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Phosphoric acid and thermal treatments reveal the peculiar
role of surface oxygen anions in lithium and manganese-rich
layered oxides

Oxidized O™ species (0<n<2) are formed on the surface of
HsPO,-treated Li[Lio2Nio2Mnes]O, oxides (LLNMO), resulting
from Li-ion deficiency and lattice distortion. Metastable

O™ could be easily released from the oxygen surface

lattice forming O, via thermal treatment, accompanied

by atomic rearrangement, surface reconstruction and
layered-to-rock-salt/spinel transitions. The results
demonstrate that the surface lattice structure plays a critical
role in the electrochemical performance of LLNMO.
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Phosphoric acid and thermal treatments reveal the
peculiar role of surface oxygen anions in lithium
and manganese-rich layered oxidesy

Jiarong He,1?* Weibo Hua, & $*3 Aleksandr Missiul, © ¢ Georgian Melinte,
Chittaranjan Das,? Akhil Tayal, Thomas Bergfeldt,® Stefan Mangold,® Xinyang Liu,?
Joachim R. Binder,? Michael Knapp,? Helmut Ehrenberg, 2 Sylvio Indris, © *
Bjorn Schwarz 2 and Julia Maibach @ *2

The interplay between cationic and anionic redox activity during electrochemical cycling makes layered Li-
rich oxides appealing cathodes for state-of-the-art lithium-ion batteries. However, it remains challenging
as the origin of lattice oxygen activity is not yet fully understood. Here we report on the effects of
a lithium-deficient layer in the near-surface region of Co-free Li-rich Li[Lig2Nig2MngglO, (LLNMO)
achieved via a phosphoric acid surface treatment. Our results show that oxidized O~ (0 < n < 2) species
are formed on the surface of HzPO,4-treated LLNMO resulting from Li ion deficiency and lattice
distortion. The metastable O~ could be easily released from the oxygen surface lattice forming O, via
thermal treatment, accompanied by a surface reconstruction and a layered-to-rock-salt/spinel transition.
The presented results demonstrate that the surface lattice structure plays a critical role in the
electrochemical performance of LLNMO. This information provides new insights into the oxygen redox
in LLNMO and opens up an opportunity for Li-rich cathodes to achieve long cycle life toward a broad
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Introduction

Alkali-rich transition-metal (TM) oxide materials are of signifi-
cant interest for advanced battery cathode materials, because
they can create excess capacity beyond what is expected from
the TM redox alone in stoichiometric cathode materials.*™* In
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range of applications in electrical energy storage devices.

comparison with the stoichiometric layered oxides (i.e. A[TM]
0,, square brackets indicate that the TM is on octahedral sites),
some of the TM cations in the TM layer are replaced by alkali
ions forming a superstructure (A[A/xTMl,x}Oz, 0<x=1/3)>7
It is currently believed that the extra capacity of these cathodes
is derived from lattice oxygen redox, which is triggered by the
initial charging process at high voltages (e.g. =4.5 Vyi).5™°
Among these compounds, Li- and Mn-rich layered oxides
(LMLOs) are at the forefront of this area achieving high
discharge capacities above 250 mA h g '.'*'> However, the
oxygen redox activity always causes changes in the crystallo-
graphic structure, surface inhomogeneity and release of lattice
oxygen in LMLOs, thereby resulting in structural instability and
severe voltage fading.'>**

Recently, extensive research efforts have been devoted to
exploring the origin of the structural degradation of LMLOs
upon high-voltage cycling. Several hypotheses have been
proposed including layered-to-rock-salt/spinel phase transi-
tions,'>'¢ localization of oxygen electron holes'” or formation of
Mn-n*-0, species,'® TM over-oxidation,'*? irreversible O, loss
with surface densification,**** Li,O removal with “MnO,-like”
phase formation,? generation of peroxo-like 0, (1 = m =< 3)
dimers,**** O-redox at the interface between the electrolyte and
bulk,*® etc. Generally, the commonly used carbonate-based
electrolytes are not stable up to 5 V versus Li*/Li, which causes
interfacial side-reactions at the electrode surface forming

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Schematic illustration of chemically and thermally induced structural evolution of layered Li[Lig 2Nig 2Mng ¢]O, cathode materials,
showing the formation of oxidized O"~ with surface lattice distortion and lithium deficiency via HzsPO,4 treatment, and the atomic rearrangement
(phase transformation) with recrystallization after thermal treatment. (A) Pristine sample, (B) HzPO4-treated samples, (C) thermally treated

sample.

a cathode-electrolyte interface (CEI) layer. Thereby, the degra-
dation process of LMLOs is strongly influenced by the structure
and reaction chemistry at the cathode surface.””*® Unfortu-
nately, it is difficult to obtain precise chemical composition and
real crystallographic information on the surface of LMLOs
during electrochemical cycling.” Up to now, a clear picture of
how the surface lattice oxide ions are oxidized, as lithium ions
and electrons are extracted from the layered structure, has been
missing.

Recently, chemically driven Li-ion extraction reaction has
drawn widespread attention due to its fast reaction rate process.
For example, Ramakrishnan et al. achieved an extended inter-
facial stability of Li-rich oxide cathodes on the surface through
a strong H,SO, acid rinsing, which could suppress the irre-
versible oxygen evolution and improve the cycling and rate
performance.®* Wu et al. tuned the oxygen redox reaction
through the inductive effect with proton insertion in Li-rich
oxides, thus stabilizing the oxygen activity during charging.*®
Paik et al. studied the acid leaching of the layered compound
Li,MnO;, showing an H'/Li" ion exchange with a shearing of the
oxygen layers driven by hydrogen bonding, observed by °Li and
’H MAS NMR measurements in conjunction with X-ray
diffraction.®* On the other hand, both Meng's group** and our
group®” found that the high voltage plateau at around 4.5 V of
LMLOs in the first charging can be recovered by heating of the
cycled electrode, suggesting that the high-voltage functionality
of LMLOs is closely tied to their thermal stability. However, how
the dilute phosphoric acid and thermal treatments affect the
surface structure and chemistry of LMLOs is still unclear.

It is well known that the precipitation process is also one of
the fastest reactions in aqueous solution.*® Inspired by the

This journal is © The Royal Society of Chemistry 2021

production of a Li;PO, precipitate,** we used low-concentration
solutions of phosphoric acid to extract lithium ions from Co-
free layered Li[Liy,Nig,Mnge]O, oxides (LLNMO) without
obvious oxygen loss and H'/Li" exchange. As determined by
high-resolution synchrotron radiation diffraction (SRD), X-ray
photoelectron spectroscopy (XPS) and transmission electron
microscopy (TEM), the acid treatment leads to a considerably
distorted surface lattice of LLNMO after the chemical extraction
of lithium ions, which provides the prerequisites to form
oxidized O™ (0 < n < 2) on the surface (see Scheme 1). To
investigate the thermal stability of existing O"” in the acid-
treated samples, the materials were heated at high tempera-
ture. In situ high-temperature SRD (HTSRD) results reveal that
the pristine LLNMO is stable during annealing, while a phase
transition from a layered structure to a Li-containing rock-salt
(Fm3m) and/or a Li-containing spinel (Fd3m) structure occurs
in the H;PO,-treated materials after O, loss induced by the
disproportionation of oxidized O"~ upon heating, which has
never been reported before.

Results and discussion

The pure layered LLNMO (LLNMO-P) was prepared by
a hydroxide co-precipitation method followed by a high-
temperature lithiation reaction,*?* as evidenced by the SRD
pattern in Fig. 1a. The acid-treated samples were obtained by
homogeneously mixing LLNMO-P with different concentrations
of H3PO, solution (4% & 5%, mass ratio). The as-prepared
materials were labelled as LLNMO-H4 and LLNMO-H5,
respectively. All three samples were subsequently calcined at
900 °C for 2 hours in air to investigate the thermal stability of

J. Mater. Chem. A, 2021, 9, 264-273 | 265
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Fig. 1 Structural analysis of the prepared samples. (a) SRD patterns and (b) Raman spectra of the samples. In (a), m, r, and s stand for layered
monoclinic phase (C2/m), rock-salt-type phase (Fm3m), and spinel phase (Fd3m). The 020,, reflection belonging to the honeycomb super-
structure is visible for all products, demonstrating that the acid treatment and the thermal treatment do not affect the bulk monoclinic-layered
structure (C2/m). In (b), the grey short dashed line indicates the peak position for the spinel LiNig sMn; sO4 reference sample.

the oxides, which were marked as LLNMO-TP, LLNMO-TH4 and
LLNMO-THS5, respectively. LLNMO-P treated with a high-
concentration Hz;PO, solution (15%; labelled as LLNMO-H15)
and the typical high-voltage spinel LiNi,sMn; 50, (LNMO)
oxide were also prepared for comparison. An impurity phase
TMPO, (TM = Ni, Mn) is found in LLNMO-H15, see ESI
Fig. S2g,t suggesting that LLNMO-P would dissolve in high-
concentration phosphoric acid. In this work, we focus on the
low-concentration H3PO, treatment. Details of the preparation
process are presented in the ESLT

Compared to the SRD pattern of LLNMO-P, there is almost
no shift in the main reflections in the SRD patterns for both
LLNMO-H4 and LLNMO-H5. The Ni and Mn oxidation states for
the acid-treated materials do not change noticeably, and remain
at +2 and +4, respectively, as determined by hard X-ray
absorption spectroscopy (XAS, see ESI Fig. S1}). These results
demonstrate that the acid treatment does not cause obvious
changes in the electronic structure of the bulk oxides. Surpris-
ingly, several additional weak reflections close to the main
layered phase appear in the SRD patterns of LLNMO-H4 and
LLNMO-HS5, e.g. a broad reflection at ~2.5° on the right side of
the 001, reflection. These Bragg reflections are always observed
for the LMLOs when they are charged to potentials >4.5 V,
proposed to be related to a spinel-like (Fd3m) phase on the
surface (see the spinel LNMO reference)*®. Normally, the 001,,
reflection of layered LLNMO shifts toward lower scattering
angles firstly during charging, and then moves to higher 2-theta
angles with further Li-ion extraction, corresponding to an
initially increased lattice parameter ¢ caused by increasing
electrostatic repulsion and later to a contraction of the c-axis
resulting from oxygen oxidation or TM migration.*”*® Therefore,
the broad reflection on the right side of the 001,, reflection can
be ascribed to the over-delithiated surface layer on LLNMO after
the H;PO, treatment. Raman spectra were additionally recorded
to further trace the structural changes after the acid treatment
(Fig. 1b). The main peak observed for the H;PO,-treated mate-
rials, i.e. LLNMO-H4 and LLNMO-H5, shifts from 598 to
630 cm™ " with respect to the LLNMO-P, manifesting the
changes in the A, vibration of the Raman-active mode from

266 | J Mater. Chem. A, 2021, 9, 264-273

a layered to a spinel LNMO phase.*** This is regarded as
a complementary indicator of spinel-like phase formation on
the surface. However, the fundamental question, which natu-
rally arises, is “What is the nature of this often-observed spinel-
like (Fd3m) phase?”

XPS analyses were carried out to investigate the surface
composition and oxidation states of the elements in the speci-
mens (see Fig. 2 and ESI Fig. S37). In Fig. 2, the peak found at
around 52.9 eV can be assigned to the lattice Li" (Fig. 2a) and the
major peaks at 529.6 eV can be ascribed to the lattice oxide ions
0”7, while the weak components at higher binding energies
(531.9 eV and 533.1 eV) in the O 1s core level spectrum

a Li1s-Mn3p b
Li1s Mn3p
Li* redistributjSy

O1s

Thermal
treatment

\__ LLNMO-TH4

LLNMO-H5
H3PO4
treatment

Intensity (a.u.)

~ LLNMO-H4
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56 52 48 44 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)

Fig. 2 Li1s (a) and O 1s (b) XP spectra of the pristine and acid treated
samples, showing the formation of oxidized O"~ on the surface of the
crystallites with the extraction reaction of lithium ions via the HzsPO,4
treatment (LLNMO-H4 and LLNMO-H5) and the decomposition of
oxidized O"~ with lithium ion redistribution after thermal treatment
(LLNMO-TH4).

This journal is © The Royal Society of Chemistry 2021
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correspond to surface bound species, for example oxygen in
carbonates and hydroxides (Fig. 2b). After the acid treatment,
the relative intensity of the Li peak at 52.9 eV decreased
substantially in the Li 1s spectrum of LLNMO-H4 and LLNMO-
H5, indicating that Li ions are extracted from the surface lattice
of crystallites. Simultaneously, a peak at ~530.6 eV appears in
the O 1s region which is characteristic of the formation of
oxidized O™ in the surface lattice of the acid-treated LLNMO
samples.”® All samples showed very similar peak shapes and
binding energy (BE) positions for Ni 2p;,,, Mn 3p;/, and Mn 3s
(ESI Fig. S3t), indicating that the transition metal oxidation
states were the same irrespective of the sample treatment. A
multiplet splitting method was adopted to evaluate the oxida-
tion states of Ni and Mn in detail, as demonstrated by Bie-
singer** and Azmi et al.** The fitting results indicate that for all
samples the transition metals are present in surface oxidation
states of Ni*" and Mn"*, respectively. The Mn oxidation state is
further confirmed in the Mn 3s spectrum as a distinctive
satellite appears at 4.5 eV higher binding energy compared to
the main Mn 3s peak.

To investigate the morphological differences of LLNMO-P
and the acid-treated samples, scanning electron microscopy
(SEM) was carried out. As shown in Fig. 3a, the LLNMO-P
particles are agglomerates consisting of several fine platelet-
like crystallites, with a primary crystal size of around 100-
500 nm. Fig. 3d displays a high-resolution TEM (HRTEM) image
of LLNMO-P along the c-axis. The measured interplanar spacing
is approximately 4.75 A, corresponding to the planar distance
between adjacent TM layers of layered LLNMO, ie. the (001),,
plane. Although the crystal morphology and the bulk lattice
remain basically unchanged after the H;PO, treatment (see
Fig. 3b and e, and S4t), a severe lattice distortion at the surface

View Article Online

Journal of Materials Chemistry A

is clearly observed for the LLNMO-H5 in the HRTEM image. The
distortion results from Li ions being removed from the surface
lattice, leaving Li-site cation vacancy defects. The distorted
lattice can elongate or shorten the distance between two adja-
cent oxygen ions (O>7). The former might result from an
increased electrostatic repulsive force within the cubic-close
packed (ccp) oxygen lattice, while the latter effect might be
attributed to the formation of molecular O, inside the solid*® or
localized electron holes on oxygen'” or peroxo oxygen dimers.*

ESI Fig. S21 shows the results of the Rietveld refinement
against the SRD patterns for the samples presented in Fig. 1.
Although in the SRD it is difficult to distinguish between layered
and spinel phases on the surface from a nano-scale with the
corresponding broadening of reflections,®® HRTEM images
show that no TM cations are pronouncedly observed in the Li
layer of acid-treated samples (see the HRTEM images above).
This suggests that a potential cubic spinel phase (AB,0,4, Fd3m)
as indicated by Raman can actually be excluded since for spinel
a quasi-equal distribution of TM is characteristic. Therefore,
Rietveld refinements were performed assuming a multiple
phase model, i.e. a monoclinic layered Li[Lig ,Nip ;M1 ]O, (C2/
m) and a defective layered Li; ,[TM]O, (R3m), which seems
more appropriate to account for the surface phase than a spinel
phase, in LLNMO-H4 and LLNMO-H5. The weight fraction of
the Li-defective layered phase is ~6% for LLNMO-H4, and ~8%
for LLNMO-H5, respectively. Chemical compositions were
investigated by inductively coupled plasma optical emission
spectroscopy (ICP-OES). ICP-OES results suggest that the atomic
ratio of Ni : Mn in the three samples is very close to the theo-
retical value (1 : 3, see Table 1). The lithium concentrations in
the H;PO,-treated samples decrease significantly, which
provides convincing evidence for the chemical extraction of

Ae| 17

t 211
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e —— |

: L 25315 %%%
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Fig. 3 SEM and HRTEM images of (a and d) LLNMO-P, (b and e) LLNMO-H5 and (c and f) LLNMO-THS5.
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Table 1 Chemical analysis results of selected samples®
Molar ratio

Samples Li Ni Mn (0] P

LLNMO-P 1.21 £ 0.03 0.20 4+ 0.01 0.61 £+ 0.01 2.28 +0.18 —
LLNMO-H4 1.07 + 0.03 0.20 + 0.01 0.62 £+ 0.01 2.19 + 0.18 0.01 £+ 0.001
LLNMO-H5 1.04 £ 0.03 0.20 £+ 0.01 0.63 £+ 0.01 2.23 £ 0.18 0.02 £ 0.002
LLNMO-TP 1.24 + 0.03 0.20 + 0.01 0.61 + 0.01 2.24 +0.18 —
LLNMO-TH4 1.07 £ 0.03 0.20 £+ 0.01 0.62 £+ 0.01 2.17 £ 0.18 0.01 £ 0.001
LLNMO-TH5 1.04 £+ 0.03 0.20 + 0.01 0.63 + 0.01 2.17 £ 0.18 0.02 4+ 0.002

% Note: determining whether or not oxygen loss occurred through acid treatment could not be deduced from this table because of the larger

experimental error in the case of oxygen.

lithium ions from the crystal structure of Li-rich layered oxides
during the acid treatment. Therefore, the so-called “spinel-like”
phase formed on the surface is most likely a lithium-deficient
layered phase with a lattice distortion. Additionally, bubbles
are visible during the phosphoric acid treatment. Based on
these results, a reduction-oxidation reaction is proposed:

. .2 2—
Li; »Nig, * 1\/[110,64+ 0,

+ §H3PO4 — Lijs «Nig2 " Mng "0, 4 gLiSPON

n gHzT(o <x<02) (1)

In order to gain further insights into the metastable 0"~ on
the surface of the Li- and Mn-rich layered oxides, thermal
treatment was used and the samples were analysed by SRD and
Raman spectroscopy. The reflections in the SRD pattern of
LLNMO-TP do not change considerably, as evidenced by
comparison with LLNMO-P (see Fig. 1a), revealing a good
structural and chemical stability of the prepared Li[Li, ,Nig »-
Mn, ¢]O,. In contrast, for the acid-treated samples, in addition
to the main monoclinic layered phase (C2/m), a set of reflec-
tions, i.e. 111,, 200, and 220,, indexed to the Li-containing
rock-salt-type phase (Fm3m), is clearly observed in the SRD
pattern of the thermally treated LLNMO-TH4. LLNMO-THS5 is
found to be a mixture of a Li-rich layered phase (C2/m), a Li-
containing rock-salt-type phase (Fm3m) and a Li-containing
spinel phase (Fd3m), and their weight fractions are 73(2),
13(2) and 14(2)% (see ESI Fig. S2 and Table S171). Thermody-
namically, as lithium and oxygen are successively released
from the surface lattice, the Li-rich Li[Li, ,Niy ,Mn, ¢]O, oxide
tends to transform into a Li-containing rock-salt-type phase
(Fm3m) and then into a Li-containing spinel phase (Fd3m),
which matches precisely with reported results.” These phase
changes again offer compelling evidence for a continuous
lithium extraction during the H;PO, treatment. Interestingly,
some reflections in the SRD patterns of LLNMO-TH4 and
LLNMO-TH5 (e.g. 001,, and 133,) remain at the same
diffraction angles (26) compared to the SRD patterns of the
LLNMO-P, while other reflections such as 130,,, 131, and
331,, shift toward higher scattering angles. All of this indicates
that the average TM-TM inter-slab distance of the monoclinic
layered structure (indicative of Li content and ¢ lattice

268 | J Mater. Chem. A, 2021, 9, 264-273

parameter) remains the same after the thermal treatment, but
the average TM-TM intra-slab distance of the layered structure
becomes smaller (i.e. @ and b lattice parameters, see ESI Table
S1t). Furthermore, the SRD analysis implies that the cubic
rock-salt/spinel phases with a coherent ccp oxygen lattice
formed on the surface could compress the a-b plane in the
interior of the layered crystal and cause surface reconstruction
(see the SEM images in Fig. 3c).

After the thermal treatment, the main peak at ~630 cm ™" in
the Raman spectra observed for the acid treated LLNMO-H4 and
LLNMO-H5 moves to 603 cm™" for LLNMO-TH4 and LLNMO-
TH5 (Fig. 1b). It seems that the “spinel-like” phase in LLNMO-
H4 and LLNMO-H5 transforms back to the Li-rich layered
phase. Indeed, the first interpretation of the Raman spectra
after acid treatment indicating a cubic “spinel-like” structure is
meagre and not straightforward because no real spinel phase
(AB,0O,) is formed in the acid-treated samples but rather
a lithium-deficient layered phase with a lattice distortion and an
03 structure (ABCABC oxygen stacking sequence, see the
discussion above). The results are similar to those reported
previously by Yin et al** and interpreted by them as the
formation of a densified layered phase with the O3 R3m struc-
ture. In the XP spectra of LLNMO-TH4 (Fig. 2), the oxygen peak
at ~530.6 eV disappears, signifying the disintegration of
oxidized O™ on the surface during thermal treatment (i.e.
o b, 27"

4
known that the oxygen anions offer metal coordination sites in
the layered structure.'™* The oxygen release is therefore
supposed to be accompanied by surface atomic rearrangement.
The intensity of the Li 1s peak in the XP spectra of LLNMO-TH4
increases, compared to that of LLNMO-H4, pointing towards Li
ions from the bulk structure migrating into the empty
octahedral/tetrahedral sites on the surface during annealing
(i.e. lithium redistribution). Moreover, a step and terrace texture
is found to form on the surface of LLNMO-TH5, see Fig. 3c,
illustrating the surface reconstruction and the recrystallization
during the thermal treatment of LLNMO-HS5 (see also the SEM-
Energy Dispersive X-ray Analysis (EDX) images of selected
samples in ESI Fig. S5-S8t). The TEM image of LLNMO-TH5
(Fig. 3f) shows a significant amount of TM migration from the
TM layer to the Li layer on the surface that promotes the
formation of the cubic spinel/rock-salt structure, which is

02+502’, A indicates heating). It is well

This journal is © The Royal Society of Chemistry 2021
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supposed to accommodate a certain amount of Li ions, as evi-
denced by the XPS results in Fig. 2.

In order to trace the chemical and structural evolution of the
acid-treated samples with surface defects, thermogravimetric
(TG) and in situ high-temperature synchrotron radiation
diffraction (HTSRD) measurements were carried out, as shown
in Fig. 4 and ESI Fig. S9-S12.1 TG curves show that there are two
weight loss stages for both LLNMO-H4 and LLNMO-HS5 in air up
to 900 °C, as compared to an almost constant weight for
LLNMO-P during the heating and cooling processes (Fig. 4a).
The first weight loss at about 300 °C is attributed to the decom-
position of surface oxidized 0"~ into O,; the second weight loss
between 700 and 900 °C is most likely due to the release of surface

and/or bulk lattice oxygen ions (i.e. 20*~ N O, +4e7).
Importantly, a weight gain (i.e. oxygen uptake) occurs for the
H;PO,-treated oxides during cooling, leading to an overall
weight loss of ~2% for LLNMO-H4 and ~3% for LLNMO-H5,
respectively, after thermal treatment (heating and cooling).
These results match with the theoretical values,

e.g.  Lij0sNig,Mng 0, LN Lij.04Nig2Mng 0192 + 0.04 O, 7,
revealing that lattice oxygen is not released from the crystal
structure extensively during H;PO, treatment. Note that the Ni
and Mn valence states on the surface remain almost constant
(Ni*" and Mn"") after the H;PO, and thermal treatment (see ESI
Fig. S3t), while the amount of lithium ions on the surface is
increased in the acid-treated sample after heating (see Fig. 2a).
Therefore, the weight gain during cooling reveals that Li ions are
gradually redistributed across the entire crystal structure, which
causes oxygen incorporation to maintain electroneutrality and

a
Heating Cooling
100 4=
N ]
S 123 % / ~3 %
© 964 s . e
= 0, loss LA
(Oxidized O™) / 0, uptake
9o /—TLLNMO-P O,loss (Li* redistribution)
—TLLNMO-H4(| attice 0%)
——+ LLNMO-H5 i
200 400 600 800 800 600 400
Temperature (°C)
(o

£ Li-containing rock-salt-type
Q phase (Fm3m)

o
LLNMO-H4 2°

Fig. 4
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provide more coordination sites for the migrated Li ions forming
a Li-containing rock-salt/spinel structure on the surface (see the
discussion below). Oxygen loss and oxygen uptake at high
temperatures >700 °C are consistent with the reversible changes
in the lattice parameters of the layered phase during heating and
cooling (see ESI Fig. S12f). However, the lattice parameters of
LLNMO-H4 and LLNMO-H5 do not return to the initial value after
thermal treatment when compared with LLNMO-P, which indi-
cates the destabilization of the bulk material.

In the SRD patterns acquired during continuous heating, all
reflections of LLNMO-P move to lower two-theta angles (see
Fig. 4b). During cooling, all reflections tend to shift towards
their initial position. The difference in lattice parameters a, b, c,
and V of LLNMO-P before and after heating is 0.0044(5) A,
0.0067(5) A, 0.0039(5) A, and 0.4772(5) A®, respectively, again
proving the excellent thermal stability of LLNMO-P. Heating of
the H;PO,-treated samples up to 300 °C causes the weak broad
reflection at around 10°, which corresponds to the Li-deficient
layered phase and overlaps with the 002,,/112,, reflections
belonging to the monoclinic layered phase, to vanish, see Fig. 4c
and d, in good agreement with the oxygen loss observed in the
TG curves. No new reflections in the in situ HTSRD patterns of
LLNMO-H4 and LLNMO-H5 appear until the temperature is
increased to ~700 °C, implying that a certain amount of lithium
and oxygen vacancies on the surface does not lead to an
immediate phase transition in the Li-rich layered oxides (kinetic
control). With a further increase of temperature to 900 °C, the
111, reflection of a disordered Li-containing rock-salt structure
(Fm3m) becomes sharp in both LLNMO-H4 and LLNMO-H5,

Li-containing rock-salt-type
phase (Fm3m)

-distorted
ient layered phase

oG e ’
LLNMO-H5 29

(@) TG curves of the samples, and in situ HTSRD patterns of (b) LLNMO-P, (c) LLNMO-H4 and (d) LLNMO-H5.
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LLNMO-H5 electrode during the first charging process.

while a large shift in the 311 reflection corresponding to the Li-
containing spinel structure (Fd3m) is clearly found in LLNMO-
H5. The structural changes are probably related to the defects,
more specifically oxygen vacancies, generated on the surface of
acid-treated oxides at high temperature (see Fig. 4a). These
could effectively contribute to the ionic migration and thus
result in the phase transformation from a “Li/O-poor” defective
layered structure to a Li-containing cubic rock-salt/spinel
structure.*” The increasing intensity of the new reflections
during cooling indicates that the oxygen anions are incorpo-
rated into the surface lattice to create more coordination sites
for TM/Li cations (higher content of Li-containing cubic rock-
salt-type/spinel phases, see ESI Table S31). These results also
suggest that the thermal treatment does not affect the lithium
content of the oxides noticeably according to the Li,Nig,-
Mn, 0, oxide phase diagram.” Finally, the formed Li-
containing rock-salt/spinel structures are maintained after
cooling to room temperature. Therefore, the overall reaction
during the thermal treatment can be described as follows:

A

. .2 4 2-0.5;
Li; > «Nig, +Mno.«s +Oz< —

. . _ X
Ll1.2—leo.22+Mno.64+02-0.5,\-2 +502T (2)

To evaluate the relation between the defect structure and
electrochemical properties, electrochemical characterization
experiments were performed using CR2032-type coin cells at room
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(a) The initial capacity versus voltage profiles of the electrodes at a C-rate of 0.01C; (b) in situ XANES spectra at Ni and Mn K-edges of the

temperature. A low current density of 0.01C (1C = 320 mA g™ ')
and a wide voltage range (2.0-5.0 V) were firstly used to minimize
polarization in the charging process and to ensure a fully charged
state, as displayed in Fig. 5a and ESI S13.f The initial charge
curves of all electrodes show a comparably monotonic region
below 4.5 V and a voltage plateau at approximately 4.6 V vs. Li'/Li.
Except for the cathodes based on LLNMO-TH4 and LLNMO-TH5,
the cathodes exhibit a specific capacity of ~120 mA h g ' at
voltages <4.5 V, which corresponds to the extraction of 0.4 Li ion
from Li[Li, ,Nig ,Mn, ¢]O, and the oxidation of nickel(u) ions (i.e.
0.2Ni”* — 0.2Ni*" + 0.4e7).* The lower capacity of LLNMO-TH4
and LLNMO-TH5 cathodes in this region could be due to the
migration of some Ni** cations into the octahedral sites in the
rock-salt structure and/or the tetrahedral sites in the spinel
structure. The two plateaus at about 4.7 V found in the LLNMO-
TH5 cathode (see Fig. 5a and ESI Fig. S13f}) are the characteris-
tics of the spinel LiNi, sMn; 50, structure. The presence of these
plateaus is thus in good agreement with the SRD analysis, which
also indicates a spinel structure for LLNMO-TH5. Noticeably, the
acid-treated electrodes, LLNMO-H4 and LLNMO-H5, show almost
the same capacity as that of LLNMO-P in the low-voltage region
(<4.5 V). This provides evidence that the TM cations, at least Ni
ions, are not oxidized during the acid treatment. In situ X-ray
absorption near-edge structure (XANES) experiments were
carried out to investigate the charge compensation mechanism in
LLNMO-HS5 (see Fig. 5b). There is no significant change in the Mn
K-edge spectra of LLNMO-H5 during charging, and all spectra can

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Cycling performance of the LLNMO-P and LLNMO-TH4 electrodes between 2.0 and 4.8 V at 0.05C; dQ/dV plots of (b) LLNMO-P and

(c) LLNMO-TH4 samples at different cycles. A pair of sharp peaks at about 4.7 V in the dQ/dV curves of LLNMO-TH4 suggests the presence of

a high-voltage spinel phase LiNig sMn; sO4.

be assigned to Mn*". The Ni K absorption edge shifts towards
higher energy as the voltage increases to 4.5 V, suggesting electron
removal from the Ni** ions (Ni** — Ni*" + 2e™). After charging to
voltages higher than 4.6 V, no further changes in the XANES
spectra are observed, indicating that the nickel valence state does
not change considerably. Thus, the extra capacity of LLNMO-H5
(~180 mA h g %), originating from the long plateau at 4.6 V,
can be ascribed to lattice oxide ion oxidation. The first charge
capacity of LLNMO-H4 and LLNMO-H5 with an oxidized oxide
surface layer is 324.3 and 293.6 mA h g™, respectively, which is
lower than that of LLNMO-P (398.9 mA h g™"). Except for LLNMO-
TH4 and LLNMO-THS5 (self-formation of a Li-containing rock-salt/
spinel surface layer), the electrodes exhibit a comparable initial
discharge capacity, i.e. 278(3) mA h g~ '. Taken together, electro-
chemically driven oxide oxidation is supposed to participate in the
de-lithiation reaction at high voltages (>4.5 V) and start from the
surface lattice (a large amount of cation vacancies).

From a practical application perspective, the fabricated cells
were galvanostatically cycled within the narrow voltage range of
2.0-4.8 V at 0.05C. The initial charge-discharge voltage profiles of
the electrodes are shown in ESI Fig. S14.7 A large overpotential on
charging can be observed in the acid-treated electrodes, as sup-
ported by an increased charge transfer resistance in the electro-
chemical impedance spectroscopy (EIS) measurements shown in
ESI Fig. S15 and Table S4.1 The high polarization is attributed to
the oxidized O"™ surface layer with lattice distortion, which could

This journal is © The Royal Society of Chemistry 2021

lead to a high diffusion barrier for Li ions, and thus results in
a lower capacity and a shorter plateau at 4.6 V. Previous studies
have suggested that the electrochemical performance of the
electrodes can be effectively improved by modulating the Li/Ni
disorder in layered cathode materials.*”** After surface recon-
struction from a layered to a Li-containing disordered rock-salt
structure via thermal treatment, the LLNMO-TH4 electrode
exhibits outstanding cycling performance, as shown in Fig. 6a.
Even if the coulombic efficiency of LLNMO-TH4 is only around
93% during cycling, a high capacity of 297.2 mA h g~ ' can be
achieved after 60 cycles, which is much higher than that of
LLNMO-P (213.0 mA h g "). The low coulombic efficiency of
LLNMO-TH4 is probably due to the Li-containing rock-salt phase
on the surface that acts as a diffusion barrier layer for Li ion
transport, which results in a dramatic capacity decrease after 60
cycles (see Fig. 6a). The corresponding derivative capacity-voltage
(dQ/dv) plots for the two electrodes at various cycles are shown in
Fig. 6b and c. A peak at around 3 V corresponding to the Mn>***
redox activity emerges in both electrodes upon cycling, especially
for the LLNMO-TH4 electrode, suggesting that the capacity
originating from the bulk lattice oxygen redox activity is reduced
to some extent.

Conclusion

In summary, a simple and reproducible method, i.e. H;PO,
treatment, is proposed for chemical de-intercalation of lithium
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ions from Li- and Mn-rich layered oxides. Lattice distortion and
oxidized O™~ at the surface of the acid-treated Li-rich oxides are
observed. The Li-deficient surface layer, i.e. a defective layered
phase with lattice distortion, produces the structural features of
a spinel-like phase in the SRD patterns and Raman spectra.
Significant structural changes occur on the defective surface
during heating and cooling processes. With the release of
oxygen, the Li/O-deficient layered structure on the surface of the
Li-rich oxides tends to transform into a Li-containing cubic
rock-salt/spinel structure, concomitant with atomic rearrange-
ment, surface reconstruction and Li redistribution. These
results further demonstrate that the electrochemical properties
are closely tied to the surface structure of the Li-rich cathode
materials. Surface lattice distortion can block the lithium
diffusion channels, while the coherent oxygen lattice with
moderate Li/TM cation disorder on the surface after acid and
thermal treatment is beneficial for improving the cycling
performance of LLNMO cathodes. The knowledge gained from
this work on acid and heat surface treatment could help to
further improve the cycle life of high-energy Li-rich oxides for Li
ion batteries and other electrode materials for post-lithium ion
batteries.
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