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Abstract Nickel has excellent oxidation resistance and high thermal stability, making it a promising candidate for use as a
saggar material. Additionally, as it has a composition similar to that of nickel–cobalt–manganese (NCM), it exhibits low
reactivity with cathode active materials. Thus, this study proposes metallic nickel as a saggar material for the synthesis of
NCM [Li(NixCoyMnz)O2] cathode active materials. A long-term reaction test was conducted at 900

o
C between a nickel

crucible and an LiNi0.8Co0.1Mn0.1O2 precursor to evaluate the effectiveness of the proposed strategy. The results show that
an (NiOx) reaction layer was formed on the surface of the nickel crucible due to oxygen diffusion from the cathode
precursor oxide and its reaction with atmospheric oxygen. This NiO layer also contributed to an increase in surface
hardness. As the heat-treatment time increased, the thickness of the reaction layer gradually increased, exceeding 156 m,
and after 480 h, the erosion depth of the crucible was 2~3 times greater when the precursor contained Li compared to
when it did not. Nevertheless, the nickel crucible maintained its shape even after continuous reaction with Li-containing
NCM precursors for more than 20 d, confirming its suitability for use as a saggar in NCM synthesis.
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1. Introduction

Lithium-ion batteries (LIBs) have been established as

the primary power source for eco-friendly vehicles due

to their high energy density and efficient energy storage

and discharge performance [1,2]. Over the past decade,

the market share of LIBs in the hybrid and electric vehi-

cle (EV) sector has steadily increased, with reports indi-

cating an expansion of over 20 %. In particular, market

demand is rapidly increasing as lithium-ion secondary

batteries, which provide high energy density and high

voltage, have become practical for large-scale applica-

tions [3-6]. Accordingly, many countries are actively

developing next-generation secondary batteries that offer

high stability and improved energy storage capacity.

Nickel-cobalt-manganese (NCM) materials, one of the

cathode active materials in LIBs, are composed of metal

oxide complexes, including lithium, nickel, cobalt, and

manganese. These materials have evolved from the lay-

ered structure of LiCoO2, which was developed in the

1980s. Recent research focuses on increasing the nickel

content to enhance the specific capacitance of NCM

materials, while reducing the cobalt content to lower

costs and improve sustainability. Accordingly, the nickel-

rich composition of LiNi0.8Mn0.1Co0.1O2 (NCM811) is

gaining significant attention and is being researched as a

key material for high-capacity and high-power batteries

[6,7].

The saggar used in the manufacturing of NCM mate-

rials is generally composed of cordierite (2MgO·2Al2O3·

5SiO2), which has a low thermal expansion coefficient,

high thermal shock resistance, and creep resistance.

However, during the firing process, the formation of

Li2O induces cracks in the saggar, significantly reduc-

ing its lifespan, particularly in high-temperature environ-

ments above 900
o
C [8]. Additionally, ceramic-based

saggars are typically used fewer than 20 times, and in

many cases, they are used even less frequently. Further-

more, reactions with cathode active materials lead to the

incorporation of impurities, which considerably degrade

product quality [9-14]. In particular, environmental pol-

lution both inside and outside manufacturing plants due

to discarded saggars has become a significant concern.

Nickel has a high melting point (1,453
o
C) and excel-

lent oxidation resistance [15]. Therefore, a Ni crucible is

expected to minimize quality degradation caused by

contamination, as its composition is identical to that of
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Ni, the primary component of NCM-based cathode active

materials. In a previous study, Ni0.80Co0.10Mn0.10(OH)2,

which exclude Li, was used to analyze erosion depth

and diffusion rate, and preliminary tests were con-

ducted to assess the feasibility of using Ni crucibles as

saggars [16].

The present study evaluates the reaction stability

between the NCM 811 precursor and the Ni crucible.

By comparing and analyzing the diffusion reaction rate

and growth behavior of NiOx at the interface between

Li-containing NCM and the Ni crucible with findings

from previous studies, the lifespan of the Ni crucible

was predicted, and its applicability as a saggar was

examined.

2. Experimental

2.1. Materials

The starting materials used were Ni0.8Co0.1Mn0.1 (OH)2

and LiOH·H₂O (98.0 %, Sigma-Aldrich). To com-

pensate for lithium loss during the synthesis process,

Ni0.8Co0.1Mn0.1(OH)2 and LiOH·H2O were mixed in a

molecular ratio of 1:1.05. NCM 811 was mixed for 10

min using a resonance mixer (Lab RAM, RESODYN,

USA).

A nickel metallic crucible (99.0 wt.% purity) with an

outer diameter of 37 mm, a height of 39 mm, a thick-

ness of 0.78 mm, and a capacity of 30 mL was pre-

pared. One of these saggars was not heat-treated and

was used as the control.

As the precursor for the erosion reactivity analysis of

the bottom surface of the Ni metallic crucible, 6 mL of

NCM811 was introduced into the crucible. Subsequently,

the Ni metallic crucibles containing the cathode precur-

sor oxide were subjected to heat treatment in a furnace

under atmospheric pressure, with each crucible sub-

jected to different heat-treatment conditions, as speci-

fied in Table 1.

2.2. Microstructure analysis

Field emission scanning electron microscopy (FE-

SEM, JSM-7500F, JEOL, Japan) was used to identify

the compounds formed by the diffusion reaction at the

interface and to measure the thickness of the reaction

layer. To analyze the composition and distribution of the

compounds formed by the interfacial reaction, mapping

analysis was performed via energy-dispersive X-ray

spectroscopy (EDS, Ultim-Max 170, Oxford, UK) com-

bined with FE-SEM.

2.3. XRD

X-ray diffraction (XRD) analysis was performed using a

diffractometer equipped with a Cu target (D8 ADVANCE,

Bruker, Germany). The measurements were conducted

under conditions of 40 kV and 40 mA, with scans car-

ried out over a 2 range of 10
o
~80

o
 at a step size of

0.01
o
 and a scanning speed of approximately 4

o
/min.

The samples were measured in bulk form.

2.4. Vickers hardness

The microhardness of the Ni crucibles was measured

using a micro-Vickers hardness tester (MVK-E, Akashi,

Japan). The measurements were conducted under a load

of 100 gf (0.98 N) with a dwell time of 10 seconds. For

each sample, at least five indentations were made on the

polished cross-sectional surface, and the average value

was taken to ensure reproducibility. All measurements

were performed at room temperature under ambient

conditions.

3. Results and Discussion

Figure 2 presents the EDS mapping analysis results ofFig. 1. Schematic of the nickel crucible used in the study [16].

Table 1
Heat-treatment temperature and time conditions for Ni crucibles

Specimen number Time (h) Temperature (
o
C)

#a 12

900
#b 24

#c 72

#d 480
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the internal surface reaction layer of the Ni metallic cru-

cible heat-treated at 900
o
C for 480 h. The new phase

formed on the surface was identified as nickel oxide.

Additionally, a clear difference in oxygen concentration

was observed between the surface reaction layer and the

internal crucible layer of the Ni metallic crucible, while

the oxygen concentration gradient in the surface reac-

tion layer was not distinct. These results exhibited a

similar trend to the observations in Study I [16].

Figure 3 shows the XRD patterns of the pristine Ni

crucible and the Ni crucible heat-treated with NCM811

at 900
o
C for 480 h. While the pristine Ni crucible exhib-

ited distinct diffraction peaks corresponding to metallic

Ni, those peaks disappeared after heat treatment, and

only peaks associated with NiO were observed. This

result is consistent with the formation of NiO as con-

firmed by EDS analysis.

Figure 4 and 5 show the Vickers hardness indenta-

tions and hardness (HV) measurements of Ni crucibles

in their original state and Ni crucibles heat-treated at

900
o
C for different periods of time, respectively. The

specimen in Fig. 4(e) was difficult to measure due to

the coarse grain structure formed on the surface.

The Vickers hardness of the crucible heat-treated for

24 hours increased by approximately 3.5 times com-

pared to the pure Ni crucible before heat treatment,

Fig. 2. FE-SEM-EDS images of the damaged saggar after heat treatment for 480 h at 900
o
C.

Fig. 3. XRD Patterns of (a) pristine Ni Crucible and (b) Ni 
Crucible Heat-Treated with NCM811 at 900

o
C for 480 h.
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which is judged to be due to the NiO oxide layer formed

on the surface greatly improving the hardness. This is

similar to the findings reported by Fasaki et al. in their

study on NiO thin films, where an increase in substrate

temperature led to larger grain sizes and reduced sur-

face roughness, resulting in a tendency for hardness

(approximately 418~989 HV) and elastic modulus (101~

161 GPa) to increase [17].

On the other hand, although the hardness decreased

slightly when the heat treatment time exceeded 48

hours, it still maintained a higher level than that of pure

Ni crucibles. Therefore, although Ni crucibles exhibit

increased brittleness after prolonged and repeated use at

high temperatures, they still show potential for stable

reuse in such conditions.

To analyze the reactivity based on the contact between

Fig. 4. Optical microscope images of Vickers indentations on Ni crucibles: (a) pristine Ni crucible, and Ni crucibles reacted with 
NCM811 at 900

o
C for (b) 24 h, (c) 48 h, (d) 72 h, and (e) 480 h.

Fig. 5. Vickers hardness (Hᵥ) of pristine Ni crucible and Ni cru-
cibles heat-treated with NCM811 at 900

o
C for various durations.
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the Ni metallic crucible and the anode precursor oxide,

specimens were collected from the same position, as

shown in Fig. 1. Figure 6 presents the changes in the

thickness of the surface reaction layer depending on

whether there was contact with the anode precursor

Fig. 6. Cross-sectional microstructure images of nickel crucible at (a) 480 h with NCM 811, (b) 480 h without NCM 811 [16].

Fig. 7. Cross-sectional microstructure images of the nickel crucible reaction layer with retention times of (a) 12 h, (b) 24 h, (c) 72 h, 
and (d) 480 h. The magnification for images (a)~(c) is ×1200, and for image (d) is ×500.

oxide after 480 h of heat treatment. As shown in Fig. 6,

even in specimens that did not come into contact with

the anode precursor oxide, the thickness of the reaction

layer tended to increase over time. This suggests that

the reaction layer on the surface of the Ni metallic cru-
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cible was formed not only by oxygen diffused from the

anode precursor oxide but also by oxygen from the

high-temperature atmosphere. The thickness of the reac-

tion layer on the specimen in contact with the anode

precursor oxide was measured to be approximately 1.57

times greater than that of the specimen not in contact.

Figure 7 presents the changes in the surface reaction

layer of the Ni crucible, as observed using FE-SEM,

after heat treatment at 900
o
C for 12 to 480 h. Observa-

tion of the surface reaction layer revealed a dual micro-

structure in the oxide layer formed through reaction

with the oxygen-rich cathode precursor material. This

structure consists of a rough and irregular outer region

and a relatively fine and porous inner region.

According to Unutulmazsoy and Haugsrud, when Ni

is oxidized at 700
o
C, fine particle forms of oxide are

formed at the oxide-metal and the oxide-gas interfaces,

while the intermediate layer takes on a coarser colum-

nar form. Additionally, when the oxidation temperature

increases to 900
o
C, the rough pillar-shaped particles in

the intermediate layer grow, forming a dual microstruc-

ture with a rough exterior and a fine porous interior

[18,19]. 

Table 2 and Fig. 8 compare the depth of the reaction layer

formed by Ni0.80Co0.10Mn0.10(OH)2 and LiNi0.8Co0.1Mn0.1O2

(with added Li), as observed in Study I, when they

reacted with the Ni crucible. The results indicate that

the reaction layer depth of LiNi0.8Co0.1Mn0.1O2 was

approximately 1.6 to 3 times greater than that of

Ni0.80Co0.10Mn0.10(OH)2. This suggests that the synthesis

reaction of NCM with the Ni crucible proceeds more

rapidly when Li is added. Both cases had an R-sq(mod)

value exceeding 99 %, indicating reliable regression

analysis results. In other words, during the NCM syn-

thesis process, Li may have acted as a catalyst in the

reaction with Ni, accelerating the growth of the reac-

tion layer.

According to the linear regression analysis presented

in Fig. 8, the reaction layer formation rate (slope) was

higher in the Li-containing sample (Study II) compared

to the Li-free sample (Study I). Upon differentiation,

Study I yields f′(t) =  t
1/2

, and Study II yields

f′(t) =  t
1/2

. As t  ∞, the slope approaches

zero. This suggests that the growth rate of the reaction

layer gradually decreases over time and may ultimately

approach a saturation state.

This behavior is consistent with the parabolic rate law

4.939

2
------------- 

7.052

2
------------- 

Table 2
Comparison of the depth of the nickel crucible reaction layer according to retention time [16]

Time (h)
Reaction layer @bottom (m)

Ni0.8Co0.1Mn0.1(OH)2 (Study Ⅰ) LiNi0.8Co0.1Mn0.1O2 (Study Ⅱ)

12 9.0 27.3

24 15.0 36.1

72 27.0 54.0

480 99.0 156.0

Fig. 8. Comparison of the depth of the nickel crucible reaction 
layer for studies I and II according to the retention time [16].
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X
2
 = Kp·t, which applies when the oxidation process is

diffusion-controlled. According to this law, the oxide

layer thickness X increases in proportion to the square

root of time t. Differentiating with respect to time yields

the instantaneous growth rate as (dX/dt) = (Kp/2X). This

indicates that as the oxide layer becomes thicker, the

diffusion distance increases, and consequently, the growth

rate gradually decreases [18].

Based on these results, the experimentally derived

regression equation can be used to estimate the

expected service life of the crucible. If the reaction

layer reaches thicknesses of 200 m, 400 m, and

780 m, the corresponding usable durations are pre-

dicted to be approximately 33.5 days, 134.0 days, and

509.7 days, respectively.

Cho et al. measured the thickness of the metal thin

film and applied the formula [(reaction layer thickness)
2
/

reaction time] to obtain the penetration constant [20].

In this study, as shown in Table 3, the NiOₓ pene-

tration constants of the LiNi0.8Co0.1Mn0.1O2 and

Ni0.8Co0.1Mn0.1(OH)2 precursors were compared based on

their reaction with the Ni crucible. The penetration con-

stant of LiNi0.8Co0.1Mn0.1O2 was found to be approximately

2.5~9.2 times higher than that of Ni0.8Co0.1Mn0.1(OH)2. This

is because LiNi0.8Co0.1Mn0.1O2 is known to generate

highly permeable Li2O during the sintering process,

forming compounds containing Li2O and inducing crack-

ing [8]. However, as Li cannot be detected using the

EDS analysis employed in this study, further research is

needed to understand the diffusion-related mechanisms.

According to the findings thus far, conventional cord-

ierite-based saggar is limited to approximately 10 uses

and contributes to environmental pollution upon dis-

posal. In contrast, the Ni crucible has been confirmed to

be reusable for more than 480 h (approximately 20 d),

demonstrating its high potential as a saggar material.

Additionally, Ni crucibles used for extended periods can

be recycled through reduction smelting, making them

advantageous from an environmental perspective. Con-

sidering these characteristics, the Ni crucible is expected

to be an effective alternative that meets the require-

ments for long-term durability and environmental sus-

tainability in the NCM synthesis process.

As a follow-up study, a comparative analysis will be

conducted between Ni crucibles and ceramic crucibles

over time using NCM [Li(NixCoyMnz)O₂] cathode active

materials. The composition of the precursors synthe-

sized in each type of crucible will be compared, and

batteries will be fabricated to evaluate the differences in

their performance.

4. Conclusions

In this study, a nickel metallic crucible and

LiNi0.8Co0.1Mn0.1O2 (NCM 811) precursor were reacted

for an extended period, and the changes in the crucible

surface reaction layer over time were analyzed. As a

result of the heat treatment at 900
o
C for 12 h to 480 h,

the NiOₓ/Ni diffusion interface structure exhibited con-

tinuous growth over time, and the formation of NiOₓ

was confirmed through FE-SEM-EDS analysis. Addi-

tionally, the analysis of the internal oxide content of Ni

confirmed that the diffusion reaction at the interface

progressively increased.

For Li-doped NCM 811, the thickness of the surface

reaction layer increased by approximately 2~3 times

compared to Study I. Additionally, the infiltration rate

was found to be 2.5~9.2 times higher. Moreover, the

surface hardness increased as a result of NiO layer for-

mation. Nevertheless, after 480 h of heat treatment, the

depth of the reaction layer remained only about one-

fifth of the thickness of the Ni crucible. Based on these

results, the Ni metal saggar can be used for more than

480 hours (20 days) in the synthesis process of NCM

cathode active materials, confirming that it is a material

with long-term durability.
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Table 3
Variation of penetration constant of NiOx with time [16]

Time (h)
Penetration constant (m

2
/h)

Ni0.8Co0.1Mn0.1(OH)2 (Study Ⅰ) LiNi0.8Co0.1Mn0.1O2 (Study Ⅱ)

12 6.75 62.11

24 9.38 54.30

72 10.13 40.50

480 20.42 50.70
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