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Abstract 

This paper presents the incorporation of large amounts of insoluble additives into a 

Li2MoO4 ceramic matrix fabricated with a room-temperature densification method. 

Li2MoO4-TiO2 composite ceramics were fabricated by a method based on the water-

solubility of Li2MoO4, where the densification occurs at room temperature during 

sample pressing and is followed by further post-processing at 120 °C to remove 

residual water. As the amount of added rutile TiO2 rose from 10 to 30 vol%, relative 

permittivity and loss tangent values at ~9 GHz increased from 6.9 to 10.1 and from 

1.1×10-3 to 3.8×10-3, respectively, and thermal coefficient of permittivity decreased 

from 180 ppm/°C to -170 ppm/°C. The Lichtenecker equation used in the analysis of 

relative permittivity was applicable in this study for Li2MoO4-TiO2 composite ceramics 

with up to 20 vol% of TiO2. However, with 25 and 30 vol% additions of TiO2, 

correspondence decreased due to increased porosity in the composites. The low post-

processing temperature made this material feasible for Ag electrode integration 

without formation of unwanted extra phases. 

Keywords: B. Composites, C. Dielectric properties 
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1. Introduction 

There is a continuous need for new advanced integration, packaging and multimaterial 

module technologies in wireless communication systems. Electroceramics, which 

enable creation of light, miniaturised multilayer electronics components, have been 

widely studied for these purposes. For example, microwave dielectric ceramics are 

used for antennas, resonators, filters and multilayer substrates that utilise Low 

Temperature Co-fired Ceramics (LTCC) technology. In ultra-wideband (UWB) antennas 

operating in a frequency range of 3.1–10.6 GHz, substrate ceramics typically have low 

relative permittivity (εr) and a low dielectric loss value (tan δ)[1-3]. When used in 

narrow bandwidth antenna applications, a small temperature coefficient of 

permittivity (TCεr)—which is related to the coefficient of resonant frequency (TCF)—is 

also critical. Usually, densification of these ceramics occurs during a high-temperature 

sintering step (> 850 °C). Even though there has been much research on electroceramic 

compositions with intrinsic ultra-low sintering temperatures, the lowest temperature 

reported is 400 °C [4]. This is still too high for seamless integration with polymer or 

paper substrates. 

Microwave dielectric lithium molybdate (Li2MoO4) ceramic can be conventionally 

sintered at the ultra-low sintering temperature of 540°C, exhibiting εr ~ 5.5 and a tan δ 

value of 2.8×10-4 at 13.051 GHz, and a large negative TCF of -160 ppm/°C [5,6]. An 

effective way to modify these electrical properties is to design ceramic-ceramic 

composites. Guo et al. have produced Li2MoO4-TiO2 composites [7], since rutile TiO2 

provides temperature stabilisation and an increase in permittivity due to its large 

positive value of TCF ~465 ppm/°C and εr ~105 [8]. For example, the temperature-
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stable compositions of microwave dielectric 0.55Li2MoO4-0.45TiO2 sintered at 700 °C 

and 0.50Li2MoO4-0.50TiO2 sintered at 720 °C exhibit low loss behaviour with 

permittivities of 10.6 and 12.3, respectively [7]. Although there was no reaction 

between these two phases, the high sintering temperature led to the formation of 

unwanted extra phases during co-firing with Ag particles, thus making the use of Ag 

electrodes problematic.  

Recently, an alternative room-temperature fabrication method based on utilising a 

small amount of an aqueous phase of Li2MoO4 and subsequent recrystallisation was 

presented [9, 10]. While in a typical sintering process densification of material occurs 

by diffusion or viscous flow, for which temperature provides an energy source, it is 

thought that in this alternative method material is transported through the aqueous 

phase during dissolution and recrystallisation of Li2MoO4, and compacting pressure is 

the driving force. When residual water from the dense uniaxially pressed samples was 

removed at a temperature of 120°C, Li2MoO4 ceramics exhibited relative permittivity 

of 5.1 and a tan δ value of 3.5×10-4 at 9.6 GHz. The results also indicated that the post-

processing temperature is not critical in this fabrication method, as it mainly affects 

the time needed to remove residual water from the samples. This gives moderately 

wide freedom of choice of the fabrication temperature of the components according 

to the other materials (such as the substrate or electrodes) being co-fired [10]. 

Furthermore, since typical sintering temperatures destroy temperature-sensitive 

materials such as polymers or silicon, and can cause reactions and extra phases in 

composites, the proposed fabrication method with a low post-processing temperature 

provides an opportunity to overcome this challenge. Even though Li2MoO4 is water-
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soluble, the samples do not hydrolyse easily, unlike what is reported for Li2Mo4O13 

ceramics from the same binary system [5]. It is stated that Li2MoO4 is slightly 

hygroscopic [11], but it is also noted that even when it is fabricated in the presence of 

water, no constitutional water is present in the crystal structure [12]. 

In order to fully benefit from low-temperature processing of Li2MoO4 ceramic in actual 

components, it would be beneficial to be able to greatly modify its electrical 

properties. The dielectric properties of Li2MoO4 fabricated at room temperature were 

modified with 10 vol% of rutile TiO2 and BaTiO3 already in our previous study, where 

relative permittivities of 6.7 and 8.2 were obtained, respectively [10]. However, 

according to Guo et al. [7] addition of more than 10 vol% of rutile TiO2 is needed for 

temperature stabilisation of resonance frequency. Thus, there is a need to investigate 

in more detail the feasibility of this room-temperature densification method from the 

larger addition point of view.  

In this work, the incorporation of large amounts of insoluble additives into a ceramic 

matrix fabricated with the room-temperature densification method was studied. The 

effect of rutile TiO2 loading up to 30 vol% on the dielectric properties of Li2MoO4-TiO2 

composite ceramics, fabricated with a method based on dissolution and 

recrystallisation, was investigated. The influence of the particle size of Li2MoO4 and the 

loading level on the microstructure and processibility of Li2MoO4 composite ceramics is 

discussed. Phase compositions, microstructures and chemical compatibility with Ag 

were investigated. 

 

2. Materials and methods 
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For the Li2MoO4-TiO2 composites with 10 and 15 vol% of TiO2 (99.8%; 97% min rutile 

phase, 0.9–1.6 Micron APS Powder, Alfa Aesar, Karlsruhe, Germany), Li2MoO4 powder 

(99+%; Alfa Aesar) was ground with a mortar and pestle and sieved (<180 µm). For the 

Li2MoO4-TiO2 composites containing 20, 25 and 30 vol% of TiO2, the Li2MoO4 powder 

particle size was reduced by milling in ethanol with ZrO2 milling media and sieving with 

a mesh size of 45 µm. A laser diffraction particle size distribution measurement 

(LS13320; Beckman Coulter) showed that at least 95% of the particles were smaller 

than the chosen mesh size. Sieved Li2MoO4 powders were mixed in ethanol with a 

predetermined amount of TiO2, first with an ultrasound mixer to remove possible 

agglomerates, and then with a mortar and pestle. The slurries were dried in an oven at 

100 °C and the resulting powders were sieved again. To study chemical compatibility 

with silver as an electrode material, 20 wt% of silver powder (99.9%; Alfa Aesar) was 

mixed in ethanol with the Li2MoO4 composite powder with 30 vol% of TiO2, 

comparable with the powder processing method used by Guo et al. [7] for sintered 

ceramics. For the room-temperature densification, all powders were moistened by 

spraying with deionised water and mixed with a spatula until a thick uniform paste was 

formed, after which the paste was pressed uniaxially in a steel mould at a pressure of 

150 MPa to produce disks (diameter 20 mm, height 2–3 mm). To remove residual 

water, the disks were dried in a laboratory oven at 120 °C for 24 h. Density of the disks 

was calculated from the dimensions measured by a micrometre screw (Mitutoyo Co., 

Japan) and the weight measured by a precision scale (XT620M, Precisa, Switzerland). 

The phase composition of the samples was analysed by x-ray diffraction (XRD) over 

angular range of 10-70° (2θ) with a step size of 0.01° and step time of 0.75 s using CuKα 
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radiation (Bruker D8 Discover X-Ray Diffractometer, Karlsruhe, Germany), divergence 

slit of 1.5 mm, and secondary slit of 1.2 mm. Microstructural studies were done with a 

field-emission scanning electron microscope (FESEM; Zeiss Sigma, Carl Zeiss, Germany) 

equipped with an energy-dispersive spectrometer for chemical composition 

examination. For microstructure imaging the samples were polished at first with 

water-free diamond solution and then coated with thin layer of carbon. Dielectric 

properties were measured with a resonant mode technique using a Split Post Dielectric 

Resonator (QWED, Warsaw, Poland) with a nominal resonant frequency of 9.97 GHz. 

To determine the temperature coefficients of permittivity (TCεr), measurements were 

performed every 10 degrees between temperatures of 25 °C and 85 °C.  

 

3. Results and discussion 

Table 1 presents the densities and dielectric properties of the ceramics fabricated by a 

room-temperature densification method and post-processed at 120 °C. In our previous 

studies [9,10], Li2MoO4 powder was sieved with a mesh size of 180 µm, producing a 

mean particle size of 87 µm. With this particle size it was easy to press the moistened 

powders into dense samples, and only a small amount of aqueous phase was left in the 

mould. The results of this work show that the particle size of Li2MoO4 powder has a 

significant effect on the densification of Li2MoO4-TiO2 composite ceramics fabricated at 

room temperature, especially when the amount of TiO2 is increased above 10 vol%. 

Figure 1 presents backscattered electron images of a Li2MoO4-TiO2 composite ceramic 

with 15 and 20 vol% of TiO2, fabricated by the room-temperature densification method   

from Li2MoO4 powders sieved with mesh sizes of 180 and 45 µm, respectively. The 
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light-coloured particles are Li2MoO4 phase and the dark grey ones rutile TiO2 phase. It 

is apparent that the larger Li2MoO4 particle size used also in our previous studies [9,10] 

results in uneven distribution of TiO2 because the surface area of the Li2MoO4 powder 

is not large enough to accommodate all of the TiO2 powder particles as the amount of 

TiO2 increases. This can be seen from Fig. 1 a), where distinctive areas of TiO2 are 

visible. According to a laser diffraction based particle size distribution measurement, 

the powder sieved with mesh size of 180 µm has a mean particle size of 87 µm which is 

considerably larger than that of the used rutile TiO2 powder (0.9 – 1.6 µm according to 

the manufacturer).  

A mean particle size of 14 µm was measured for the powder sieved with mesh size of 

45 µm and about 43 % of particles were smaller than 10 µm. The use of Li2MoO4 with a 

smaller particle size, and thus a larger surface area, led to more homogeneous 

distribution of TiO2 (Fig. 1 b). This also improved the attachment between the particles 

and decreased the size of voids.  

Problems related to the use of Li2MoO4 with a small particle size have been reported 

[10]: Use of Li2MoO4 powder sieved with a mesh size of 45 µm, having a mean particle 

size of 14 µm, led to formation of clay-like clusters during moistening, resulting in a 

non-uniform density leading to sample warpage and cracking during drying. In this 

paper the problem was solved by providing more solution phase between the particles 

with an increased amount of water. This resulted in a thick uniform paste, which was 

then pressed into the desired form, although fabrication problems like flashing of the 

material to the pistons of the mould still continued. To achieve dense samples with a 

uniform microstructure, it is clear that a compromise between the processibility and 
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the particle size of Li2MoO4 is required, especially in the case of high loading levels of 

an insoluble additive like TiO2.  

The x-ray diffraction patterns of the fabricated composites in Fig. 2(a) are consistent 

with previous studies of Li2MoO4-TiO2 ceramic composites [7,10], and show only 

diffraction lines of Li2MoO4 [powder diffraction file 12-0763] and rutile TiO2 [powder 

diffraction file 34-0180] phases, indicating that Li2MoO4 does not react with TiO2. The 

intensity of the TiO2 diffraction lines increases as the amount of TiO2 increases in the 

fabricated composites, as can be expected. However, it has been reported elsewhere 

that when Li2MoO4-TiO2 composites were co-fired with Ag to study its chemical 

compatibility as an electrode material, small amounts of LiTi2O4 and Ag2MoO4 phases 

were formed [7]. Allegedly, this partial reaction was caused by the relatively high 

sintering temperatures of the composites (700–730°C), which were close to the 

melting temperature of Li2MoO4 (705°C). In our earlier study [10] we thought this 

reaction could be prevented by using the room-temperature fabrication method with a 

low post-processing temperature. Figure 2 (b) shows the XRD patterns of the Li2MoO4-

TiO2 composite with 30 vol% of TiO2, as well as a composite with the same amount of 

TiO2 and 20 wt% of Ag powder. Only Li2MoO4, rutile TiO2 and Ag phases are observed, 

confirming that at the low post-processing temperature used in this study, no reaction 

between Ag and Li2MoO4-TiO2 composite materials occurs. Therefore, electrode 

fabrication is possible, for example, by screen printing a commercial nano-Ag ink like 

DuPont 5064H.  

The dielectric properties of the Li2MoO4-TiO2 composites are presented in Fig. 3. The εr 

and tan  values of the Li2MoO4-TiO2 ceramic composite with 10 vol% of TiO2 are 
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similar to the results we achieved in our previous study [10]. There are several models 

for calculating the effective permittivity of a two-phase ceramic composite. An earlier 

study by Guo et al. [7] showed that the measured relative permittivities of sintered 

Li2MoO4-TiO2 composites are generally in accordance with the empirical Lichtenecker 

logarithmic rule for a two-phase composite 

 

lgε = y1lgε1 + y2lgε2 (1) 

 

where y1 and y2 refer to the volume fractions of materials 1 and 2, and ε1 and ε2 define 

the permittivities of the materials, respectively. As expected, also in this study the 

relative permittivity of the fabricated Li2MoO4-TiO2 composites increased from 6.9 to 

10.1 at ~9 GHz as the amount of TiO2 was increased from  10 vol% to 30 vol% due to 

the higher permittivity of rutile TiO2 (~105) [8].

On the other hand, Fig. 3 shows that as the amount of TiO2 phase exceeds 20 vol%, the 

correspondence between Lichtenecker’s equation (1) and the measurements of the 

composites decreases. The effect of Li2MoO4 particle size on the dielectric properties 

can also be seen in Fig. 3. The relative permittivity and dielectric losses of the 

composite material with 15 vol% of TiO2 are not in line with the others, further proving 

that using a smaller Li2MoO4 powder particle size is advantageous for composite 

materials fabricated with the method presented in this paper.  

Considering that the dielectric loss value of rutile TiO2 is of the same magnitude (10-4) 

[13] as that of Li2MoO4, the measured loss values of the composites are higher than 

expected, rising at ~9 GHz from 1.1×10-3 to 3.8×10-3 as a function of the amount of 
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TiO2. Such behaviour has been reported with Li2MoO4-TiO2 composites sintered at 

700–730 °C, and it was assumed to be due to the difference in the sintering 

temperatures of the two phases [7]. This difference in the sintering temperatures 

cannot be the cause for the growing dielectric loss values in this study. Since the room-

temperature fabrication method depends on the solubility of Li2MoO4 in water, the 

increase in loss value may be attributed to the difference in the solubilities of the two 

phases. TiO2 is not water soluble, thus an increased amount of aqueous Li2MoO4 

solution is needed to incorporate the space between the insoluble particles during 

pressing. Therefore, the amount of residual water in the samples directly after pressing 

increases with the amount of TiO2 phase. As the residual water evaporates from the 

samples during post-processing, it leaves very small pores in the samples. The effect of 

this increased porosity is a plausible cause for the decrease in permittivity and the 

increase in dielectric losses. However, these finely distributed, very small pores did not 

seem to affect the processing of the ceramic composite samples, as they were still 

hard and durable even with 30 vol% of TiO2.  

Pure Li2MoO4 showed a large positive temperature coefficient of permittivity (TCεr) of 

~320 ppm/°C. With an increasing amount of TiO2 addition, the value of TCεr decreased, 

as shown in Fig. 3, and it was closest to zero (~20 ppm/°C) with the loading level of 20 

vol%. Since TCεr is related to TCF according to 

TCF = -αL – 0.5TCεr (2) 

where αL refers to linear expansion coefficient, it can be concluded that the 

temperature behaviour of the composites is comparable with the ones fabricated by 

Guo et al. [7] and sintered at close to 700 °C.  
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From the application point of view, the proposed Li2MoO4-TiO2 composites also 

provide interesting εr and tan δ values. Commercially available LTCC substrates from 

Ferro, Heraeus and CeraTec, with r values of 5.9–8.5, tan values up to 0.0026 and 

sintering temperatures above 800 °C, have earlier been reported to be feasible for 

UWB antennas operating in the frequency range of 3.1–10.6 GHz [1-3]. Therefore, 

Li2MoO4-TiO2 composites fabricated with the room-temperature densification method 

are good candidates, for example, for UWB antennas. 

One should also note that in these kinds of room-temperature methods there is no 

measurable change in the sample size after pressing. This can be considered an 

advantage, since the size of the components can easily be managed by controlling the 

mould dimensions. 

 

4. Conclusions 

By utilising different Li2MoO4 particle sizes, Li2MoO4-TiO2 composite ceramics with up 

to 30 vol% of TiO2 were fabricated using a method based on the dissolution of Li2MoO4 

in water and its recrystallisation, where densification occurs during sample pressing. 

The permittivity of the composites was modified by utilising TiO2 additions with fairly 

good predictability up to 20 vol%. The dielectric properties of the ceramics fabricated 

in this study were somewhat different from those reported for similar ceramics 

fabricated with conventional methods. Nevertheless, the composites show dielectric 

properties that may be used, for example, in UWB antennas. In addition, the results 

indicate that nano-Ag inks could be used for embedded electrodes, since due to the 

low processing temperature, no reactions with Ag could be detected. Another 
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advantage of the proposed method is the controllability of the dimensions of the 

components during fabrication. The mould precisely determines the dimensions of the 

final component because there is no measurable shrinkage after pressing. Low 

temperatures will also enable seamless integration of the ceramic components with 

polymers.
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Figure captions 

Figure 1. Backscattered electron images of Li2MoO4-TiO2 composite ceramics 

fabricated by the room-temperature densification method and post-processed at 120 

°C with a) 15 vol% of TiO2 and fabricated from larger particle sized Li2MoO4 powder 

(sieved with a mesh size of 180 µm) b) 20 vol% of TiO2 and fabricated with smaller 

particle sized Li2MoO4 powder (sieved with a mesh size of 45 µm). 

Figure 2. X-ray diffraction patterns of a) fabricated Li2MoO4-TiO2 (rutile) ceramic 

composites, and b) Li2MoO4-TiO2 ceramic composites with 30 vol% of rutile TiO2 and 20 

wt% of Ag. 

Figure 3. Calculated and measured relative permittivity, loss tangent values and 

temperature coefficient of permittivity of the Li2MoO4-TiO2 composite ceramics 

fabricated at room temperature at ~9 GHz. Composites with 10–15 vol% and 20–30 

vol% of TiO2 were fabricated from Li2MoO4 powder sieved with mesh sizes of 180 µm 

and 45 µm, respectively. 
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Table 1. Densities and microwave dielectric properties of Li2MoO4-TiO2 composite 

ceramics fabricated by a room-temperature densification method and post-processed 

at 120 °C for 24 h 

vol% of 
rutile 
TiO2 

Sample 
density 
(g/cm3) 

Density  
(% of 
theoretical) 

Measurement 
f (GHz) 

εr tan δ TCεr 
(ppm/°C) 

0 2.83 93 9.50 5.1 0.0004 320 
10 2.82 89 9.42 6.9 0.0011 180 
15 2.83 88 9.41 7.2 0.0020 125 
20 2.88 88 9.22 8.7 0.0023 20 
25 2.88 86 9.13 9.5 0.0027 -85 
30 2.90 86 9.10 10.1 0.0038 -170 
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