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The critical challenges hindering the commercialization of Li-rich cathodes are their rapid-decaying capacity and
voltage during cycling, originating from the degradation of lattice structure and interface side reaction between
electrode and electrolyte. Surface engineering is considered to be an effective strategy to mitigate these disad-
vantages. Herein, an in-situ self-reconstruction strategy is proposed and developed to simultaneously optimize
surface chemical composition and local structure of Li-rich cathodes. Specifically, the multifunction protective
layer consisting of cation disorder phase and LiTMPOjy-like (TM: Ni, Co, Mn) phase is produced by a simple PH3
gas treatment. LITMPO, featuring the ability against high potential is responsible for preventing interface side
reaction and further reduce the dissolution of Mn. Both LiTMPOy-like phase and surface cation disorder phase
contribute to stabilizing surface oxygen structure and limiting surface O, release. Compared to the pristine one,
better integrity of chemical phases and higher oxidation state of TM cations after long-term cycling are confirmed
in the modified sample by synchrotron-based scanning transmission X-ray microscopy, highlighting the key roles
of the multifunction protective layer in stabilizing the capacity and voltage during cycling. This surface self-
reconstruction strategy provides a new path for guiding the interface design of high energy density cathodes.

their high reversible capacities (~ 250 mA h g_l) and low cost [9-11].
The extraordinary capacity of LR-NCMs is attributed to multiple elec-

1. Introduction

The development of rechargeable batteries has greatly eased the
pressures on energy shortages and environmental pollution caused by
the burning of fossil fuels [1-3]. Lithium-ion batteries (LIBs) with high
gravimetric and volumetric energy density are recognized as the most
promising candidate for next-generation rechargeable batteries. The
poor performance of cathode materials in terms of low available ca-
pacities and cycling stability has been considered to be the major bot-
tlenecks for upgrading the energy density of LIBs [4-8]. Therefore,
cathodes with low cost, high specific capacity, high discharge voltage,
excellent cycling stability, and environmental friendliness become the
pursuit of developing future LIBs. Among the cathode families of LIBs,
Mn-based Li-rich cathode materials (aLi;MnO3-(1—a)LiMnyNiyCo,02, X
+y +z =1, LR-NCMs) have attracted intensive research interests due to

* Corresponding authors.

trons redox reaction processes containing cationic and anionic (lattice
oxygen participates in charge compensation) redox processes [12]. The
lattice oxygen activity takes place at a high potential (~ 4.5 V) in the
form of reversible bulk oxygen redox (0>~ — O™, n < 2), bringing about
higher capacity [13,14]. However, it is always accompanied by irre-
versible Oy release mainly occurring at the electrode surface, which
triggers the degradation of surface lattice structure and reduction of
transition metal (TM) cations and further results in voltage fade and
capacity decay [15-17]. Recently, combining physical characterizations
including hard-X-ray photoelectron spectroscopy (XPS) or scanning
transmission X-ray microscopy (STXM) with electrochemical analysis
(voltage window experiments), studies [16,18-20] confirmed the redox
reactivity of lattice oxygen in LR-NCMs and further correlated it with the
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sluggish kinetics. It is worth noting that the cation migration may result
from the unstable structure after oxygen oxidation at high potential,
related to its voltage decay. Moreover, the irreversible oxygen loss (02
release) from the surface to the bulk of LR-NCMs causes the reduction of
the average valence state of TM cations (activating the low-potential
Mn®*** and Co?*/3* redox couples) and microstructural defects (the
formation of large pores within particles), which directly lead to the
voltage and capacity decay [15]. Furthermore, at a high potential, the
highly active oxygen at the interface of the LR-NCMs triggers serious
interface problems such as the undesired electrode-electrolyte side re-
actions, electrolyte decomposition, surface corrosion and dissolution of
the cathode [21]. To further promote the development of LR-NCMs, the
next work needs to focus on the stabilization of the lattice oxygen to
reduce the oxygen loss, and the improvement of interface stability be-
tween the electrode and electrolyte to reduce the undesired side
reactions.

A series of effective strategies have been proposed to address the
above-mentioned problems [22-25]. For instance, the lattice oxygen
chemistry and the release of Oy at the surface of LR-NCMs can be
manipulated through optimizing the microstructure (adjusting the ratio
of LisMnO3; and LiTMO, phase component of LR-NCMs) [26] and
chemical composition of LR-NCMs (introducing Ni2" as a redox buffer)
[27-30], enhancing the operating voltage as well as suppressing the
capacity and voltage decay. However, the issues of the interface insta-
bility at high potential remained in these approaches. Surface modifi-
cation, including surface coating [31-34], water or weak acid treatment
[35], oxygen vacancy, and heterogeneous surface structure [36-38],
have been proved as an effective strategy to ameliorate aforementioned
issues. Recently, researchers reported a simple gas-solid interface reac-
tion, which simply exposed LR-NCMs in CO, [39], NH3 [40], or sulfur
[41] atmosphere at low temperature (100-400 °C) to increase the oxy-
gen vacancies, form the oxygen-deficient spinel-like phase at the surface
of LR-NCMs. This could enhance the capacity and mitigate the voltage
decay. Anyway, a stable surface/interface at high potential is indis-
pensable for LR-NCMs to suppress the interface side reaction and
reducing the oxygen release. According to previous reports [42-44], the
rather strong P—O bonds in polyanion (PO4)>~ is covalently bonded to
chemically stabilize TM?*/3*, This ensures the compounds (LiTMPO,)
electrochemically stable at high electrical potential and a higher
cationic redox reaction potential, like 4.8 V for LiCoPOy4, 4.1 V for

Gas-solid reaction
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LiMnPO4 and 5.1 V for LiNiPOy, etc. [45]. LiTMPO4 serves as a potential
surface coating layer of LR-NCMs but it is difficult to form a uniform
coating. Therefore, a simple yet effective strategy to prepare a protective
layer with the ability against high potential on the surface of LR-NCMs is
highly required. A promising strategy arises, that is, an in-situ intro-
duction of a phosphorus-containing protective layer on the surface of
LR-NCMs, which could effectively improve the interface stability and
inhibit the O3 release at the surface under high potential.

Following the above considerations, we are proposing a simple yet
effective method involving a PH3 gas-solid treatment of LR-NCMs at low
temperature (300 °C) to form an in-situ phosphorus-containing com-
pound protective layer, which ensures the integrity of both protective
layer and bulk structure. The process of surface modification is shown in
Scheme 1la. In this work, we used low-Co and high-Ni content Li-rich
cathode (Lij.17Mng 44Nig.34C00.0402, LNCM) to conduct surface engi-
neering due to the higher operating voltage [30]. The unique LiTMPOy4-
like phase and the cation disorder phase were formed by an in-situ sur-
face chemical and structural self-reconstruction of LR-NCMs particles (as
shown in Scheme 1d). As a result, the PHs-treated LNCM (P-LNCM)
shows higher capacity retention and lower voltage degradation than
those of pristine LNCM, together delivering a significantly improved
energy density retention. Moreover, the electrochemical analysis and
various physical characterization techniques including spatially
resolved synchrotron-based STXM with soft X-ray absorption spectrum
(sXAS) were combined to comprehensively investigate the effect and
mechanism of this protective layer for enhancing the stability of cathode
materials.

2. Experimental section
2.1. Material synthesis

The Low-Co and High-Ni content Li-Rich cathode material
Li; 17Mng 44Nip.35C00,0402 was first prepared by carbonate co-
precipitation and followed by a solid-state method [30,33]. Carbonate
precursor Mng 44Nig 35C00,04(CO3)0.s was obtained by co-precipitation
reaction. Stoichiometric NiSO4-6H50, CoSO4-7H50, and MnSQO4-6H;0
were dissolved in deionized water forming a 2 M TM sulfate aqueous
solution A. The mixed NayCOs (2 M) and NH3-H,0 (0.2 M) aqueous
solution were marked as solution B. The two solutions were then added

Scheme 1. (a) Schematic diagram of the surface modification process; Crystal structure of (b) LNCM without any modification; (¢) LNCM treated at 300 °C in Ar

atmosphere, (d) LNCM with surface modification.
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dropwise to the continuous reactor C, respectively. The mixed solution
in the continuous reactor C was conducted under the controlled condi-
tions and maintained for 15 h to confirm the morphology and homo-
geneity of secondary particles. The obtained carbonate precursors were
ground with an appropriate amount of Li;COs, and then sintering was
carried out at 500 °C for 5h and 850 °C for 12 h, and finally, the ob-
tained powder was named LNCM sample with the structural diagram
shown in Scheme 1b.

2.2. PHj treatment sample

the PH3 gas was obtained by a pyrolysis reaction of sodium hypo-
phosphite (NaH»POs), as shown in the following equation, 2NaHj.
PO,y(s) — NayHPO4(s) + PHgs(g)t (s represents for solid, and g
represents for gas). The LNCM sample and sodium hypophosphite were
separately packed in two crucibles with a certain mass ratio and then
heated at 300 °C, 2 h under Ar atmosphere, as shown in Scheme 1a. The
obtained modified material was named as P-LNCM and the structural
diagram is shown in Scheme le. Meanwhile, part of the LNCM powder
was heated without PH3(g) at 300 °C, 2 h under Ar atmosphere, as a
comparative sample named Ar-300 sample (Scheme 1c).

The material characterizations and electrochemical measurements
section are shown in the Supporting information.

3. Results and discussion

The microstructure and elemental composition of the as-prepared
samples were investigated by the Focused ion beam/Scanning electron
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microscopy (FIB/SEM) and inductively coupled plasma-optical emission
spectroscopy (ICP-OES), and the results are shown in Fig. S1 and
Table S1 in the Supporting information. From the results of elemental
analysis, it can be found that the proportion of Li in P-LNCM was slightly
decreased due to the loss of Li;O during the surface treatment process,
and a small amount of P element is present in the P-LNCM sample,
indicating that P was successfully introduced into the modified material.
The distribution of P element in P-LNCM particle was probed by the
Energy Dispersive Spectrometer (EDS) line scan on the cross-section of a
P-LNCM particle made by FIB, displayed in Fig. 1a and b. The results
show that the P element is mainly distributed on the surface of the P-
LNCM particle, and the abundance decreased with increasing depth.
This is also in agreement with the ICP-OES result that just a small
amount of P element exists in P-LNCM. The P chemical state and
structure information of P-LNCM was investigated by XPS, X-ray
diffraction (XRD), Raman, and Fourier transform infrared spectrum
(FTIR). Fig. 1c shows the XPS survey spectra. It is noted that there are Ni,
Co, Mn, O, and Li in both pristine LNCM and P-LNCM samples, but the P
signal can only be found in the spectrum of P-LNCM, which also con-
firms the existence of P in the modified material. The main peak of the P
2p spectrum centered at 135.25 eV corresponds to the P-O bond in
(PO4)3' groups (Fig. 1d) [46,47]. This indicates the presence of (PO4)3'
groups at the surface of particles after surface modification. This can also
be confirmed by FTIR result (Fig. 1e), where the small vibrations around
950 and 1180 cm ™! are assigned to the asymmetric stretching P-O vi-
brations and P-O-P bridging vibration in (PO4)®~ group, respectively
[48,49]. From the core-level spectra of Ni 2p shown in Fig. 1f, Ni 2pg/2
peaks with a binding energy of 854.9 and 856.2 eV are in good

(@)

Intensity / a.u.

(C) & —LNCM
5 . s & ——P-LNCM
] e £ |2 ]
. o = ° 8]
£ g =
§ && e
£ S
-
- 3
1000 800 600 400 200 0
Binding energy / eV
(h) 1 C/2m phase . 003)
| R-3m ph — LN
1 Fd_:,l,,p e ——P-LNCM (104)
= I LiMnPO,
G
£
@ no |
=
2 TR T /
LR LN U IR T YT TE L) nwi I I e ,

144 140 136 132 128

885 880 875 870 865 860 855 850 10 20 30 40 50 60 70 80

9018.0 18.4 18.8 19.2 43 44 45 46 47

Binding energy / eV Binding Energy / eV 2-Theta / degree
(e) —LNCM
101
——P-LNCM 1o (108)
® (110)
<9
-
£
E
1z} P> ”
E 1180 950
= % 0-P-0
1300 1200 1100 1000 900 8 ! v !
Wave number / cm™ .
2000 1600 1200 800 400 660 656 652 648 644 640 636 35 36 37 38 39 40 63 64 65 66 67

Wave number / cm™!

Binding Energy / eV

2-Theta / degree 2-Theta / drgree

Fig. 1. The cross-section FIB/SEM image (a) with the EDS line scan with the P Kol signal (b) of a P-LNCM particle. (c) XPS survey spectrum, and core-level spectra of
(d) P 2p, (f) Ni 2p and (g) Mn 2p for LNCM and P-LNCM samples; (e) FTIR spectra, (h, i) XRD diffractograms of LNCM and P-LNCM samples; the inset in e is the

magnified FTIR curves, the insets in h and i are magnified XRD patterns.
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agreement with Ni2™ and Ni®", respectively. In addition, the average
valence of surface Ni cations in the P-LNCM sample is lower than that of
LNCM sample. For the Mn cations, as shown in Fig. 1g, most Mn ions
exist in the form of Mn** (2p3,/2, 642.8 eV) and Mn3* (2p3/2, 641.9 eV)
for the two samples, but the Mn?+ (2ps/2, 641.1 eV) can be detected in
the P-LNCM sample. These indicate a small reduction of Ni and Mn on
the material surface after PHj treating. The core-level spectra of Co 2p
are displayed in Fig. S2. The valence of Co ions shows no change before
and after modification, maintaining the valence of III. All those pieces of
evidence indicate that the oxidation states of surficial Ni and Mn ions
were reduced after PHj treatment, and the (PO,4)>~ groups with strong
P-0 bonds were successfully introduced into the surface of the modified
material. As discussed in Introduction, the strong P—O bonds in (PO4)3’
groups are in favor of stabilizing local oxygen environment and further
inhibiting surface O, release. Meanwhile, the rather strong P—O bonds in
polyanion POy4 and the covalent bonds between polyanion (PO4)®~ and
TM%+/3* ensure the compounds (LiTMPOy) electrochemically stable at
high potential.

The structure of the surface protection layer formed on the P-LNCM
after treatment was further characterized by XRD. As shown in Fig. 1h
and i, all strong diffraction peaks are well indexed to the R-3m space
group attributed to the hexagonal LiTMO, phase, and the weak

/wtvzo)/ﬂrror)p
/m(m:)m(mt)p
/N(T00)/H(E00), |

wu €0T°0:
wu pp70
wu GLE 0

Nano Energy 79 (2021) 105459

superlattice diffraction feature (20-23°) could be attributed to the
monoclinic Li,MnO3 phase with C2/m space group. Meanwhile, a small
amount of spinel phase (Fd-3m space group) is found in both LNCM and
P-LNCM, and the proportion of spinel phase in the P-LNCM sample is
higher than that of LNCM sample, which can be inferred from the
broadening of the (003) peak in the P-LNCM sample (middle panel of
Fig. 1h) [50,51]. This can also be confirmed by the Raman spectra (the
blue region near 610 cm ™! is assigned to the Mn—O stretching vibrations
in spinel Li4uMns0;3 structure, shown in Fig. S3) [52]. Interestingly, a
small peak can be found at 22.45° (inset in Fig. 1h) in the XRD pattern of
P-LNCM, indexed to the (120) diffraction peak of the LiMnPO4 phase
(PDF#33-0804) [53], which is consistent with the results of XPS and
FTIR. Limited by the surface gas-solid reaction (short reaction time), just
a small amount of P was introduced into the material, evidenced by the
ICP-OES, SEM, XPS, and FTIR results. Therefore, the characteristic
diffraction peak of LiMnPO4 phase is weak. Besides, the Fig. 1Th middle
panel shows that the intensity of (003) peak reduces after PHs-treating,
while there is no obvious change on (104) peak (Fig. 1h right panel).
According to previous reports [54], the intensity ratio of (003) to (104)
peak (I0o3)/I104)) can be used to evaluate the cation order degree in
layered oxide cathode materials. After surface modification, the Igg3)/
I104) value decreases, implying a higher degree of cation disorder in P-
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Fig. 2. HRTEM images of LNCM (a) and P-LNCM (b) samples and the corresponding line profiles of the Z-contrast information with the measured spacing of TM
layer; (c) the index of electron diffraction rings of P-LNCM sample reveals layered structures and spinel cubic structures; (d) STEM image and the corresponding EDS
mapping of P-LNCM sample; (e) simulative crystal structure of LiTMO, phase (R-3m space group), Lio,MnO3 phase (C2/m space group) and LiMnPO, phase (Pmnb

space group).



G. Sun et al.

LNCM relative to LNCM. The degree of doublet splitting of (006)/(102)
and (108)/(110) peak pairs is also a clear indicator of the hexagonal
ordering (indexed the layer structure) [55]. Compared with the pristine
LNCM sample, the splitting of (006)/(102) and (108)/(110) peak pairs
of the P-LNCM sample becomes inconspicuous (Fig. 1i), which also
means increased disordering of cations after surface treatment.

To further probe the evolution of surface structure after modifica-
tion, the high-resolution transmission electron microscope (HRTEM)
measurement was carried out to characterize the morphologies of the as-
prepared samples at the nanoscale, and the results are shown in Fig. 2. It
can be found that the bulk of P-LNCM sample still retains a well-layered
structure same as the LNCM sample (Fig. 2a and b, red square regions),
corresponding to the layered structure with R-3m space group, e.g.
a-NaFeO,. The interplanar spacing (ca. 0.48 nm) of the lattice planes is
indexed to the (003) fringes of LNCM (Fig. 2e). The selected area elec-
tron diffraction (SAED) pattern of P-LNCM (Fig. 2c) indicates the exis-
tence of layered LioMnO3 phase, LiTMO; phase, and spinel Li4Mns0;2
phase, which is consistent with the XRD and Raman results. However,
there is a remarkable difference in the surface region between P-LNCM
and pristine LNCM. P-LNCM features an obvious interface layer with a
thickness of 5-10 nm at the surface, which consists of cation disordered
structure and LiMnPOg4-like phase. As shown in the magnified yellow
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region in Fig. 2b, an interlayer of cations appears in between the (003)
lattice planes, indicative of the formation of the cation disordered phase
close to the bulk region. This is also in good agreement with the
increased cation disorder as evidenced by XRD results. Besides, at the
outer zone of the surface layer, the HRTEM image shows the features of
LiMnPOjy-like phase with lattice spacings of 0.240 and 0.512 nm (the
region of the pink square), which correspond to the (140) and (020)
lattice planes of LiMnPO4 with Pmnb space group (PDF#33-0804,
Fig. 2e), respectively. The evolution of surface structure was speculated
to be an in-situ self-reconstruction process. Both the cation disordered
phase and LiMnPO;-like phase originate from the migration of surface
TM ions into the Li layer during the thermal treatment. Besides, in the
PHj treatment process, (PO4)>~ groups were introduced and combined
with the rearranged cations to form LiMnPOy-like phase. Eventually, a
mixed-phase surface layer was formed as shown in Scheme 1. The STEM
image and the corresponding EDS maps of P-LNCM (Fig. 2d) further
reveal the morphology and elemental distribution of the P-LNCM sam-
ple. It shows that P was successfully introduced into the primary parti-
cles and keeps a uniform distribution with Ni, Co, Mn, and O elements.
Based on the above discussion, the surface mixed modification layer was
produced by an in-situ surface self-reconstruction process, which ensures
the structural continuity of the surface modification layer with the bulk.
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Both phases in this modification layer are capable of stabilizing the
surface lattice oxygen and mitigating the side reaction with electrolyte.

To evaluate the effect of surface modification on the electrochemical
performance, the electrochemical tests were conducted on the as-
prepared electrodes at different current densities (1 C = 250 mA g_l)
with the voltage range of 2.0-4.8 V. Fig. 3a and b show the initial
charge/discharge curves and the corresponding dQ/dV curves of LNCM,
Ar-300 and P-LNCM electrodes. All samples exhibit typical stair-like
charge and S-shaped discharge characteristic curves for high-Ni con-
tent Li-rich cathode materials [30]. In Fig. 3a, the modified electrodes of
Ar-300 electrode and P-LNCM electrode deliver a lower charge capacity
at 0.1 C than the pristine LNCM electrode due to the release of Li;O
during heat treatment. Moreover, as shown in the inset of Fig. 3a, the
initial Coulombic Efficiency (CE) of P-LNCM electrode (84.32%) is
higher than that of LNCM electrode (82.75%), implying better redox
reversibility. In Fig. 3b, an intense peak at a potential of about 4.5 V in
the charge curves of dQ/dV plots corresponds to the activation of
LioMnOs phase accompanied by a serious O release. Compared with the
LNCM sample, a lower peak intensity at a potential > 4.5V in the P-
LNCM sample can be observed during the charging process, implying a

Line Sum sepctrum
At%
47.8
23.8
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2.7
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decreased O loss and a more stable surface lattice oxygen [30]. On the
contrary, during the discharging process, the reduction peak intensity
(located at about 3.75 V) of the P-LNCM sample is higher than that of
pristine LNCM sample, and this reduction peak shifts to slightly higher
potential after surface modification. However, the peak of the P-LNCM
located below 3.5 V is lower than that of the pristine LNCM sample. This
indicated that the capacity of P-LNCM sample is preferred to release at
high potential, resulting in higher operating voltage. Fig. 3c shows the
rate performance of these samples. Compared with the pristine LNCM
and Ar-300, P-LNCM displays better rate capability at higher current
density.

Furthermore, the long-term cycling performances of the as-prepared
samples are examined at 1 C in the voltage range of 2.0-4.8 V as shown
in Fig. 3d and S4. Before the cycling test, the as-built cells were activated
at 0.1 C for 3 cycles. It shows that the P-LNCM delivered a higher specific
capacity of 176.7 mA h g~ after 250 cycles at 1 C, which is much higher
than 138.1 mAhg™! of LNCM and 138.0mAh g~! of Ar-300. This
corresponds to a capacity retention of 84.1% for P-LNCM, 69.9% for
LNCM, and 71.0% for Ar-300 after 250 cycles. Meanwhile, compared
with LNCM (1.7 mV voltage decay per cycle), the modified sample P-
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corresponding elemental mapping in red square and the corresponding EDS spectrum of LNCM (c—e) and P-LNCM (f-h) electrodes after cycling, respectively. The
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LNCM displays a lower voltage fade rate of 1.2 mV per cycle, resulting in
a higher operating voltage after cycling. The superior electrochemical
performance of P-LNCM in terms of high operating voltage, high ca-
pacity and voltage retention can be directly confirmed by dQ/dV curves
which were obtained from every five cycles of the discharge curves
during the cycling tests (Fig. 3f and g). The intensity and position of the
dQ/dV peak are relevant to the discharge capacity and the redox reac-
tion potential, respectively. As shown in Fig. 3f, with the increase of
cycle number, the peak intensity of LNCM shows a continuous decrease,
which is more serious after 150 cycles. Besides, there is a huge shift in
the peak position of LNCM from 3.6 V to ~ 3.3 V after 250 cycles. These
imply a serious capacity decay and operating voltage attenuation in
LNCM. In contrast, as shown in Fig. 3g, the peak position of P-LNCM
starts from about 3.7 V; the peak intensity and the peak position can be
maintained well after 250 cycles, indicating the cycling stability in terms
of capacity and voltage. Based on the enhanced capacity retention and
lower voltage decay rate, P-LNCM exhibited a twofold improvement of
energy density retention (77.9% after 250 cycles at 1 C) compared to
pristine LNCM (62.8%). Overall, after the surface treatment, the
enhanced electrochemical performance was achieved, which is sum-
marized in Fig. 3e. The enhanced electrochemical performance of P-
LNCM electrode should be closely related to the multifunction surface
protective layer. LITMPOg4-like phase featuring the ability against high
potential is responsible for preventing side reactions between electrode
and electrolyte, and further reduces the dissolution of Mn during cycling
(to be discussed in Fig. 4). Both the LITMPOj4-like phase and the surface
cation disorder phase contribute to stabilizing surface lattice oxygen
structure and limiting surface O, release.

Sun  E= €G3 diel=  10me
160720026 0T

STXM
true bulk
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To further understand the working mechanism of the surface pro-
tective layer in P-LNCM, the changes of the morphology, the elemental
composition and elemental distribution, and the microstructure of both
cycled LNCM and P-LNCM electrodes were studied by FIB-SEM-EDS,
HRTEM and EDS mapping; the results are exhibited in Fig. 4. The
cross-sectional FIB-SEM images and line scans element analysis of LNCM
and P-LNCM electrodes before and after cycling are shown in Fig. S1, 4a
and b. Regardless of the pristine LNCM sample or the P-LNCM sample,
there is no significant change in morphology before and after cycling.
However, the elemental composition of LNCM electrode displays an
obvious change after cycling. As shown in Fig. 4a and b, the elemental
ratio of Mn to Ni in cycled LNCM is much lower than that of cycled P-
LNCM and the initial LNCM, meaning severe Mn dissolution in LNCM
after long-term cycles. In other words, the decreased Mn dissolution in
P-LNCM is attributed to the mixed-phase protective layer formed on the
surface of the particles which can stabilize surface lattice oxygen and
suppress the side reactions between electrode and electrolyte. To further
accurately investigate the spatial distribution and composition of the Mn
element, the cycled electrode particles were cut to 200 nm by FIB
(Fig. S5), and the elemental distribution and composition were probed
by STEM-EDS. As shown in Fig. 4d and g, the elements of Ni, O, and P of
the cycled LNCM electrode are distributed uniformly in the sample and
the distribution of Mn seems to be uneven. This implies the dissolution
of Mn in LNCM after long-term cycles. As for the P-LNCM electrode,
enriched element P on the surface layer can be observed along with
uniformly distributed Ni, Co, Mn and O, which also suggests the exis-
tence of the LiMnPOg4-like protective layer in this sample. Meanwhile,
the elemental composition analysis of STEM-EDS further confirms the
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Fig. 5. Morphology mapping of cycled Pristine LNCM (a) and P-LNCM (b) electrode by STXM; (c) schematic illustration of the principle of bulk sensitive STXM;
quasi-quantitative chemical phase map of Pristine (d, the phases with different chemical composition and oxidation state are marked as 1. to 8.) and P-LNCM (g, the
phases with different chemical composition and oxidation state are marked as 1. to 6.); the normalized O K-edge (e and h), and Mn Ls-edge (f and i) XAS spectra of the
regions marked in Pristine (e and f) and P-LNCM (h and i) electrodes after cycling. The standard XAS of Mn Ls-edge obtained in MnO, Mn,03, Mn30,4 and MnO, are

included at the bottom of (f) and (i).
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dissolution of Mn ions of LNCM sample after long-term cycling, in
agreement with FIB-SEM-EDS results.

The analysis of morphology and chemical states at high spatial res-
olution is crucial for elucidating the degradation mechanism of Li-ion
cathode materials. To further explore the protective effect of the
modified surface layer, the cycled LNCM and P-LNCM electrodes were
also investigated by bulk sensitive STXM at the Spectromicroscopy (SM)
beamline of the Canadian Light Source (CLS), as shown in Fig. 5. The
bulk sensitive STXM combines microscopy technology with synchrotron
based XAS method, enabling nanoscale chemical imaging with a spatial
resolution of around 30 nm as well as fine energy resolution. The cross-
sectional samples for TEM and STXM characterization were prepared by
FIB and the sample preparation processes are shown in Fig. S5a. As seen
from the TEM and SAED patterns, the cycled P-LNCM electrode remains
a well-layered structure compared with the poor crystallinity of cycled
LNCM electrode, and detailed information is described in the Supporting
information Fig. S5. STXM was successfully applied to reveal phase
separation in the lithiation process of olivine structure electrodes
[56,57]. In this work, STXM was used to probe the high spatial resolu-
tion chemical distribution and oxidation state of TM cations in LR-NCM
with complex phases and multi-elemental composition. Fig. 5a and b
display the morphology mapping of the selected sample regions of the
cycled electrodes with a thickness of 200 nm (this can ensure accurate
true bulk sensitivity of STXM without signal saturation, Fig. 5c). The
chemical phase distribution of the cycled LNCM and P-LNCM electrodes
obtained by the principal component analysis (PCA) are displayed in
Fig. 5d and g, respectively. Different colors represent different chemical
phase with the different oxidation state of TM cations and different local
electronic structure environment. The phases with different chemical
composition and oxidation state are marked as 1. to 8. for the cycled
LNCM electrode and 1. to 6. for the cycled P-LNCM electrode. It can be
seen that the integrity of the chemical phases of the cycled LNCM
electrode is poor, while the cycled P-LNCM electrode maintains good
integrity of the chemical phases. Such phase separation difference in-
dicates a severe structure degradation in the primary particle level in
LNCM as compared to a less degradation in P-LNCM, which could be
attributed to the beneficial effect of surface protection layer in P-LNCM.
The chemical mapping thus unambiguously confirms that the in-situ
surface self-reconstruction process during PH3 treatment ensures the
structural integrality and continuity of the surface modification layer to
the bulk, and importantly forms a mixed-phase protective layer. This
protective layer can effectively suppress the occurrence of the interface
side reactions during long cycling, thereby preventing the electrode
from being corroded by the electrolyte.

The soft X-ray XAS spectra, extracted from STXM data, at O K-edge,
Mn Ls-edge, Co Lz-edge and Ni Ls-edge in the marked regions (Fig. 5d
and g) of cycled LNCM and P-LNCM electrodes are displayed in Fig. Se, f,
h, i and Fig. S6. Standard compounds, including MnO, Mn3O4, Mn20s,
and MnO,, were also measured and their Mn L3 XAS spectra are included
in Fig. 5f and i; the Mn oxidation state in different chemical phases can
be determined based on the relative intensity of the peaks in Mn XAS.
From the chemical phase map in Fig. 5d and the Mn Ls-edges XAS
spectra of cycled LNCM electrode in Fig. 5f, it can be concluded that: a)
many particles have Mn?" and Mn>* component; b) many particles have
more than one chemical component; c) Mn*t spectrum can hardly be
detected (by reference to the standard MnO,, it can also be seen in
Fig. S7a and b). This means that the valence state of Mn of LNCM
electrode without any surface treatment suffers from severe reduction
after long-term cycling, which directly leads to the voltage fade and
capacity decay. Different from the cycled LNCM electrode, the surface-
modified electrode maintains good chemical phase integrity and a
higher oxidation state of TM cations after long-term cycling. As can be
seen in Fig. 5g and i, most particles of cycled P-LNCM electrode are
dominated by Mn®" and Mn** spectrum can still be probed in the brown
region (region 6. in Fig. 5g and the blue region in Fig. S7c). The statis-
tical quality in the Mn spectrum of P-LNCM is much better along with a

Nano Energy 79 (2021) 105459

higher edge jump relative to that in LNCM, which again confirms less Mn
dissolution in P-LNCM as being observed in SEM and TEM studies. These
results highlight the protective roles of the PHs-modified layer on the
surface of the electrode particles to ensure the voltage and capacity
stability of the material when cycling at a high potential. Interestingly,
the O K-edges XAS spectra of cycled P-LNCM shows enhanced spectro-
scopic feature at above 532 eV relative to that below 530 eV, especially
at phase regions 2. and 4.4.; this is different from that in LNCM with
normal tyg-e splitting as being expected in TM-O covalent bonding
environment [58]. This distorted TM—O bond can be inferred as either a
direct influence of strong P—O bonds and/or the cation disorder phase in
P-LNCM, or a subsequent effect being generated during cycling.
Regardless of what the exact working mechanism is, this protection
layer efficiently stabilizes the lattice oxygen structure and resists the
continuous reduction of TM ions during cycling.

4. Conclusions

In summary, an in-situ self-reconstruction strategy has been proposed
and developed to simultaneously optimize the surface chemical
composition and the local structure in high energy density Li-rich
cathodes. Specifically, the multifunction protective layer, consisting of
the cation disorder phase and the LiTMPOjy-like phase, was produced by
a simple PHj3 gas treatment at low temperature. The formed multi-
function mixed-phase protective layer has the following advantages: 1)
Ensuring the structural integrity and continuity of the protective layer to
the bulk structure; 2) Stabilizing the surface lattice oxygen and inhib-
iting the oxygen release by the cation disorder structure phase and
strong P—O bonds; 3) Enabling the stability under high voltage cycling
due to the formation of surface LiTMPOgy-like phase; 4) Suppressing
interface side reactions between the electrode and the electrolyte,
further effectively inhibiting the dissolution of TM ions. These positive
effects result in a large enhancement in the stability of capacity and
voltage during long charge/discharge cycles of the PHs-modified sam-
ple. Besides, the bulk sensitive STXM with high spatial resolution and
chemical sensitivity directly show that the modified sample maintains
better chemical phase integrity and higher oxidation state of TM cations
after long-term cycling compared to the pristine sample. All of these
highlights the protective roles of the multifunction layer on the bulk of
the electrode particles in maintaining the voltage and capacity stability
of the material cycling at a high potential. This simple yet effective
modification strategy provides a new path for guiding the interface
design of high energy density cathode.
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