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Abstract: Multilayer Ceramic Capacitors (MLCCs) are essential passive components in the electronics industry, known for their 

high capacitance due to the multilayer structure comprising inner electrodes and dielectric layers. Nickel electrodes are 

commonly used in MLCCs as the inner electrodes, and to prevent oxidation during the co-firing of the dielectric layers with 

nickel electrodes, reducing atmosphere is required. However, reducing atmosphere sintering can also induce a reduction of the 

dielectric, necessitating precise control of oxygen partial pressure. To explore the possibility of using oxide electrodes that do 

not require reducing atmosphere sintering, we analyze the electrical properties of nickel oxide (NiO) as a potential candidate. As 

a preliminary study on its use as an alternative inner electrode, the correlation between microstructure and electrical properties 

of bulk NiO under different sintering conditions was investigated to gain insights into the conduction mechanisms of the material. 
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With the rapid advancement of the electronics industry, 

passive components such as Multilayer Ceramic Capacitors 

(MLCCs) have gained equal importance alongside active 

components like semiconductors. MLCCs play a crucial role 

in stabilizing the current flowing into active components by 

providing immediate charge and discharge capabilities, 

making them essential components in electronic devices [1,2]. 

A single smartphone can contain approximately 2,000 pcs of 

MLCCs, highlighting their indispensability in electronic 

devices. MLCCs differ from disk ceramic capacitors in their 

multilayer structure, which allows for the parallel connection 

of multiple dielectric layers, enabling high capacitance within 

a single component. To facilitate this parallel structure, 

MLCCs require inner electrodes, as shown in Fig. 1. While 

silver (Ag) and palladium (Pd) were commonly used as inner 

electrodes in the past, nickel (Ni) is now widely employed due 

to considerations of cost and mass production feasibility [3]. 

Using Ni is a highly efficient way to reduce manufacturing 

costs because the cost of internal electrodes has increased in 

proportion to the overall cost due to the decrease in the size of 

MLCC.  

MLCCs are fabricated by various procedures such as 

making a ceramic slurry, tape casting, screen printing the inner 

electrode, stacking and lamination, dicing, sintering the green 

body, and external electrodes dipping and firing [1]. To utilize 

nickel as the inner electrode, the atmosphere during sintering 

should be strictly controlled because nickel can be easily 

oxidized in the air. In order to prevent oxidation of the nickel 

electrode, sintering should be carried out in a reducing 

atmosphere [3,4]. However, reducing atmosphere sintering 

may also induce a reduction of the ceramic dielectric, leading 
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to the formation of oxygen vacancies within the dielectric 

ceramic material. These oxygen vacancies can negatively 

impact the performance and reliability of the MLCC [5,6]. 

Thus, it is crucial to prevent the formation of oxygen vacancies 

by either a reoxidation process or by precisely controlling the 

oxygen partial pressure. In this wise, there is the predicament 

of preventing both the reduction of the dielectric and the 

oxidation of the nickel electrodes during the co-firing of them.  

Considering these challenges, some propose that even if 

nickel oxidizes and forms nickel oxide (NiO), it could still 

function as an electrode, thereby potentially resolving this 

issue. To develop NiO as an oxide electrode with enhanced 

conductivity, it is crucial to analyze the conductivity variations 

and identify the factors that contribute to increased 

conductivity in NiO. Therefore, we performed an analysis of 

the conductivity changes and conduction mechanisms in bulk 

NiO under different sintering conditions as a preliminary 

investigation. In this paper, we analyze the correlation 

between microstructure and electrical properties to provide 

insights into the conduction mechanisms of the material. 

The disk shape of bulk NiO was formed using NiO raw 

powder (99%, Alpha Aesar). The powder was mixed with 5 

wt% of polyvinyl alcohol (PVA) binder to maintain the 

bonding between particles forming a disk shape. The resulting 

powder was sieved to under 150 μm particle size and pressed 

into 10 mm of green ceramic pellets using a die press. The 

green ceramic pellets were sintered from 1,100℃ to 1,300℃ 

(NiO-T: T = 1,100, 1,200, 1,300; sintering temperature) for 2 

hours in the air after having a binder burnout process at 650℃ 

for 2 hours.  

The purity and crystal structure analysis of the bulk NiO 

sintered at different temperatures were examined by using X-

ray diffraction (XRD) using an X-ray diffractometer (D8 

ADVANCE, Bruker AXS, Billerica, Massachusetts, USA) 

with Cu-Kα radiation as shown in Fig. 2. The absence of 

impurity peaks in all samples indicates the high purity of the 

nickel oxide. The NiO has rock-salt symmetry (space group 

Fm��m) given that it has (111), (200), (220), (311), and (222) 

crystal planes, which is in accordance with that of reference 

spectrum (JCPDS No.01-071-1179). Given that there is no 

visible shift in the position of the magnified (200) peak for 

each sample at different sintering temperatures, it can be 

concluded that there are no significant changes in lattice 

parameter expansion as the sintering temperature increases. 

According to Bragg’s law (nλ = 2dsinθ) and d = a/(h2 + k2 + 

l2)1/2, the lattice parameter of NiO at each sintering temperature 

is the same at 4.177 Å. 

The microstructure analysis was carried out using scanning 

electron microscopy (SEM, Quanta 200 FEG, FEI Company, 

Hillsboro, USA) provided with a backscattered electron (BSE) 

detector. The BSE (backscattered electron) images of the 

fracture surfaces of bulk NiO reveal a tendency to increase 

grain size with increasing sintering temperature (Fig. 3). 

Under the same sintering time of 2 hours, samples sintered at 

1,100℃ exhibited an average grain size of 0.9 μm, while those 

sintered at 1,200℃ and 1,300℃ showed average grain sizes of 

1.6 μm and 2.6 μm, respectively, demonstrating a linear 

increase in grain size with sintering temperature. Although 

grain size varied with sintering temperature, the density 

remained nearly constant at 6.72~6.75 g/cm3, indicating that 

densification does not always accompany grain growth [7]. 

The calculated theoretical density of NiO based on the lattice 

parameters obtained from XRD is 6.80 g/cm3, and the relative 

densities of NiO-1,100, 1,200, and 1,300 are 99.2%, 98.7%, 

 

Fig. 2. X-ray diffraction data of NiO according to different sintering 

temperatures. 

 

Fig. 1. Schematic of the MLCC structure in the view of a cross-

section. 
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and 98.7%, respectively. This result indicates that sufficient 

densification has occurred at every sintering temperature, 

confirming the successful compaction of the NiO.  

By analyzing the crystal structure and microstructure, it was 

observed that the sintering temperature has an influence on the 

grain size of NiO. To investigate the changes in electrical 

properties corresponding to these microstructural variations, 

DC conductivity measurements were performed using a 

resistance meter (RM-3541, HIOKI, Japan) at room 

temperature. According to Fig. 4, the conductivity of NiO 

decreases with increasing sintering temperature, indicating 

that samples with smaller grain sizes exhibit higher 

conductivity compared to those with larger grain sizes.  

In general, in polycrystalline oxides, grain boundaries have 

higher resistance than grains, leading to insulating behavior 

and acting as barriers to conductivity [8-10]. Consequently, 

when the grain size decreases and the proportion of grain 

boundaries increases, the local resistance increases, resulting 

in decreased conductivity [11]. However, in contrast to this 

general trend, the association between grain size and 

conductivity in NiO observed in this study shows that grain 

boundaries do not act as hindrances to conductivity but rather 

enhance it. This unconventional behavior suggests the need to 

focus on the conductivity mechanism of NiO. NiO is a p-type 

semiconductor, which means positive holes serve as the charge 

carriers [12,13]. This occurs due to the formation of positive 

charges, such as holes (h
•

) or localized holes either on oxygen 

( ��

•  , O
–

) or on nickel atoms ( ����

•  , Ni3+), for charge 

compensating the negatively charged intrinsic acceptors (���

��  

and ��

�� ) caused by the imperfect stoichiometry of NiO 

[14,15]. The charge neutrality condition in NiO can be written 

as 

����

�� 	 
 ���

��	 → ��
•	 
 �����

• 	 
 ���

• 	  (1) 

These holes accumulate at grain boundaries, which can then 

become conductive channels. This observation is supported by 

previous studies utilizing scanning transmission electron 

 

Fig. 4. DC conductivity of NiO-1,100, 1,200, and 1,300. 

 

Fig. 3. Backscattered secondary electron (BSE) images of fractured surfaces of (a) NiO-1,100, (b) NiO-1,200, (c) NiO-1,300, and (d) density 

and grain size of NiO according to the sintering temperatures.  
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microscopy coupled with electron energy loss spectroscopy 

(STEM-EELS), which confirmed the enrichment of oxygen 

holes (��

•  ) at NiO grain boundaries [16]. Through these 

findings, the correlation between microstructure and electrical 

properties was analyzed, providing insights into the factors 

influencing conductivity and the underlying conductivity 

mechanism of the material. In future research, additional 

analysis such as X-ray photoelectron spectroscopy (XPS) will 

be conducted to quantitatively measure the ratio of Ni3+ to Ni2+ 

in NiO and determine the concentration of conductivity 

carriers. 

In conclusion, to address the issues that can arise during the 

simultaneous sintering process of nickel electrodes and 

dielectric layers in MLCCs, this study analyzed the 

conductivity variation of NiO based on its sintering conditions 

as a precursor investigation for replacing the nickel internal 

electrodes with oxide electrodes. The correlation analysis 

between microstructural changes and electrical properties with 

respect to the sintering temperature revealed a different trend 

in NiO compared to conventional polycrystalline oxides. 

Contrary to expectations, samples with smaller grain sizes 

exhibited higher conductivity in NiO, indicating a distinctive 

role of grain boundaries in conductivity. Specifically, NiO, as 

a p-type semiconductor, accumulated positively charged 

particles, such as holes, at the grain boundaries, which then 

acted as conductive channels. Consequently, samples with 

smaller grain sizes (with more extensive grain boundary areas) 

demonstrated higher conductivity. Based on these findings, 

further investigations will be conducted to enhance the 

conductivity of NiO by increasing hole carriers under different 

sintering atmosphere. Further investigation is proceeding to 

develop highly conductive NiO as an oxide electrode material. 
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