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Nickel-rich lithium layered oxides have received tremendous 
attention as the most promising cathode materials for the 
practical development of high-energy lithium-ion batteries. 

Unlike with conventional cobalt-based layered oxides, the practi-
cal capacity of which remains far below the theoretical value, the 
high nickel content in lithium nickel–cobalt–manganese layered 
oxides (LiNixCoyMnzO2 (NCM), x + y + z = 1, x ≥ 0.6) enables the 
utilization of the near-theoretical specific capacity of the layered 
transition-metal oxides in conventional lithium-ion battery systems 
while reducing the use of expensive and toxic cobalt1–5. Nevertheless, 
nickel-rich NCM electrodes commonly suffer from rapid capacity 
decay during cycling, coupled with structural and morphological 
degradation. Various degradation mechanisms of NCM materi-
als have been explored including side reactions with electrolytes6, 
irreversible phase transformation7,8, transition-metal dissolution9,10 
and oxygen release11,12, all of which are complicatedly intertwined 
with one another. Extensive studies have also unravelled that the 
failure mechanism involves the mechanical deterioration of elec-
trode particles by microcracking in secondary particles due to the 
build-up of large anisotropic strains during phase transition and the 
chemical parasitic reactions with electrolytes via the crevice cre-
ated13–17. Such chemo-mechanical failures were also found to be eas-
ily triggered or aggravated by various structural defects, including  

internal void spaces8,18–20, surface reconstruction layers21–25 and 
intragranular nanopores26–31. These defective structures, detri-
mental to the electrochemical properties, have been commonly 
observed in the primary and secondary particles of conventionally 
synthesized nickel-rich NCM materials. Thus, some efforts have 
recently been made to explore single-crystalline particles without 
the extrinsic defects, such as grain boundaries, formed during the 
conventional coprecipitation-based synthesis, with partial success 
in improving the cycle stability32,33. However, regardless of whether 
the particles are single-crystalline or poly-crystalline, fundamental 
questions concerning the general defect formations still need to be 
addressed for this material in terms of how the defects are formed 
during the intrinsic synthetic process from the precursor to the 
final product stage and how these defects affect the electrochemi-
cal degradation. Direct investigation of the defect formation pro-
cesses in nickel-rich NCM would provide insight for the design of 
layered electrode materials with enhanced structural integrity that 
can alleviate defect-induced failure during cycling and improve the 
long-term stability.

So far, our mechanistic understanding of NCM materials has pri-
marily relied on post-mortem analyses, which have provided impor-
tant evidence of the structure–property correlation in electrode 
materials2,5,23,34,35. Although these approaches are easily accessible  
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and effective in revealing certain key properties, they are prone to 
overlooking important information concerning non-equilibrium 
intermediate states and/or the reaction kinetics of the target chemi-
cal process. Several recent approaches have thus used in situ diffrac-
tion techniques to study the reaction pathway in real time by tracking 
the structural evolution of certain layered oxide materials during 
solid-state synthesis32,35–41, which reveals the presence of metasta-
ble intermediate phases during the dynamic synthetic process39,40. 
Nevertheless, such an in situ investigation based on diffraction pro-
vides the average crystallographic information for the bulk structure 
and fails to explain how the spatially inhomogeneous reaction begins 
at the interface of reacting precursors and propagates during the syn-
thesis, which is crucial for elucidating the synthetic mechanism of 
NCM formation and the development of defect structures.

In this Article, we scrutinize the synthesis mechanism of a rep-
resentative NCM material, LiNi0.6Co0.2Mn0.2O2 (NCM622), from 
the conventional coprecipitated precursors using a combination of 
high-end analysis methods, including aberration-corrected trans-
mission electron microscopy (TEM), in situ heating TEM with gas 
control and in situ X-ray diffraction. Multi-scale in situ examina-
tions are employed in probing the synthesis of the NCM622 with 
broad spatial resolution from the subnanometre to micrometre 
scale to better understand the internal crystal structure evolution 
and the associated morphology changes of micro-sized NCM parti-
cles. Comparative investigations of synthetic conditions reveal that 
kinetic competitions between the self-decomposition of precursors 
and the topotactic lithiation of the transition-metal hydroxide (TM 
precursor), whose dominance is dependent on the thermal reac-
tivity of different lithium precursors. The spatially resolved TEM 
study further demonstrates that the topotactic formation of the 
layered oxide readily occurs at the interface between the TM pre-
cursor and the lithium precursor, whereas the thermal decomposi-
tion of the TM precursor dominates in the particle core. These two 
competing reactions leave radially heterogeneous non-equilibrium 
intermediates in the secondary particle. More importantly, the 
self-decomposition of the TM precursor is accompanied by the 
substantial formation of structural defects including (1) intergran-
ular voids in secondary particles and (2) intragranular nanopores 
in primary particles. This mechanistic understanding guides us to 
develop a new quasi-equilibrium synthetic route for NCM622 that 
effectively mitigates the formation of these defects, thereby improv-
ing the long-term cycle stability of the electrode. This work high-
lights the importance of multiscale probing of the real-time reaction 
process and the control of intrinsic structural defects in elucidating 
the chemo-mechanical properties of NCM electrodes.

results and discussion
Near-equilibrium synthetic pathway. We first examined the 
phase evolution of the precursor mixture of the transition-metal 
hydroxide (TM(OH)2) and lithium hydroxide (LiOH) upon heat-
ing using ex situ X-ray diffraction (Extended Data Fig. 1). The 
mixtures of the precursor phases were observable below 300 °C 
with simultaneous decomposition of the LiOH and notable evolu-
tion of the Bragg reflections related to the layered structure above 
400 °C, which is consistent with previous results37,40,41. However, 
the relatively fast ramping rate of the conventional heating pro-
tocol makes the assignment of the near-equilibrium or interme-
diate phases at each temperature ambiguous. We thus modified 
the heat profile in our in situ X-ray diffraction study to clarify 
the phase evolutions in the near-equilibrium synthetic pathway 
(Supplementary Fig. 1). Interestingly, we found that the main 
Bragg reflection of the TM(OH)2 near 19.5° gradually shifts toward 
the 003 Bragg reflection of the R3̄m layered oxide at 18.5° starting 
at a temperature of as low as ~200 °C, as shown in Fig. 1a, implying 
the continuous phase transition from layered hydroxide to layered 
lithium oxide, which resembles the topotactic lithiation of layered  

electrode materials42. The evolving phase fraction was quanti-
tatively assessed by results of Rietveld refinements based on the 
diffraction patterns in Fig. 1b. The results confirm that the conver-
sion from the TM(OH)2 to the pseudo layered oxide, possibly with 
partial disordering or stacking faults, mainly occurs at 200–250 °C 
along with the disappearance of LiOH. Beyond that temperature, 
the diffraction patterns of the R3̄m layered oxide tend to become 
sharp and intensified (Fig. 1a), inferring the progress of structural 
ordering in the layered NCM. The progress of the structural order-
ing in the layered NCM is also supported by the quantification of 
the amount of the Li/Ni cation disordering from the refinement, 
which is maximum at 300 °C and continuously decreases with 
heating (bottom panel in Fig. 1b)35,37,43. These observations indi-
cate that the direct transition occurs from the layered TM(OH)2 to 
the NCM pseudo layered oxide at an unexpectedly low tempera-
ture, via the topotactic lithiation.

The TEM study further confirms the direct transition to the 
layered oxide at a substantially low temperature. Figure 1c–e 
presents cross-sectional scanning electron microscopy (SEM) 
images of the precursors heated at 200, 250 and 300 °C along the 
quasi-equilibrium synthetic pathway, respectively. The figure clearly 
illustrates that even the sample heated to only 200 °C adopted the 
layered NCM oxide structure, as verified by the nanobeam diffrac-
tion (NBD) patterns. While the inner particle contained unreacted 
TM(OH)2 precursor (Fig. 1f), the outer shell of the precursor had 
already transformed to the typical layered oxide structure (Fig. 1i),  
signifying that the lithiation process progresses from the outer 
to the inner part of the TM(OH)2 particles. At the slightly higher 
temperatures of 250 and 300 °C, all the NBD patterns correspond 
to the layered oxide phase over the entire region of the particle  
(Fig. 1g,h,j,k), which is consistent with the X-ray diffraction results.

To further understand the thermal behaviours of the precursors 
upon heating, we performed differential thermal analysis (DTA) 
and thermal gravimetric analysis (TGA), as shown in Fig. 1l. The 
pristine TM(OH)2 (top panel) undergoes exothermic events with a 
notable weight loss from approximately 220 °C to 350 °C, which is 
attributable to the decomposition reaction of the TM(OH)2 into the 
oxide44–46 and is consistent with our ex situ X-ray diffraction results 
in Supplementary Fig. 2. On the other hand, the DTA–TGA curves 
of the mixture with the LiOH feature a preceding thermal event near 
200 °C, as indicated by the arrow in Fig. 1l (bottom panel), before the 
decomposition of the TM(OH)2. This additional exothermic reac-
tion is attributed to the early synthetic lithiation into the TM(OH)2 
and supports the idea that the topotactic lithiation can be driven by 
LiOH at the relatively low temperature of ~200 °C. This process con-
trasts with the case of the precursor mixture with lithium carbonate 
(Li2CO3), another common lithium source for the synthesis of lay-
ered oxide. It was found that the thermal decomposition of the pris-
tine TM(OH)2 precedes and is followed by the lithiation reaction 
at approximately 400 °C (Extended Data Fig. 2 and Supplementary 
Fig. 3). The typical decomposition of the TM(OH)2 is accompanied 
by the loss of the hydroxide bond, inevitably involving substan-
tial atomic rearrangements into the rock-salt structure; however, 
this transition is compensated for in the presence of the LiOH by 
the subsequent site occupancy of lithium ions without consider-
able structural rebuilding. The onset temperatures of the lithiation 
(~200 °C) and thermal decomposition (~220 °C) of the TM(OH)2 
are remarkably similar, hinting at the critical role of the LiOH in 
triggering the early transition to the layered transition-metal oxide 
by lithiation. As nickel-rich layered oxides are highly vulnerable to 
structural disordering induced at high temperature, such as cation 
mixing, it is presumed that the early topotactic lithiation induced 
by the use of LiOH is highly beneficial for the structural develop-
ment of the layered oxide. This result rehighlights the preferred use 
of LiOH over Li2CO3 for the synthesis of nickel-rich layered oxides 
(Supplementary Note 1)5,47–49.
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Kinetic intermediates with phase and morphology heteroge-
neity. Based on the information of the near-equilibrium reaction 
pathways, we comparatively studied the effect of the kinetic limita-
tion in the conventional synthetic routes of nickel-rich NCM and 
its influence on the external defect formation. The comparative 
reaction kinetics were believed to be important in this case, espe-
cially because the onset temperatures of the synthetic lithiation 
and the thermal decomposition of the TM(OH)2 were close to each 
other, as shown in the previous section. The real-time monitoring 
of the reaction was thus performed by employing in situ environ-
mental heating TEM mimicking the realistic synthetic conditions 

of nickel-rich layered oxides. Figure 2a illustrates the scheme of a 
nanoreactor for the synthesis with controlled heating and oxygen 
environments. Figure 2b depicts the pristine state of the precursors, 
in which the needle-like agglomerates of TM(OH)2 are observable 
by the dark contrast. Upon heating the nanoreactor, a noticeable 
change was observed in the particle up to 300 °C, as presented in the 
time-series TEM images in Fig. 2c. Interestingly, a boundary begins 
to form inside the secondary particle from approximately 240 °C, 
resulting in a core–shell-like structure at 300 °C (Fig. 2d; real-time 
video in Supplementary Video 1). The formation of the core–
shell is further verified by the intensity analyses of TEM images 
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(Supplementary Note 2). Overall, the negative intensity of the par-
ticle in Fig. 2e decreases upon heating at the temperature range of 
interest, which corresponds to the weight loss as observed in the 

DTA–TGA analysis. However, the relative change in the intensity 
indicates the distinct behaviours in the core and shell regions of the 
particle (Fig. 2f). The shell region becomes denser due to the gain in 

170 °C

20 nm

500 nm

20 °C

200 °C 220 °C 240 °C 280 °C

2 µm

100 °C
g

500 °Ci

300 °Ch

b c

e f

(111)

(022)
(002)

(222)

NCM–O (Fm3m)

5 nm–110 nm

Fm3m

Z.A. [101]

k l m

R3m

(003)

(102)
(101)

(104)
(107)
(110)

Li–NCM–O2 (R3m)
pon

d 300 °C

15 20 25 30 35 40 45 50 55 60 65 70

Observed
Calculated
Difference

In
te

ns
ity

 (
a.

u.
)

2θ (°)

300 °C

R3m 
Fm3m 
LiOH
P3m1 

j

Z.A. [010]

Si3N4 membrane 

O2 atmosphere (1 bar)

Heater (6 °C min–1)

Electron beam
a

NCM(OH)2

LiOH

Focused ion beam precursors

Shell

Core

Temperature (°C)
–(

I –
 I 1

70
 °

C
) 

(a
.u

.)
240 260 280 300 320 350

–8
–6
–4
–2

0
2
4
6
8

Shell
Core

HighLow Intensity

 N
eg

at
iv

e
in

te
ns

ity
 (

a.
u.

)

150 170 190 210 240 260 280 300

–780
–770
–760
–750
–740
–730
–720
–710

Synthetic 
lithiation

Thermal
decom-
position

260 °C

500 nm

2 µm 2 µm

20 nm 5 nm–110 nm

Temperature (°C)

Fig. 2 | Heterogeneous phase evolution at low-temperature intermediate by kinetic competition. a, Graphical illustration of environmental heating of 
TEM chips. The detailed specifications of the nanoreactor and sample preparation are provided in Methods. b, TEM image of pristine precursor specimen. 
c, In situ TEM images during heating. d, TEM image of samples heated to 300 °C with core–shell boundary. The TEM images are colour-coded after 
image processing, the details of which are provided in Supplementary Note 2. e, Total negative intensity profile during heating. The negative intensity 
is proportional to the mass of the specimen. f, Averaged negative intensity change of the core and shell regions during heating. The inset presents a 
schematic of the analysis model. The negative intensity (I) changes are presented relatively for the core and shell regions with respect to the intensities at 
170 °C (I170 °C). g–i, Cross-sectional SEM images of samples annealed ex situ at 100 °C (g), 300 °C (h) and 500 °C (i). j, Refined X-ray diffraction patterns 
of 300 °C sample resolving heterogeneity in phase. The sample consists of the layered R3̄m (Li–TM–O2, green, 69.7%), Fm3̄m rock salt (TM–O, red, 19.5%)  
and P3̄m1 unreacted precursor (TM(OH)2, purple, 10.9%). k–m, TEM images (k,l) and selected-area electron diffraction pattern (m) of core region for 
300 °C sample. n–p, TEM images (n,o) and selected-area electron diffraction pattern (p) of shell region for 300 °C sample. The inset images in l and o are 
the fast Fourier transform pattern for the TEM image. The spots for k–p within the secondary particle are presented in the Supplementary Information.

NaturE CHEMIStrY | www.nature.com/naturechemistry

http://www.nature.com/naturechemistry


ArticlesNaTurE CHEMisTry

the relative mass starting from 240 °C, whereas the mass reduction 
is observed in the core region. Although the general mass reduction 
can be attributed to the dehydration in the whole particle, the rela-
tive decrease of the negative intensity observed in the core region 
presumably originates from the local decrease of particle density. 
Considering the similar onset temperatures of synthetic lithia-
tion and self-dehydration of the TM(OH)2, it is likely that access 
by an incoming lithium source to the core of the particle is kineti-
cally restricted. Then, the self-decomposition of the unreacted core 
accompanies the mass loss, resulting in the sparseness of the core 
region. These results imply that the core–shell formation is caused 
by the kinetic competition between two reactions depending on the 
local accessibility to lithium sources.

We conducted ex situ electron microscopy analysis of the NCM 
precursor mixtures to further verify the spatial reaction heterogene-
ity. Figure 2g–i presents the cross-sectional SEM images of mixtures 
quenched after annealing at 100, 300 and 500 °C. The sample at 100 °C 
in Fig. 2g retained the particle morphology of the pristine NCM pre-
cursor mixtures (Supplementary Fig. 4), indicating the absence of the 
major reaction. By contrast, after heating at 300 °C, the sample fea-
tured a noticeable radial heterogeneity in its compactness, with the 
core–shell morphology exposed in Fig. 2h and Supplementary Fig. 5, 
consistent with the in situ TEM observations. Furthermore, the X-ray 
diffraction refinement result of the 300 °C sample (Fig. 2j) shows 
the presence of multiple phases including a considerable amount of 
rock-salt phase, implying the simultaneous thermal decomposition 
of TM(OH)2 along with the synthetic lithiation.

Further spatially resolved TEM examination of local regions 
of the 300 °C sample shows that primary particles in the core dis-
play seriously damaged textures with rough surfaces and holes  
(Fig. 2k,l). By contrast, for those in the shell region, the initial 
precursor morphology was relatively well maintained without the 
noticeable microscopic defects (Fig. 2n,o). More importantly, the 
selected area electron diffraction of each region reveals that the core  

particles mainly consisted of the rock-salt phase (Fig. 2m), whereas 
the shell particles exhibited a layered structure (Fig. 2p). This obser-
vation evidently supports the proposed mechanism that the synthetic 
lithiation initiating from the interface leads to a layered-to-layered 
topotactic phase transition at the shell while the intrinsic thermal 
dehydration of the TM(OH)2 occurs in the core accompanied by 
the formation of the rock-salt phase. In the morphological point of 
view, the early synthetic lithiation templates the outer perimeter of 
the secondary particle, building a rigid and dense shell, and then 
the subsequent densification of the inner transition-metal com-
pound by self-dehydration with gas evolution results in the sparse-
ness of the core region. The coexistence of lithium-containing and 
lithium-free phases has been suggested in a recent in situ diffraction 
study40; however, we show that such coexistence originates from the 
biphasic core–shell structure in single particles. Moreover, electron 
microscopy analysis on the sample annealed at 500 °C (Fig. 2i and 
Extended Data Fig. 3) shows that the radial heterogeneity was alle-
viated to some extent in the aspect of both compactness and phase 
evolution at this temperature, indicating that the core–shell mor-
phology is an intermediate state temporarily captured during the 
heat treatment, whose implication will be further discussed later. 
These results imply that the synthetic reactions are kinetically gov-
erned by the lithium diffusion from the outer lithium sources.

Effect of reaction heterogeneity on the final structure. Inspired 
by the finding on the heterogeneous reaction pathway featuring 
the core–shell morphology, we further examined the morphologi-
cal evolution during the final high-temperature sintering process 
(Fig. 3a–c). The close inspection clarifies that the samples treated at 
higher temperatures still exhibit a trace of the heterogeneous com-
pactness across the radial direction. More noteworthy is that as the 
sintering temperature increases, the inhomogeneity in the compact-
ness is translationally displayed with the appearance of the inner 
void space near the centre of the secondary particle, which becomes 
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larger with higher temperature. We suppose that the densely 
packed shell region facilitates earlier particle sintering than does 
the coarsely packed core region. Therefore, during the sintering of 
the core particles, they tend to agglomerate towards the outer shell 
region for continuous growth, leaving intergranular voids in the 
secondary particles. This finding is consistent with previous obser-
vations of internal voids in typical nickel-rich layered oxides8,18–20.

The nanopore defects in the primary particles were also still 
observed, particularly in the core region of the secondary particles. 
The scanning transmission electron microscopy (STEM) images 
in Fig. 3d,e clearly depict the presence of the nanopore in the pri-
mary particles. Interestingly, the crystalline phase near the nanopore 
(Fig. 3f) was found to be primarily the lithium-deficient rock-salt 
(NCM-O) structure, in contrast to the rest of the areas, which con-
sisted of the layered structure, which is supported by the slightly 
more reduced oxidation state of the transition metals at the nanopore 
(Extended Data Fig. 4). The nanopores are distributed almost exclu-
sively within the inner part of the particle, suggesting that the nano-
pores originate from the thermal decomposition of the TM(OH)2 
precursors in the core. However, it is also possible that nanopores 
can be generated at the outer region of particle by localized thermal 
dehydration, if lithium access is heterogeneous or limited31.

Defect-regulated nickel-rich layered oxide and its properties. We 
supposed that the formation of intergranular voids and intragranu-
lar nanopores could be mitigated by maximally promoting topotac-
tic lithiation throughout the particle before thermal decomposition 

occurs. Accordingly, we revised the synthesis route by simply apply-
ing the additional holding period at the critical temperature of the 
lithiation (near 200 °C) as shown in Fig. 4a (herein, the NCM622 
obtained by the modified two-step synthetic route is referred to as 
TS-NCM). The validity of this strategy is also discussed in Extended 
Data Fig. 5 and Supplementary Note 3. By comparison, the refer-
ence NCM622 (R-NCM) was synthesized using the conventional 
heat-treatment route at 850 °C. Supplementary Fig. 6 confirms that 
both NCM oxides exhibited identical R-3̄m layered structures with 
similar structural parameters (Supplementary Tables 1 and 2). First, 
we attempted to compare the presence of intergranular void and 
intragranular nanopore formation through extensive TEM exami-
nations. Figure 4b shows that widespread intergranular voids make 
up a significant portion of the secondary particles in the R-NCM. 
Moreover, a number of intragranular nanopores can be seen in the 
core region of the particle (Fig. 4c and Supplementary Fig. 7). By 
contrast, we found that the TS-NCM resulted in more compact and 
dense secondary particles with less void space, as shown in Fig. 4d. 
Importantly, nanopores were also hardly found in the TS-NCM 
(Fig. 4e and Supplementary Fig. 7), demonstrating the effectiveness 
of tailored thermal synthesis in avoiding intrinsic structural defects 
by circumventing the self-decomposing rock-salt formation. The 
electrochemical properties were subsequently investigated by con-
structing lithium half-cells. Although they deliver similar discharge 
capacities of ~180 mAh g−1 at 0.1 C (C-rate, where C/n stands for 
charging or discharging a battery for n hours), the TS-NCM offered 
a higher initial Coulombic efficiency, as shown in the voltage  
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profiles for the first cycle (Fig. 4f). As shown in Fig. 4g, the TS-NCM 
was also capable of delivering a better capacity retention (83% after 
100 cycles at 0.5 C) than was the R-NCM (74%). The improved cycle 
stabilities of the TS-NCM were additionally observed at different 
cycling rates of 0.1 C and 1 C (Extended Data Fig. 6). It is thus dem-
onstrated that simply adding one low-temperature holding step in 
the synthesis of the TS-NCM electrode (without doping or coat-
ing) results in improved Coulombic efficiencies during the entire  
cycling duration.

Post-mortem electron microscopy analyses of the cycled elec-
trodes were performed to investigate the degradation behav-
iour of the electrodes. Figure 4h clearly shows that the R-NCM 
was mechanically deformed with crack formation involving the 
inherent void structures; however, the TS-NCM remained rela-
tively intact, preserving the original structural integrity (Fig. 4i). 
Microcracking generally involves the opening of a new surface of 
the particles, which is prone to parasitic reactions with the electro-
lyte and resultant surface reconstructions13,15,16,50,51. In particular, 
when microcracking occurs and connects with intergranular voids, 
the deterioration of the electrodes is accelerated due to the large 
open surface along the intergranular void space20. Severe side reac-
tions were revealed by high-resolution STEM examinations in the 
R-NCM, particularly for the core region near voids. A much thicker 
rock-salt reconstruction layer, ranging from 8 to 10 nm thick, was 
detected in the cycled R-NCM (Fig. 4j), whereas a relatively intact 

surface was maintained in the TS-NCM with a thinner rock-salt 
layer of up to 2 nm (Fig. 4k). As recent works have proposed that the 
bulk fatigue of nickel-rich cathodes is typically induced by the sur-
face reconstructions, the larger surface reconstruction layers gener-
ated along the void spaces in the R-NCM likely induce the faster 
capacity decay52.

Interestingly, new defect channels among the nanopores were 
observed in the core of the cycled R-NCM (red dotted lines in Fig. 4l),  
confirming the detrimental effect of intrinsic nanopores26,27,30,31. The 
observation on the defect clustering and propagation is complemen-
tary to the previous reports that the defect aggregation can also lead 
to the creation of additional nanopores as a result of electrochemi-
cal cycling30,31. We suspect that the propagation of defect channels 
from nanopores also contributed to the deactivation of the elec-
trodes, retarding the transport properties through the defects and 
nanopores. The electrochemical impedance spectroscopy results 
in Fig. 4m indicate that these electrode deformations after cycling 
eventually increase the impedance of the cells. Although both cells 
exhibited similar charge-transfer impedance (80 Ω) before cycling, 
the R-NCM showed a notable build-up of impedance, up to 150 Ω, 
which contrasts with the slight increase to 110 Ω of the TS-NCM 
after 100 cycles. These results obviously support the idea that 
strengthening the structural integrity from primary to secondary 
levels by controlling intrinsic structural defects during the synthesis 
is of essence to improve the cycle stability of the high-nickel-content 
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layered electrodes. Our study suggests that further room exists to 
optimize the synthesis protocol to improve the electrochemical 
property in combination with previously reported effective rem-
edies including coating53,54, doping55,56 and morphology controls57,58.

Proposed formation mechanism of nickel-rich layered oxides. 
We propose a mechanism for the interplay between the kinetics 
and thermodynamics on the morphological evolution of nickel-rich 
NCM during the solid-state synthesis, as illustrated in Fig. 5. In the 
synthesis of nickel-rich NCM with LiOH, the synthetic lithiation 
and the thermal decomposition of the TM(OH)2 could be driven 
consecutively at the low temperature. When the precursors follow 
a non-equilibrium pathway, the competitive reactions appear at 
radially distinct regions of the particle depending on the lithium 
accessibility, which leads to the core–shell templated intermedi-
ate microstructures. Although the reaction heterogeneities do 
not inhibit the overall layered structure development in the final 
product, it leaves intergranular voids and intragranular nanopores, 
resulting in deterioration of the microstructure integrity and conse-
quently of the electrochemical cycle stability. By contrast, the simple 
modification in the synthetic strategy, especially at low temperature, 
which allows the quasi-equilibrium pathway to dominate, promotes 
synthetic lithiation while suppressing the thermal dehydration 
of TM precursors. The even phase evolution over the secondary 
particle by the synthetic lithiation leads to uniformly integrated 
microstructure development with effective suppression of the inter-
granular voids and intragranular nanopores, aiding in the achieve-
ment of enhanced cycle stability of nickel-rich layered oxides.

Conclusion
We explored the real-time solid-state synthetic process of NCM622 
using multiscale in situ analysis. We revealed that the kinetic compe-
tition between the synthetic lithiation and intrinsic thermal decom-
position of the TM(OH)2 governs the solid-state reaction pathway 
of nickel-rich layered oxides over the secondary particles. Moreover, 
we found that thermal decomposition in the bulk leads to intrinsic 
microstructural defects, internal voids and intragranular nanopores, 
which are detrimental to the electrochemical stability of nickel-rich 
NCM electrodes. On the basis of the mechanistic understanding 
of the intertwinement between thermodynamics and kinetics, we 
proposed a quasi-equilibrium route for the synthesis of nickel-rich 
NCM to circumvent the self-thermal decomposition. Nickel-rich 
NCM synthesized using the modified two-step calcination strategy 
exhibited superior cycle stability, benefiting from the successful sup-
pression of the formation of internal voids and nanopores. This work 
provides insight into the material synthesis from the perspective of 
defect engineering based on the simple control of the intermediate 
phases and is thus expected to expedite the practical development of 
high-energy nickel-rich layered electrodes for lithium-ion batteries 
with improved performance and long-term stability.
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Methods
Materials. Powdery mixtures of the transition-metal hydroxide and lithium 
compounds were supplied by Samsung SDI. The mixture powders were heated 
following a given temperature profile with a ramping rate of 5 °C min−1 and then 
naturally cooled to room temperature with the oxygen gas flowing at 2 ml min−1. 
The final R-NCM materials were prepared by annealing at 850 °C for 12 h at 
a ramping rate of 5 °C min−1. We prepared TS-NCM materials by consecutive 
calcination at 250 °C for 6 h and 850 °C for 6 h.

Characterization. In situ heating X-ray diffraction measurements were conducted 
in the 2θ range of 10–70° with a step size of 0.013° and step time of 0.25 s using 
an X-ray diffractometer (Empyrean, Malvern Panalytical) equipped with Cu 
Kα radiation (wavelength λ = 1.540598 Å) at the Korea Atomic Energy Research 
Institute. In situ heating X-ray diffraction data were collected with oxygen flowing 
at 2 ml min−1 while heating the samples at a ramping rate of 5 °C min−1 and relaxing 
for 5 min before the measurements at each given temperature. Ex situ powder 
X-ray diffraction patterns were obtained in the 2θ range of 10–70° with a step size 
of 0.005° and step time of 3 s using an X-ray diffractometer (New D8 Advance, 
Bruker). High-resolution powder diffraction analysis was also performed for 
the prepared NCM powders at beamline 9B at the Pohang Light Source at the 
Pohang Accelerator Laboratory, Republic of Korea. The high-resolution powder 
diffraction pattern was recorded over the 2θ range of 10–130° with a step size of 
0.01°, step time of 3 s and wavelength of λ = 1.5226 Å. Rietveld refinements were 
performed using the FullProf program based on the diffraction patterns. We 
adopted a conventional structural model of (Li1–xNix)(LixNi0.6–xCo0.2Mn0.2)O2 (R-3̄m 
space group with Li–Ni intermixing) for Rietveld refinement of diffraction data of 
layered oxide materials31,52,59. Discussions on the validity of the refinement results 
and phase analysis model are provided in Supplementary Fig. 8. Thermal analyses 
were performed using a simultaneous DTA–TGA analyser (SDT, TA instruments).

Electron microscopy. In situ TEM experiments with gas-cell heating were 
performed using a commercially available holder and chips (DENSsolutions, 
Climate, Gas flow and heating system). The gas cell consisted of a bottom chip 
(30 nm Si3N4 membrane) and a top chip (50 nm Si3N4 membrane). The electrodes 
are patterned on the bottom chip near the window to generate a uniform heating 
environment inside the gas cell. For the clear visualization of the interfacial 
reaction, a two-dimensional lamella type of precursor sample was manufactured 
using a focused ion beam system, where the TM(OH)2 particle was surrounded 
by LiOH, as illustrated in Fig. 2a. The focused ion beam lamella was prepared 
from a pelletized mixture of NCM(OH)2 and LiOH with a molar ratio of 1:10 
and was carefully loaded on the bottom chip without breaking the membrane 
(Supplementary Fig. 9 and Supplementary Note 4). The oxygen atmosphere was 
creating by oxygen flow generating 1 bar pressure inside the cell. The synthesis 
was conducted at a ramping rate of 6 °C min−1 up to 850 °C. The in situ TEM 
experiment was performed on a JEOL JEM 2100F equipped with 2k (2,048) × 2k 
(2,048) Gatan UltraScan 1000 operated at 200 kV, installed at the Korea Institute 
of Materials Science. TEM images were acquired every 10 °C up to 500 °C using 
an ~4.8 e− Å−2 s−1 dose rate (e–, electron) with 0.2 s exposure time to avoid beam 
damage of LiOH, and a video was acquired after LiOH was decomposed at a dose 
rate of 7.344 e− Å−2 s−1. The defocus value was fixed during all the imaging. The 
TEM images provided in Fig. 2c are colour-coded using the colour table in ImageJ, 
each value from 0 to 255. All the focused ion beam samples were prepared using 
the Thermo Fischer Helios G4 installed at the Korea Basic Science Institute and 
the NOVA 200 installed at the National NanoFab Center. Cross-sectional SEM 
images were obtained using a FEI NOVA 200 after focused ion beam preparation. 
TEM images, selected area electron diffraction patterns, NBD patterns and 
high-angle annular dark-field STEM images were obtained on a JEOL JEM 
2100F equipped with 1k (1,024) × 1k (1,024) Gatan UltraScan 1000 operated at 
200 kV, installed at the Institute for Basic Science (Seoul National University). The 
high-resolution STEM images were obtained using a Cs-corrected JEOL ARM200F 
at 200 kV, installed at the National Center for Inter-university Research Facilities 
(Seoul National University), and a Cs-corrected Thermo Fischer Themis Z at 
300 kV, installed at the Research Institute of Advanced Materials (Seoul National 
University). STEM electron energy-loss spectroscopy data were collected with a 
dispersion of 0.25 eV per channel and a collection angle of 39.6 mrad using the 
Cs-corrected JEOL ARM200F operated at 200 kV.

Electrochemical measurements. The electrodes were fabricated by casting a  
slurry of active materials, carbon black (Super P) and polyvinylidene fluoride 
binder with a mass ratio of 8:1:1 dissolved in N-methyl-2-pyrrolidone (99.5%, 
Sigma-Aldrich) on aluminium foil. The cast electrode was dried in a 70 °C  
vacuum oven overnight to dry out the N-methyl-2-pyrrolidone solvent.  

The average loading mass of the electrode was ~2 mg cm−2. Coin-type cells 
(CR2032, Hohsen) were assembled by stacking a half-inch-diameter electrode, 
a slice of glass-fibre filter separator (grade GF/F filter, Whatman) and a lithium 
metal foil in an Ar-filled glove box. The separator was soaked with electrolyte 
consisting of a 1.0 M solution of LiPF6 in a mixture of ethyl carbonate and dimethyl 
carbonate (1:1 v/v). Galvanostatic charge/discharge testing was performed in 
the voltage range of 2.7–4.3 V at room temperature using a potentio-galvanostat 
(WBCS 3000, WonA Tech). Electrochemical impedance measurements were 
performed using a potentio-galvanostat (VSP-300, Bio-Logic Science Instruments) 
at room temperature in the frequency range of 200 kHz to 50 mHz.
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Extended Data Fig. 1 | Ex situ XrD pattern of the mixture of transition-metal hydroxide and lithium hydroxide with heating. The ex situ samples were 
collected at different temperatures following the heating profiles of the conventional synthesis of NCM622. Note that the TM(OH)2 is a CdI2-type layered 
structure in the P3̄m1 space group whose main Bragg reflection appears near 19.5°.
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Extended Data Fig. 2 | In situ XrD pattern of the mixture of transition-metal hydroxide and lithium carbonate. (a) In situ XRD pattern at given 
equilibrated temperature for calcinations of precursor for layered oxide. (b) Phase and structural evolution during the synthesis. The phase fraction of 
Li2CO3 might be overestimated at the certain temperature region near 250 °C because of the decrease in the overall crystallinity of mixed transition metal 
compounds that undergo the decomposition. Nevertheless, the phase analysis result clearly verifies the distinct synthetic mechanism with the usage of 
Li2CO3 by which thermal dehydration of NCM hydroxide precursor is preceded into the oxide phase, followed by synthetic reaction with Li2CO3 at a much 
higher temperature, resulting in slow formation of layered oxide structures.
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Extended Data Fig. 3 | Cross-sectional SEM and tEM images of transition-metal hydroxide mixture with lithium hydroxide heated ex situ at 500 °C. 
(a) Cross-sectional SEM image. TEM images and SAED pattern of primary particles at the (b) core and (c) shell region, as marked in (a). The radial 
heterogeneity was alleviated to some extent, which agrees with the results of the negative intensity difference at higher temperature (> 340 °C) in  
Fig. 2f. The SAED patterns on the sample also indicate that both the core and surface regions of the particle evolved to the lithium-containing layered 
oxide. This result suggests that the continuous inward supply of lithium through the interface could induce the full lithiation within the secondary particle 
at this temperature, although the path toward the layered structure formation differs for the shell and core regions.
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Extended Data Fig. 4 | EELS line scan results of nanopore in transition-metal hydroxide heated at 500 °C. (a) STEM image of nanopore within primary 
particle, (b) EELS Mn L-edge, Co L-edge, and Ni L-edge in corresponding area. The oxidation state of the transition metal in the nanopore was slightly more 
reduced, corresponding to the typical transition-metal states in the rock-salt phase.
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Extended Data Fig. 5 | tG analysis results for mixture of transition-metal hydroxide and lithium hydroxide. (a) TG curve with different holding 
times at 200 °C to 6 h with a heating rate of 5 °C min−1. (b) Column graph showing the percentage of weight loss from lithiation and dehydration 
of transition-metal hydroxide as a function of holding time. Each weight loss is derived from the value measured at 200–225 °C (before 225 °C) and 
225–300 °C (after 225 °C) for lithiation and dehydration, respectively. The temperature of 225 °C corresponds to the local minimum point between the 
two peaks in the TG curve. We set the maximum of the temperature range for thermal dehydration to 300 °C, beyond which negligible thermal activity 
is observed in the TG curve for the mixture of transition-metal hydroxide and lithium hydroxide. The inversely proportional relationship of the weight loss 
for the two events indicates that it is reasonable that as much synthetic lithiation as possible occurs. The amount of remaining transition-metal hydroxide 
precursor that can be thermally decomposed is reduced.
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Extended Data Fig. 6 | Electrochemical properties of NCM electrodes at different rates. (a) Capacity retention at 1 C. (b) Rate capability and capacity 
retention at 0.1 C.
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