surface of
the gas-treated samples is better protected from the harmful reactions
[65,66] with these acidic species than the untreated material.

The post-cycling XPS analysis of the cycled electrodes [after 400 pro-
longed cyclings] comprising untreated and gas-treated HE-NCM materi-
als are discussed below. Fig. 13a-d presentthe C1s,01s,F1s,andP 2p
XPS spectra, measured from the untreated, SO,, NH; and double-gas-
treated HE-NCM electrodes. The distinct components associated with
the surface films formation at the electrode-electrolyte solution inter-
face are detected in Cls and O1s spectra, respectively, in Figs. 13a and
b [52]. Moreover, the characteristic peaks for LiF at ~684.7 eV and
lithium fluorophosphate (Li,PF,0,) at ~686.6 eV, which are the major
components of these surface films, have been found in the F 1 s spectra
(Fig. 13c). The detected values are in good agreement with the literature
reports [20,52]. The formation of higher amounts of lithium fluorophos-
phate (Li,PF,O,) during cycling is comprehended for the untreated elec-
trode compared to what we have observed for the gas-treated samples
(Fig. 13c). Henceforth, we postulate a relatively thicker surface films
formation on the untreated cathodes, impeding the facile lithium-ions
transportation [20,52]. Above, we came up with a similar conclusion
while analyzing the EIS data (Fig. 8, Table 2). The high-resolution P
2p XPS data (Fig. 13d) further confirms the formation of lithium fluo-
rophosphate Li,PF, O, (at ~136 eV), one of the surface films’ significant
components as discussed herein [20,52]. The lesser surface reactivity as-
sociated with lower electrolyte solution’s surface reactions due to thin
and stable surface films on the electrodes whose active mass underwent
the double gas treatment is evident.

3. Conclusion

Applying double gas treatment first with SO, and then NH; on Li and
Mn-rich NCM cathode materials (also denoted as HE-NCM) substantially
improves their electrochemical performance in both half (vs. Li anodes
in coin cells) and full (vs. graphite anodes in pouch cells) cells. The elec-
trochemical results, especially those measured with pouch-cells assem-
blies [vs. Graphite anodes] established the practical importance of the
double gas treatment we developed in this work. The results presented
herein show very convincingly that the double gas treatment induces
stable cycling performance in terms of high capacity retention, excel-
lent rate capability, stabilized discharge voltage, low voltage hysteresis
during cycling, and low impedance. This treatment suppresses gasses
evolution during the first activation cycles and improves the thermal sta-
bility of these cathode materials. Post mortem analyses showed that the
double-gas-treated cathode materials retain the particle structure (XRD)
and morphology (which is expressed by minor cracking and particle
deformation compared to untreated cathode materials). Moreover, the
above double gas treatment pronouncedly suppresses transition metal
cations dissolution from the cathodes upon cycling. Structural (XRD and
TEM) and surface studies (XPS) revealed that the double treatment by
SO, and NH; forms surface layers comprising nanoparticles of Li,SO4
and Li,SO5 that can act as protecting interphase and a buffer zone that
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mitigates oxygen evolution, metallic cations dissolution, and detrimen-
tal side reactions between solution species (acidic like HF and PFs, elec-
trophilic like the carbonate solvents) and the active mass, whose surface
contains highly reactive (nucleophilic and basic) oxygen moieties. Ap-
plying treatment by NH; leads to a partial reduction of surface sulfate
to sulfite moieties and reduction of surface Mn** to lower manganese
valence states (revealed by XPS studies). This partial reduction of sur-
face Mn** helps mitigate vigorous surface reactions of oxygen species
(also suppressing molecular oxygen evolution during the first charging
process).

We conclude that this work presents novel research aiming to mod-
ify HE-NCM materials with reactive gasses (first with SO, and then with
NH,) at optimized regimes (temperature and time). This approach im-
proves their electrochemical cycling behavior, higher capacity reten-
tion and rate capability, lower charge-transfer resistance, reduced gas
evolution, and reduced heat released in these materials reactions with
electrolyte solutions. Furthermore, the stabilization process described
herein by consecutive SO,—~NH; double gas treatments can be easily in-
dustrialized, thereby having an important practical significance.

Experimental section

Thermal gas treatment of HE-NCM with SO,, NHj, individually and
with both gasses: Li and Mn-rich cathode material with the compo-
sition 0.33Li;MnO5:0.67LiNij 4Cog ,Mng 40, (HE-NCM) was received
from BASF, Germany, and treated as follows.

Thermal gas treatment of HE-NCM with SO,: The HE-NCM material
was treated with a gas mixture of 2% SO, and 98% of pure nitrogen at
variable temperature ranges (200, 250, 300, and 400 °C) for different
time intervals (5 min, 30 min, 1 hr) in a modified “Rotovap” oven[36]
(BASF, Germany). The gas flow was adjusted to ~0.6 cm® min~! mea-
sured by a flow-meter from Alical Scientific. We used a glass flask of
~80 cm? for the SO, treatment of 15 g HE-NCM material.

Thermal gas treatment of HE-NCM with NH;: The HE-NCM material
was also treated with NH; at variable temperature ranges (300 °C, and
400 °C) during different time intervals (1 hr and 2 hrs) in the modified
“Rotovap” oven[36]. The gas flow was adjusted to ~0.25 cm® min~1. A
glass flask of ~80 cm® was used for the NH; treatment of 15 g HE-NCM
material.

Double gas treatment of HE-NCM [concurrently with SO, then
with NH3]: After standardizing the individual gas treatment procedures
(based on the stable electrochemical behavior of single gas-treated HE-
NCM), SO,-treated (for 1 hr. at 300 °C) samples were further subjected
to NH;-treatment at 400 °C for 2 hrs. A similar protocol that we used
for SO, and NH; treatments was adopted for the double gas treatment.

We must mention that before and after the exposure to the reactive
gasses (SO,, NH3), the HE-NCM material was left for 0.5 h under pure N,
at the respective temperature before cooling so that the cathode material
could continue reacting with the reactive gasses that remained in the
reactor.

Physical characterization techniques: The structural characteriza-
tions of untreated and gas-treated HE-NCM materials were carried out
via the X-ray diffraction technique (Bruker D8 Advanced X-ray diffrac-
tometer, CuKa radiation). The X-ray diffraction patterns were verified in
the range of 20 = 10° — 80°, with steps of ~0.0194 deg./min. A standard
least-square refinement procedure was used to calculate the unit cell
parameters. Morphological investigations were performed using Scan-
ning Electron Microscopy (SEM) using Quanta FEG 250, FEI with resolu-
tions down to 1.2 nm. Transmission Electron Microscopy (TEM) studies
were carried out with a LaBg—200 kV Jeol-2100 instrument running at
200 kV. These studies were performed in TEM mode using conventional
Selected Area Electron Diffraction (SAED) and Convergent Beam Elec-
tron Diffraction (CBED) techniques. The gas-treated HE-NCM samples
(TEM studies) were prepared using a dual FIB/SEM FEI Helios NanoLab
600 system. Samples with two different thicknesses were prepared for
the TEM-EDS and HR-TEM study. We studied the size of primary parti-



S. Maiti, H. Sclar, Rosy et al.

cles, structure, composition, and morphology by performing the cross-
section in the particle’s middle. A detailed procedure for the FIB-cut
samples’ preparation was presented in the literature [58]. X-ray Photo-
electron Spectroscopy (XPS) measurements were carried out using UHV
(2.5 x 10719 Torr base pressure) using the 5600 Multi-Technique Sys-
tem (PHI, USA). C 1 s peak at 285 eV was used as the energy refer-
ence. These measurements were executed by transferring the untreated
and gas-treated HE-NCM materials to the instrument under argon at-
mosphere in a particular vessel without exposure to the ambient atmo-
sphere. A ratio of Laurentian and Gaussian functions were used for the
least-squares curves fitting procedure, utilizing a Shirley or Linear back-
ground subtraction.

Thermogravimetric analysis was performed with PerkinElmer Pyris 1
TGA, Clarus 680 GC. ~10-20 mg of samples were subjected to a TGA
oven, with a heating rate of 20 °C/min from 30 to 600 °C, under
a nitrogen atmosphere (balance purge 80 mL/min; sample purge 20

mL/min) in alumina crucibles. The TGA was connected to a transfer-
line (TL9000) of ‘Red Shift’ heated to 280 °C, attached to a 100 uL
loop. The gas mixture was then separated over 5 MS (30 m x 0.25

mm) columns using helium as a carrier gas ata 1.0 mL/min flow rate.
The mass spectrometer conditions were as follows: Electronic Impact
ionization at 70 eV, source temperature 220 °C, and GC transfer line
250 °C. Mass range 30-400 Da with 0.2 s dwell time. The data were
collected and analyzed by GCMS PerkinElmer TurboMass software.

Chemical analysis of the transition metals (TMs) dissolved from the
cathodes after 400 cycles were performed by the Inductive Coupled
Plasma technique (SPECTRO ARCOS ICP-OES Multi-view FHX22). The
dissolved TM cations were supposedly deposited (at least partially) onto
the Li-anodes in Li-cells during cycling. The lithium anodes after 400 cy-
cles were dissolved in 10 ml of ice-cold double-distilled (DD) water for
the measurements by the ICP method.

Experimental protocols for DSC measurements: The DSC analyses
were conducted in the temperature range of 30-350 °C (DSC 3+ STARe
System, METTLER TOLEDO) using closed reusable high pressure gold-
plated stainless steel crucibles (30 ul in volume). The weights were mea-
sured using a microbalance (Mettler Toledo AB135-S/FACT). We used
a 1:1 [Cathode Active Material (CAM): electrolyte solution] weight ra-
tio during DSC measurements. Thus, typically ~3 mg CAM and ~ 3 mg
(2.8 ul) of electrolyte solution were mixed in the gold-plated crucible.
All the weighing measurements were performed inside an Argon-filled
glovebox.

Electrodes preparation and electrochemical characterization tech-
niques:

Cathodes preparation for coin cell studies [vs. Li metal foil counter
electrodes]: The composite working electrodes were prepared using 92.5
wt% active HE-NCM cathodes (untreated/gas-treated), 4 wt% Super C65
carbon black, and 3.5 wt% PVDF (Solef 5130) dispersed in N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich). The mixture was stirred with a plan-
etary orbital mixer (Thinky, Japan) until the homogeneous slurry was
obtained. It was then coated on 15 ym thick Aluminum foils (current
collectors) using a standard doctor’s blade. The coated thick films (thick-
ness of 120 ym) were then heated at 120 °C for 15 min on a hot plate
and 4.0 h in a vacuum oven (set at 120 °C) to completely evaporate
the solvent. Finally, the composite cathodes were calendared and cut
into circular discs of 14 mm in diameter. The average electrode load-
ing was ~6-7 mg cm~2, corresponding to ~1.5-1.75 mAh cm~2 areal
cathodes’ capacity. The electrodes were further dried for 12 hrs at 120
°C under vacuum before cell preparation. Finally, the dried electrodes
were transferred into an Ar-filled glovebox without exposure to ambi-
ent atmosphere. The 2325-type coin cells were fabricated using Li-metal
counter electrodes, two Celgard 2500 polypropylene separators, and
1.0 M LiPFg in DEC:FEC: K2::64:12:24 vvv% (where K2 is F,HC-CF,_O-
CH,_CF,_CF,_CF,_CHF,, a fluorinated ether)] (BASF, Germany).

Electrodes preparation for full-pouch cells studies [vs. Graphite an-
ode]:

89

Energy Storage Materials 45 (2022) 74-91

Composite cathodes were prepared as described in the previous sec-
tion.

The anodes consisted of 92.5% active material (graphite SMG-
Hitachi), 4% Super C65 carbon black, and 3.5% PVDF binder (Solef
5130). The average mass loading was standardized to ~5.5 mg/cm?. An-
odes, with 10% excess active mass than the cathodes, were used for the
cells assembly. This procedure was used to ensure the complete interca-
lation process and avoid lithium metal deposition on the anode surface
during cycling. The electrodes were cut as per the following rectangular
dimension of 3.5 x 3 cm?, with a geometrical surface area of 10.5 cm?.

Both the cathode and anode were coated single-sided on a current
collector. The anode density was ~1.29 mg cc~!, and the loading was
~5 mg cm~2. The loading depends on the cathode-side input of esti-
mated cathode material capacity, active material percentage (cathode),
and loading (mg cm~2).

Typically, the coated cathode thickness was ~50-52 ym, including
the 15 ym aluminum foil’s thickness. The samples were calendered to
the thickness of ~45-47 um using a roller press. At the same time,
graphite anodes with an as-coated thickness of ~53-55 ym were cal-
endered to produce electrode films with a thickness of ~47-49 um.

For a pouch cell assembly, a negative electrode with the loading of
~5.5 mg cm~2 or 1.81 mAh cm~2 and a positive electrode with the load-
ing of ~6 mg cm~2 or 1.5 mAh cm~2 were used. This assembly-type re-
sulted in cells with an N/P capacity ratio of 1.17 [calculated based on
the capacity values of 320 and 250 mAh g~ ! for Graphite and HE-NCM,
respectively].

In addition, the average capacity of pouch cells is ~14-15 mAh.

The negative and positive electrodes were dried separately for 12 hrs.
under vacuum at 120 °C and transferred into an Ar-filled glovebox for
cell preparation. Full-pouch cells were fabricated with one Celgard 2500
polypropylene separator and 1.0 M LiPFg in DEC:FEC: K2::64:12:24
vvv% (where K2 is F,HC-CF,_0O-CH,_CF,_CF,_CF,_CHF,, a fluorinated
ether)] (BASF, Germany).

Typically, for coin cells fabrications (vs. Li/Li*), ~50 ul, and pouch
cells assembly (vs. Graphite), ~0.35 ml of the electrolyte solution were
used.

For all the electrochemical experiments, at least two to three cells
were used (similar results with only minor deviations) for reporting the
average discharge/charge capacity values.

All cells were cycled at 30 °C, as per following protocol: the first
activation step was performed from OCV to 4.8 V [for Li-coin cells] or
4.7 V [for pouch cells vs. Graphite] in charge and 2.0 V in discharge, at
a C/15 rate (1C = 250 mA g ~ 1). Then, all the subsequent cycles were
performed from 2 to 4.7 V [for Li-coin cells] or 4.6 V [for pouch cells vs.
Graphite] (except for the cycles corresponding to DCIR measurements).
The detailed electrochemical testing protocol is presented in Tables S1
and S2.

Electrochemical Impedance Spectroscopy (EIS) studies: The electro-
chemical impedance spectroscopy (EIS) measurements were performed
with three-electrodes pouch-cells [vs. Li metal counter electrodes and
incorporating another Li-metal strip (reference electrode) between the
working and counter electrode. We used a frequency response analyzer
FRA (model 1255 from Solartron) coupled with a battery test unit model
1470, Inc. (driven by Corrware and ZPlot software from Scribner Asso-
ciates, Inc.). The alternating voltage amplitude in the impedance mea-
surements was 10 mV, and the frequency ranged from 100 kHz to 5
mHz.

Online Electrochemical Mass Spectrometric (OEMS) in-situ stud-
ies: We used a personalized Online electrochemical mass spectrometer
(OEMS) with a multi-inlet capillary system (Hiden Analytical) to investi-
gate the evolving gasses, in-operando, as a function of the potential (vs.
Li/Lit) during the first activation cycle. Laboratory-made cells were as-
sembled inside the glovebox with the untreated and double-gas-treated
HE-NCM cathodes (¢ 10 mm), Li anode (¢ 14 mm), and 100 pL elec-
trolyte solution and two Celgard 2500 PE separators (d = 19 mm) for
the OEMS measurements. Each cell was connected to OEMS through a
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micro-capillary using one of the Swagelok valves located at the cell’s
head part. A 107 torr vacuum was maintained while sampling the
evolved gasses at a rate of 12 uL/s. The electrochemical testing was per-
formed via a VSP-potentiostat (Bio-logic Science instruments) within the
potential window of 2.0 - 4.7 V.
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