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ABSTRACT

Li-rich layered oxides can provide high capacity owing to the simultaneous transition-metal cation and oxygen anion
redox. However, irreversible oxygen redox usually occurs during cycling, causing structural collapse, such as the
formation of nanovoids, dislocations, and phase transitions. Here, we report the design of an intergrown layered-spinel
heterostructure by surface anchoring Al-doped Li;LazZr,04, (LLZO) nanodomains to enhance the structural stability. The
Al-doped LLZO nanodomains offer a favourable ionic diffusion at the surface and significantly reduce the charge transfer
resistance. The abundant local structure suppresses the nanostrain and exhibits minimal cracks in the secondary particles
compared to the pristine samples. The target material delivers a discharge capacity of 295.6 mAh-g~' with a Coulombic
efficiency of 93.5% at 55 °C. After 200 cycles, the structural collapse was significantly reduced. This study provides new
insights into the comprehensive design of the electrode/electrolyte interface for transition-metal oxides.
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1 Introduction

Electric vehicles, powered by lithium-ion batteries, have been
commercially available for several years. Compared with
conventional petrol vehicles, however, range anxiety remains a
significant concern that hinders their widespread adoption. A lack
of high-energy-density electrode materials highly bottlenecks this
critical shortage. Li-rich Layered oxides (LLOs) cathode materials,
Li;, .M, O, (1 < x < 1/3, TM = Nj, Co, Mn, etc.), have garnered
interest as they exhibit higher energy densities (~900 Wh-kg™)
than traditional cathode materials, such as LiCoO,,
LiNi_, ,Mn,Co,0, (y + z < 0.5), LiFePO, [1-3]. Unfortunately, it
remains a significant challenge, including voltage fade, capacity
degradation, and unsatisfactory rate performance during the
charge/discharge process [4, 5]. Such undesirable electrochemical
behaviours must be overcome in these materials before achieving
commercial success. These obstacles are suggested to originate
from oxygen redox and cation migration, as well as the formation
of dislocations [6,7]. Oxygen redox involves both reversible and
irreversible processes, with the latter characterized by oxygen
release. In particular, surface lattice oxygens become more mobile
and escape from TMO, octahedra when charged to > 4.4 V (vs.
Li/Li), releasing oxygen into the electrolyte and forming oxygen

vacancies [8-10]. These defects produced at the surface migrate
into the bulk lattice, resulting in continuous structural collapse and
growth throughout the particle [11-13]. Meanwhile, these
vacancies formed at adjoining cation sites further form oxidized
oxygen species, driving cation migration [14].

Since these issues are triggered at the surface of LLOs, surface
modifications were proposed to address the challenges mentioned
above. Generally, metal oxides (e.g, ALO; SnO,) [15,16],
phosphates (Li;PO,, LiFePO,) [17, 18], and fluorides (AlF;, NH,F)
[19,20], have been developed to improve the electrochemical
performance of LLOs. Other surface treatments were also
performed to achieve the same goal [21, 22]. For example, surface
anchoring of Al-doped [23] and surface multiple treatment
modification [24,25]. We have reported a phase-compatible
Lag¢Sr5,MnO;_, coating to LLO, stabilized by a surface structure
that forms a heterostructural Mn-O-TM bonding network at the
interface [6]. A construct spinel-layered heterostructure can offer
3D interconnected Li* diffusion channels and inhibit side reactions
on the surface [26,27]. In addition, fast ion conductors (Li,SiOs,
Li,ZrO;) [28,29] are considered prospective candidates for
coating. Among the numerous fast ion conductors, garnet-type
Li;La;Zr,0,, (LLZO) is particularly remarkable because its fast Li-
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ion conductivity at room temperature (1 mS-cm™) and broad
electrochemical window (5-6 V vs. Li/Li*) [30,31]. Therefore,
LLZO has garnered intensive attention in solid-state Li-ion
batteries [32,33]. Additionally, the fast Li-ion conductivity
depends on the stabilized cubic phase (another is the tetragonal
phase), which can be achieved by element doping (such as the Li
site with AI*, the La site with Sr*, and the Zr site with Ta*) and
solid-state synthesis [34-36].

Given this, we propose an Al-doped LLZO treatment that
boosts Li* conductivity at the interface of LLZO/LLO. We select
Li; ,Niy,3Co0y,3Mny 5,0, (LNCM) because it is considered a typical
LLO cathode material, offering extraordinary specific capacity and
high cyclability [37,38]. Herein, we demonstrate the surface
anchoring of Al-doped LLZO, a fast Li-ion conductor, while
inducing a spinel phase to enhance the electrochemical
performance of LNCM. By employing scanning transmission
electron microscopy (STEM), we identify Al-doped LLZO
nanoparticles that are both anchored and integrated into a spinel
phase on the LNCM surface, elucidating their influence on
electrochemical performance. Profiting from high ionic
conductivity originating from Al-doped LLZO and high structural
stability stemming from surface spinel phase, the modified
cathode displays stable capacity retention (75.0% after 200 cycles)
and minor voltage fade (0.004 V per cycle).

2 Results and discussion

Figure S1 in the Electronic Supplementary Material (ESM) shows
the X-ray diffraction (XRD) patterns of pristine LNCM and Al-
doped LLZO treated samples. The diffraction data confirm that all
samples adopt a LIMO, trigonal structure with a R3m space group
(Fig. S2 in the ESM). In addition, the weak peaks between 20° and
25° indicate the existence of monoclinic Li,MnO; phase (C2/m
space group). As previously reported [39, 40], LLOs can be refined
with a trigonal (R3m) LiTMO, and monoclinic (C2/m) Li,MnO;
two-phase composite. The adjacent peaks of (006)/(102) and
(108)/(110) can be identified clearly, indicating that these samples
have a typical layered structure. We cannot observe additional
peaks until the calcined temperature increases to 700 °C. As
shown in the LLZO7 sample, two weak peaks at 43.5° and 63.7°
are assigned to cubic LLZO (JCPDS entry 80-0457,4) [41]. Overall,
the XRD results suggest that the surface anchoring of Al-doped
LLZO does not change the bulk crystal structure of LNCM. To
obtain more details of surface compositions, we performed X-ray
photoelectron spectroscopy (XPS) measurements (Fig. S4 in the
ESM). As shown in Fig. S4(b) in the ESM, two splitting peaks are
observed, which can be ascribed to Al 2p,, at 74.4 and 74.7 eV
[42]. The peak at low binding energy can be attributed to Al* ions
placed at the tetrahedral sites. While the Al 2p signal at higher
binding energy can be ascribed to Al ions located at the
octahedral sites [43]. For the Zr 3d XPS spectra (Fig. S4(c) in the
ESM), the peaks detected at 182.3 and 184.6 eV can be assigned to
the spin-orbit of Zr 3ds, and Zr 3dj, [44]. These findings indicate
the presence of Al-doped LLZO on the surface of LNCM.

As estimated from the scanning electron microscopy (SEM)
images, the primary size is 100-150 nm for LNCM and 100-
200 nm for LLZO6 (Figs. 1(a) and 1(b)). It is well-known that
agglomerated spherical particles have a higher tap density than
other shapes, which is beneficial to suppressing voltage fade [45].
The spherical secondary particles were clearly observed with a
diameter of ~12 pm for LNCM and ~14 yum for LLZO6. As shown
in Fig. 1(c), a characteristic d spacing of 0.47 nm for the layered
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(003) faces is well oriented. Similarly, LLZO6 shows a d-spacing of
0.47 nm, corresponding to the layered structure (Fig.1(d)). In
particular, we noted that the crystalline grain is inset with several
amorphous areas highlighted with orange dashed lines (also
marked in Fig. S5 in the ESM). These insets suggest that the
LNCM particles were anchored with Al-doped LLZO
nanoparticles. Of note, these particles were also observed on the
surface (indicated by the white dashed line regions). When we
focus on this area (Fig. 1(e)), a crystalline lattice is found parallel to
the bulk layered (003) plane. The d-spacing of 021 nm
corresponds to (532) planes of la3d structure, in agreement with
the XRD results. Furthermore, the fast Fourier transformation
(FFT) of Fig. 1(f) identifies the layered phase (the R3m (003)
planes and C2/m (022) planes) LNCM and formation of garnet-
type LLZO. To confirm the uniform distribution of Al-doped
LLZO, we performed scanning transmission electron microscopy
(STEM)-energy dispersive spectroscopy (EDS) (Fig. 1(g)). The
EDS mapping suggests that the Al-doped LLZO nanoparticles are
evenly distributed at the surface of the LNCM particle.

The atomic structural changes of the LNCM after Al-doped
LLZO treatment were investigated by high-angle annular dark-
field (HAADF)-STEM. The pristine LNCM shows uniform
contrast throughout the whole grain, corresponding to a layered
structure (Fig. 2(a)). The R3m phase pattern mixed with the C2/m
phase is evidenced in the FFT pattern. The STEM image of
LLZO6 shows Al-doped LLZO nanoparticles (orange dashed line
regions) anchored on the surface of LNCM (Fig. 2(b)), which was
confirmed by EDS elemental mapping (Fig. 1(g)). Figure 2(c)
shows a well-grown spinel phase at the grain edge in LLZO6. As
previously reported, intergrown layered-spinel phases favour fast
Li diffusion [27]. Interestingly, clear layered-spinel hetero-
structures were observed at a grain boundary (Fig. 2(d) and Fig. S6
in the ESM). This atomic arrangement offers 3D channels for Li*
diffusion and mitigates the lattice strain-induced structural
transformation [46].

Apart from the grain edges, the spinel phase can also be
observed inside the grains. Figure 3(a) shows the heterogeneous
structure including structurally coherent rhombohedral LITMO,
and monoclinic Li,MnO; nanodomains, as well as the spinel
phase (dashed circle in FFT). The corresponding EDS elemental
mappings indicate a relatively uniform Al-doped LLZO
distribution at the LNCM particle (Fig.S7 in the ESM). As
mentioned in the XRD results, calcining at 600 °C may not be
enough to grow well-crystallized LLZO crystalline particles. In that
case, we suppose that part of the Al-doped LLZO particles is
amorphous. We note a bright contrast behind the spinel phase
(Fig. 3(a)). Since heavy elements, such as Zr and La, have relatively
bright contrast in HAADF imaging [47], the stronger contrast
indicates spinel nanodomains coupling with Al-doped LLZO
nanoparticles (Fig.S8 in the ESM). When focusing on the
enlarged area of dotted red and purple squares (Figs. 3(b) and
3(c)), layered LiTMO,, Li,MnO;, and spinel phases can also be
observed (Fig.S9 in the ESM). These abundant local structures
can be observed elsewhere (Fig.3(d)). The order-disorder
arrangement can boost a more homogeneous structure evolution
during battery operation, minimizing inter-lattice strain [11].
Beyond the amorphous, we also observed crystalline Al-doped
LLZO. Particle sizes ranged between 5-7 nm for Al-doped LLZO
(Fig. S10 in the ESM), which is in agreement with Fig. 2(b). These
LLZO nanodomains display lattice stripes with a spacing of
0.29 and 0.17 nm, corresponding to (420) and (642) planes of la3d
structure.

During the first cycle, the charge curve is characterized by a
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Figure1 Morphological characterization of LNCM and LLZO6. SEM images of as-prepared LNCM (a) and LLZOG6 (b). High-resolution transmission electron
microscopy (HRTEM) images of LNCM (c) and LLZO6 (d). (e) The enlarged HRTEM image of the white area in (d). (f) The FFT pattern of (d). (g) STEM-EDS

mapping of LLZO6.

slope below 4.4 V and a flat plateau above 4.4 V, which can be
assigned to the oxidation of cations and lattice oxygen, respectively
(Fig.4(a)). This anion evolution is typically related to the
activation of the Li,MnO; phase and simultaneous deep
delithiation in the honeycomb superstructure [48]. LNCM delivers
301.1 mAh-g"' during the first discharge, whereas the modified
electrodes (LLZO4, LLZO5, LLZO6, and LLZO7) exhibit 295.4,
2919, 2922, and 287.8 mAh-g', respectively. The smaller
discharge capacity of the modified electrodes is attributed to the
inactive Al-LLZO. All samples show an initial Coulombic
efficiency of around 85%. Notably, the discharge voltage decreases
slightly to approximately 3.0 V. In particular, the voltage decay
increases as the treatment temperature increases. As we
mentioned in the XRD results, a higher calcined temperature will

induce more spinel phase. Since Mn reduction mainly occurs at
about this voltage, this voltage decay may originate from more Mn
redox from the spinel phase and sluggish kinetics of oxygen
reduction [49]. This feature can be observed in the cyclic
voltammetry plot (Fig.S11 in the ESM). The LLZO6 displays
evident reduction peak and oxidation peak at 2.6 and 2.8 V,
corresponding to the characteristic peak of spinel. The differential
capacity (dQ/dV) curves show that the two compounds display
similar charge characteristics (Fig. S12 in the ESM). The charge
plots were characterized by a sharp anodic peak at 4.55 V,
attributed to the oxidation of lattice oxygen. The LLZ06 has a
smaller peak shift during cycling, indicating a more reversible
structural evolution. When cycled at 55 °C, all samples exhibit
increased initial Coulombic efficiency except for LLZO4

https:/www.sciopen.com | https:/mc03.manuscriptcentral.com/nre | Nano Research Energy
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Figure2 Local structure of LNCM and LLZO6 from STEM-HAADEF. (a) STEM-HAADF image of LNCM at the surface. (b) STEM-HAADF image of LLZO6
particle. (c) STEM-HAADF image for the spinel phase of the LLZOG6 particle. (d) STEM-HAADF image at the layered-spinel heterostructure for the LLZOG6 particle.

(a)

<—Spinel

The enlarged STEM-HAADF image of the dotted purple square in (a). (d) STEM-HAADF image of LLZO6 grain boundaries.
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Figure4 Electrochemical performance. (a, b) The first charge-discharge curves. (c, d) Cycle performance. (e, f) Average discharge voltage of LNCM and LLZO6 upon

cycling. (a, ¢, e) are tested at 25 °C. (b, d, f) are tested at 55 °C.

(Fig. 4(b)). We suppose that 400 °C is not high enough to form
LLZO. As a result, the low electronic and ionic conductivity of the
precursor is detrimental to electrochemical performance. LNCM
delivers a discharge capacity of 304.2 mAh-g* with a Coulombic
efficiency of 92.9%. By contrast, LLZO6 shows a discharge
capacity of 295.6 mAh-g* and a Coulombic efficiency of 93.5%.
The improved Coulombic efficiency is attributed to higher
reaction kinetics at elevated temperature. We note that promoting
oxygen reduction mitigates the decrease in discharge voltage.

The Al-doped LLZO electrodes also exhibit enhanced cycle
stability and rate performance. After activation in the first three
cycles, the modified electrodes retained 45.4%, 62.8%, 75.0%, and
69.5% of their initial capacity after 200 cycles at 1.0C (Fig. 4(c)).
The pristine electrode retained 26.6% of its original value under
the same test conditions. More critically, all samples exhibit
enhanced stability except for LLZO4 at 55 °C (Fig.4(d)). In
particular, the LLZOG6 displays capacity retention of 56.0%

compared with 26.0% for LNCM after 150 cycles. The
modification of the Al-doped LLZO mitigates voltage fade. When
measured at 25 °C, LNCM exhibits a voltage drop of 0.005 V per
cycle. Whereas the LLZO6 displays suppressed voltage fade
corresponding to a 0.004 V per cycle voltage drop (Fig. 4(e)).
When cycled at 55 °C, the LNCM and LLZO6 show similar
voltage fade (Fig.4(f)). However, the LLZO6 exhibits a higher
average discharge voltage. The higher voltage is ascribed to higher
kinetics at elevated temperature [50]. After the activation in the
0.1C, the LLZO6 show improved rate capability at all C-rate
compared with the pristine electrode (Fig. S13 in the ESM). The
improved ionic conductivity is highlighted by electrochemical
impedance spectroscopy (EIS) measurements (Figs. S14-S16,
Table S1 in the ESM). The EIS spectra are characterized by a high-
frequency semicircle (R the resistance of the electrolyte), a mid-
high frequency semicircle (R, the charge transfer resistance), and
a straight line in the low-frequency region (Z,, the Warburg

https:/www.sciopen.com | https:/mc03.manuscriptcentral.com/nre | Nano Research Energy
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impedance) [51]. Compared with the LNCM, the calculated Li*
coefficient D of modified electrodes is increased. Furthermore,
LLZO6 demonstrates the lowest R, among these electrodes after
the first and 200" cycles. The enhanced ionic conductivity is
attributed to the Al-doped fast Li* conductor, in which the possible
routes of Li diffusion are shown in Fig. S17 in the ESM.

LLO cathodes usually undergo severe structural degradation
during long-term cycling [1]. To further investigate the structural
stability, ex situ SEM and TEM were performed on electrodes
cycled for 200 cycles at 25 °C. SEM image of LNCM shows
evident cracks in secondary particles (Fig. 5(a)). Dramatically, the
cracks can be found elsewhere (Fig. S18(a) in the ESM). This
feature suggests that LNCM experienced serious nanostrain
during battery operation [4]. When evaluating the TEM images,
nanovoids, dislocations, and a spinel phase are observed
(Figs. 5(b) and 5(c)). By contrast, the LLZO6 displays moderate
structural degradation during the 200 cycles. After cycling, the
LLZO6 sample maintained a lower interface impedance and a
more complete structure, indicating that the Al-doped
nanodomain achieved dynamic stability by promoting ion
diffusion and suppressing oxygen loss. Figure 5(d) shows more
minor cracks on an LLZOG6 secondary particle. When searching in
a larger area, we only observed two secondary particles with cracks
(Fig. S18(b) in the ESM). TEM images also show an ordered
layered structure and amorphous Al-LLZO (Figs. 5(e) and 5(f)).
The introduction of LLZO nanodomains reduces the surface
energy, thereby promoting the densification of secondary particles.
This process, in turn, mitigates stress concentration and
suppresses crack propagation during cycling.

In summary, the influence of the Al-doped LLZO anchoring
and layered-spinel heterostructure on the structural evolution of
LNCM is illustrated in Fig.6. It has three main advantages: 1)
Boosting the ionic conductivity at the electrode/electrolyte

6 AT
#R&%ftb Energy 2026, 5: €9120209

interface. As discussed in the electrochemical performance, Al-
doped LLZO possesses a fast Li* transport channel, thereby
contributing to the interface ionic conductivity, and resulting in
faster kinetics of oxygen redox. 2) Mitigating the nanostrain in the
secondary particles. As illustrated in Fig. 6(a), the pristine LNCM
exhibits irreversible oxygen redox, resulting in oxygen release and
nanostrain. These headwinds generated structural changes,
including nanovoids, dislocations, and phase transformations.
Ultimately, they manifest as severe cracks among the secondary
particles. 3) The surface-anchored AI-LLZO can slow down
corrosion from HF, similar to commonly used surface
modifications. Therefore, the structural collapse can be avoided in
LLZO6 during the prolonged cycling (Fig. 6(b)).

3 Conclusions

We have constructed a robust surface structure for Li-rich layered
oxides, in which an intergrown layered-spinel heterostructure was
created simultaneously with anchoring Al-doped LLZO fast Li*
conductor. The modified surface, characterized by an atomic-level
abundance of local structure, enables minimal nanostrain and
structural change in the surface region. Moreover, the Al-doped
LLZO nanodomains offer fast Li* diffusion during battery
operation. This study clarifies the critical influence of building
diversity within local structures on improving electrochemical
performance. We believe this scalable strategy provides new
options for interface engineering beyond the conventional
concept.
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