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A B S T R A C T   

An extremely reduced loss tangent while retaining ultrahigh dielectric permittivity can be suc-
cessfully obtained in La1.9Sr0.1NiO4 ceramics by doping with Mg2+ ions. A single phase of 
La1.9Sr0.1NiO4 was detected in all the sintered ceramics, while the lattice parameters increased 
with increasing doping concentration, indicating that Mg2+ ions can enter the Ni2+ sites. A highly 
dense microstructure is achieved. Microstructural analysis revealed that Mg2+ ions disperse well 
in the microstructure of La1.9Sr0.1NiO4 ceramics. Interestingly, ultra–high dielectric permittivity 
of approximately 8.11 × 105 at 1 kHz is achieved in the La1.9Sr0.1Ni0.6Mg0.4O4 ceramic, while the 
loss tangent is significantly reduced by two orders of magnitude compared to the undoped 
La1.9Sr0.1NiO4 ceramic. The DC conductivity significantly decreased by three orders of magni-
tude. The giant dielectric responses are described by Maxwell–Wagner polarization and small 
polaron hopping mechanisms. Thus, the significant reduction in the loss tangent can be attributed 
to the significantly enhanced resistance of the grain boundaries.   

1. Introduction 

Giant dielectric permittivity materials such as CaCu3Ti4O12 (CCTO) and isostructural ACu3Ti4O12-oxides [1–10], CuO [11], 
co-doped NiO-based oxides [12,13], AFe1/2B1/2O3 (A = Ca, Sr, Ba; B = Sb, Ta, Nb) [14], co-doped TiO2-based oxides [15–22], 
co-doped SrTiO3-based oxides [23], and Ln2-xSrxNiO4 (Ln = La, Nd, and Sm) (LnSNO) ceramics [24–30], have been widely investigated 
in recent years. These giant dielectric materials (or colossal-permittivity materials) can exhibit extreme values of dielectric permittivity 
(ε′) of approximately 104–106 compared to those of ferroelectric materials (e.g., BaTiO3-based oxides), which are currently used in 
multilayer ceramic capacitors (MLCCs). In addition to MLCCs, these newly discovered giant dielectric materials have high potential for 
use in high-energy-density storage devices when some important material parameters can be improved [31]. 

LnSNO is a promising giant dielectric oxide. LnSNO ceramics exhibited extremely large ε′ ≈ 105–106 in the radio frequency range, 
while a high ε′ ≈ 104 was retained in the GHz region [25]. By considering the aspects of materials science coupled with resource 
strategies and resource management, LnSNO has been judged to be potentially critical in the future compared to CCTO and BaTiO3 
ceramics [32]. Unfortunately, the great questions on which practical applications of LnSNO ceramics can be developed remain. First, 
the low–frequency loss tangent of all LnSNO ceramics is generally very large (tanδ ≈ 102–103) among all giant dielectric–permittivity 
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materials [25–28,33]. Second, besides the N2− annealed Nd2NiO4+δ ceramic [34], ε′ the values in all frequency ranges were strongly 
dependent on temperature, especially in the high-temperature range [35–38]. 

The giant dielectric response (GDR) in LnSNO has been explained to be the extrinsic or intrinsic effect, that is, the sample–electrode 
effect [39] or small polaronic hopping mechanism [25,33,38,40]. Most recently, we have clearly shown that the GDR in La1.7Sr0.3NiO4 
results from a combination of the non-Ohmic contact between the sample− electrode interface and small polaronic hopping effects 
[24]. The GDRs resulting from these two effects are usually accompanied by a large DC conductivity, and hence, the tanδ value [41]. 
We have experimentally demonstrated that the dominant electrode effect in La1.7Sr0.3NiO4 ceramics can be significantly reduced (or 
perhaps concealed) by enhancing the grain boundary resistance, which can be achieved by doping with Mg2+ ions with Ni2+ sites [24]. 
This experimental result was consistent with the theoretical prediction proposed by Li et al. [42]. As a result, the DC conductivity and 
tanδ of the La1.7Sr0.3NiO4 ceramics decreased significantly. Furthermore, a significantly reduced tanδ with excellent temperature 
stability of ε′ (at 1 MHz) in the temperature range of 250–450 K was obtained in La1.5Sr0.5NiO4 (LSNO)–xSiO2 composites, which was 
attributed to the formation of insulating grain boundaries [28]. Thus, it is reasonable to expect that the greatly enhanced resistance of 
the grain boundary can improve the dielectric properties of giant dielectric oxides [6,15,24,43–45]. Unfortunately, in both cases, the 
DC conductivities and related tanδ values for the La1.5Sr0.5NiO4–0.8SiO2 and Mg2+− doped La1.7Sr0.3NiO4 ceramics were still too large. 
This may be due to the large number of Sr2+ ions, which can induce Ni2+ to Ni3+ ions due to charge compensation. The polaronic 
concentration is directly dependent on the Sr2+ content. 

Therefore, the aim of this work is to provide a new route to simultaneously reduce the low-frequency tanδ value of La1.9Sr0.1NiO4 
ceramics and improve the temperature stability ε′ without any significant effect on very large ε′ values (≈8.1 × 105 at 1 kHz). 
Enhancement of the insulating grain boundary resistivity is the primary cause of the decrease in tanδ of La1.9Sr0.1NiO4 ceramics by 
doping with Mg2+ ions. A new strategy for the improvement of the temperature dependence of ε′ is also proposed by means of an 
enlarged polaronic size by reducing the Sr2+ content (x = 0.1 for La2-xSrxNiO4) to shorten the long–range motion of free charge carriers 
(holes) and/or confining them inside an individual grain. 

2. Experimental details 

La1.9Sr0.1Ni1-xMgxO4 (x = 0, 0.3, 0.4, and 0.5) materials were prepared using a chemical combustion route and sintered at 1375 ◦C 
for 6 h in air. The details of the chemical combustion method for preparing La1.9Sr0.1Ni1-xMgxO4 materials are provided elsewhere [24, 
29]. The sintered La19Sr01NiO4, La19Sr01Ni0.7Mg0.3O4, La19Sr01Ni0.6Mg0.4O4, and La19Sr01Ni0.5Mg0.5O4 were abbreviated as the LSNO, 
LSNO_Mg03, LSNO_Mg04, and LSNO_Mg05 ceramics, respectively. 

Fig. 1. (a) XRD patterns of (1) LSNO, (2) LSNO_Mg03, (3) LSNO_Mg04, and (4) LSNO_Mg05. (b) Lattice parameters (a and c) of all the sin-
tered ceramics. 
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The prepared ceramic samples were characterized by scanning electron microscopy (SEM) (LEO 1450VP, UK). For SEM obser-
vation, the surface of the as-sintered samples was polished and thermally etched at 1100 ◦C for 0.5 h. The density was measured using 
the Archimedes’ method. The presence of each type of ion in the La1.9Sr0.1Ni1-xMgxO ceramics was confirmed by energy-dispersive X- 
ray spectroscopy (EDS, HITACHI SU8030, Japan). The structure and phase composition were confirmed using X-ray diffraction (XRD) 
spectroscopy (PANalytical, EMPYREAN). X-ray photoelectron spectroscopy (XPS) was used to demonstrate the presence of Ni2+ and 
Ni3+ ions in the sintered La1.9Sr0.1Ni1− xMgxO4 ceramics. XPS spectra were collected using a PHI5000 VersaProbe II (ULVAC-PHI, 
Japan). The PHI MultiPak XPS software and Gaussian− Lorentzian lines were used to obtain the Ni3+/Ni2+ ratio. 

For the electrical and dielectric measurements, the surfaces of the sintered ceramics were polished smoothly. The Au electrode was 
fabricated by sputtering onto polished surfaces using a Polaron SC500 sputter− coating unit. The dielectric properties of the 
La1.9Sr0.1Ni1− xMgxO ceramics as a function of frequency (102− 106 Hz) and temperature (− 70 to 150 ◦C) were investigated using a 
KEYSIGHT E4990A impedance analyzer. The ac conductivity (σac) was calculated using the equation σac = ωεoε′ ′, where ω = 2πf, εo is 
the permittivity of free space (8.854 × 10− 12 F/m), and ε′ ′ is the imaginary part of the complex dielectric permittivity, which was 
calculated by ε′ ′ = ε′ × tanδ. At a low− frequency range, if σac is dependent on frequency, σac is approximately equal to the dc con-
ductivity (σdc). 

3. Results and discussion 

The tetragonal structure of La1.9Sr0.1Ni1-xMgxO4 (JCPDS 32-1241) was confirmed using XRD, as shown in Fig. 1(a). These XRD 
patterns are similar to those reported in literature [24,29,33,36]. A single phase of LSNO was observed without any impurities. The 
combustion method was successfully used to produce La1.9Sr0.1Ni1− xMgxO4 ceramics. The lattice parameters (a and c) of all ceramic 
samples are shown in Fig. 1(b). Obviously, the cell parameters of the La1.9Sr0.1Ni1− xMgxO4 ceramics increased with increasing Mg2+

doping ions. This indicates that Mg2+ ions can be substituted into the lattice structure of the LSNO. The enlargement of the cell pa-
rameters results from the different ionic radii between the Ni2+ host ions (r4 = 0.55 Å) and Mg2+ doping ions (r4 = 0.57 Å) [46]. 

Fig. 2(a–d) shows the morphologies of all the sintered ceramics. A highly dense microstructure without porosity was achieved in all 
sintered ceramics. The relative density of all samples was ~98%. The mean grain size tended to decrease when Mg2+ increased, 
indicating that Mg2+ doping inhibited the grain growth rate of the La1.9Sr0.1Ni1− xMgxO4 ceramics [47]. The suppressed grain growth 
found in the La1.9Sr0.1Ni1− xMgxO4 ceramics because of Mg2+ is similar to that observed in Mg2+-doped CCTO and ACu3Ti4O12 ceramics 
[48,49]. Fig. 3(a–f) shows the microstructure analysis of the LSNO_Mg04 ceramic using the SEM− mapping technique. The Mg dopant 
and the major elements (La, Sr, Ni, and O) were well dispersed in the microstructure. No segregation of the Mg dopant at the grain 
boundaries or other regions was observed. This result supports the XRD result because Mg2+ ions can likely be substituted into the 
LSNO structure without the formation of a new phase, the second phase. It was also observed that some white points appeared on the 
SEM images (Fig. 2), whereas they cannot be detected by the SEM-mapping technique. These particles may be an impurity phase, 
which was segregated during the sintering process. 

The AC conductivities (σac) of the La1.9Sr0.1Ni1− xMgxO4 ceramics are shown in Fig. 4. The σac in a low-frequency range is inde-
pendent of the frequency, which is usually estimated to be the DC conductivity (σdc) [50]. The σdc value was estimated from the σac at 

Fig. 2. SEM images of (a) LSNO, (b) LSNO_Mg03, (c) LSNO_Mg04, and (d) LSNO_Mg05 ceramics.  
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102 Hz. As clearly seen, σ the dc of the LSNO ceramics was significantly reduced by three orders of magnitude after doping with Mg2+

ions. The σdc values of the LSNO, LSNO_Mg03, LSNO_Mg04, and LSNO_Mg05 ceramics were 3.4 × 10− 2, 4.2 × 10− 5, 4.4 × 10− 5, and 
6.1 × 10− 5 S cm− 1, respectively. This indicates that doping LSNO with Mg2+ ions can enhance the total resistivity, which is signifi-
cantly affected by the insulating grain boundaries. Therefore, doping LSNO with Mg2+ may reduce the long–range motion of free 
charge carriers (i.e., holes) and/or confining them inside an individual grain. 

Fig. 3. SEM mapping images of LSNO_Mg04 ceramics; (a) all elements, (b) O, (c) La, (d) Sr, (e) Ni, and (f) Mg.  

Fig. 4. Frequency dependence of AC conductivity (σac) for sintered ceramics at room temperature.  
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The GDR at different temperatures (− 70 to 150 ◦C) at 100 Hz and 1 kHz for the sintered La1.9Sr0.1Ni1− xMgxO4 are displayed in 
Fig. 5(a and b), respectively. All the samples showed large ε′ values on the order of 105− 106 over the measured temperature range. The 
ε′ of the La1.9Sr0.1Ni1− xMgxO4 ceramics changed slightly with the doping concentration. Furthermore, ε′ of all La1.9Sr0.1Ni1− xMgxO4 
ceramics is slightly dependent on the temperature compared to that of the undoped ceramic. Surprisingly, tanδ of the LSNO ceramics 
was significantly reduced by at least two orders of magnitude after doping with Mg2+ ions. The ε′ values at 1 kHz and 20 ◦C of the 
LSNO_Mg03, LSNO_Mg04, and LSNO_Mg05 ceramics were 12.6 × 105, 6.96 × 105, 8.11 × 105, and 7.68 × 105, respectively, while the 
tanδ values were 11.76, 0.138, 0.099, and 0.200, respectively. 

As clearly demonstrated in Fig. 6 and the inset, the resistance of the grain boundary (Rgb) of the LSNO ceramics was greatly 
increased by doping with Mg2+ ions, while the grain resistance (Rg) increased. It should be noted that the Rgb of the undoped LSNO was 
very low (~125 Ω cm), as shown in the inset of Fig. 6. The origin of the GDR in LSNO ceramics was described by the small polaron 
hopping and sample− electrode contact effect [25,38,39]. This was due to the very low Rgb value of LSNO. However, upon doping 
LSNO with Mg2+, the Rgb values increased significantly. Therefore, the origin of the observed dielectric properties of the LSNO_Mg03, 
LSNO_Mg04, and LSNO_Mg05 ceramics should be primarily attributed to Maxwell–Wagner polarization. The significant reduction in 
tanδ in the La1.9Sr0.1Ni1-xMgxO4 ceramics can be explained by the extremely high Rgb value. It is worth noting that the dielectric 
properties of many giant dielectric oxides can be controlled by the electrical properties of the grain boundary such as CCTO [51–54] 
and related compounds [55]. Furthermore, the defect dipoles is one of the important key factors that can contribute the giant dielectric 
response and temperature stability of ε′, which has widely been reported in TiO2 [17,19,20], SrTiO3 [23], NiO [56], CCTO [57], and 
BaTiO3-based materials [58,59]. 

The overall dielectric and electrical properties of the La1.9Sr0.1Ni1-xMgxO4 ceramics are shown in Fig. 7. The ε′ values at 1 kHz for 
the La1.9Sr0.1Ni1-xMgxO4 ceramics changed slightly as the concentration of Mg2+ increased. A correlation between tanδ (at 1 kHz) and 
Rgb was clearly observed. The extreme decrease in tanδ was attributed to the significant increase in Rgb [15,24,45]. The activation 
energies of all sintered ceramics were 0.109, 0.294, 0.383, and 0.404 eV for the LSNO, LSNO_Mg03, LSNO_Mg04, and LSNO_Mg05 
ceramics, respectively. Thus, the increased Rgb value of the La1.9Sr0.1Ni1− xMgxO4 ceramics was due to the grain boundary properties 
caused by Mg2+ substitution. 

Fig. 8 shows the XPS spectra of all sintered ceramics, confirming the existence of induced Ni3+ ions due to the partial replacement of 
La3+ by Sr2+ and oxygen ion enrichment. However, the concentration of Ni3+ ions was reduced in the LSNO_Mg03, LSNO_Mg04, and 
LSNO_Mg05 ceramics compared to that in the undoped LSNO ceramic. This may be due to the substitution of Mg2+ into the Ni3+ sites 
and/or the reduced enrichment of oxygen ions in the structure. The GDR cannot be described by small polaron hopping only because 
the value of ε′ is not correlated with the ratio of Ni3+/Ni2+ ions. Another important factor is interfacial polarization at the grain 
boundaries. This can also cause an increase in the dielectric response of LSNO ceramics. 

Fig. 5. Temperature dependence of dielectric permittivity (ε′) and loss tangent (tanδ) for ceramics sintered at (a) 100 Hz and (b) 1 kHz.  
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4. Conclusions 

In conclusion, an extremely reduced loss tangent with ultrahigh ε′ can be successfully obtained in LSNO ceramics by doping with 
Mg2+ ions. A single phase of LSNO was detected in all the sintered ceramics, while the lattice parameters increased with increasing 
doping concentration, indicating that Mg2+ ions can enter the Ni2+ sites. A highly dense microstructure is achieved. Microstructural 
analysis revealed that Mg2+ ions disperse well in the microstructure of LSNO ceramics. Interestingly, ultra–high ε′ of approximately 
8.11 × 105 at 1 kHz is achieved in the La1.9Sr0.1Ni0.6Mg0.4O4 ceramic, while the tanδ is significantly reduced by two orders of 
magnitude compared to the undoped LSNO ceramic. The DC conductivity significantly decreased by three orders of magnitude. The 
GDRs are described by Maxwell–Wagner polarization and small polaron hopping mechanisms. Thus, the significant reduction in the 
tanδ can be attributed to the significantly enhanced Rgb. 
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Fig. 6. Impedance complex plane plots of the ceramics sintered at 20 ◦C; the inset shows an expanded view of the high-frequency data close to 
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Fig. 7. ε′, tanδ, and Rgb values of ceramics sintered at 20 ◦C.  
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Fig. 8. XPS spectra of all sintered La1.9Sr0.1Ni1− xMgxO4 ceramics.  
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