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Morphological and microstructural investigations of composite 1 

dielectrics for energy storage  2 

J. Glenneberg,a M. Zenkner,c G. Wagner,ad S. Lemm,c C. Ehrhardt,b W. Münchgesang,c A. 3 

Buchsteiner,a M. Diestelhorst,c H Beige,c S. G. Ebbinghausb and H. S. Leipnera  4 

We investigated structural and dielectric properties of novel capacitors based on 0-3 composite dielectrics. For 5 

this purpose various BaTiO3/Ba(Ti,Ge)O3 nano scaled powders were synthesized via four different routes, 6 

namely via the sol-gel procedure, the oxalate method, the Pechini method and mixed oxide method. As the best-7 

suited method with respect to the formation of spherical and equally sized particles without agglomeration, a sol-8 

gel synthesized powder was chosen for further experiments. The nanoparticles were coated with E glass (CaO, 9 

MgO, Al2O3, B2O3, SiO2), BBS glass (BaO, SiO2, B2O3) or an Al2O3/MgO mixture. The resulting composites 10 

were annealed, sintered and afterwards covered with electrodes to fabricate ceramic composite capacitors. To 11 

identify the system best suited for energy storage applications, different matrices and BaTiO3/matrix ratios were 12 

investigated. The morphology and the phase content were analyzed by electron microscopy and X-ray diffraction. 13 

An optimum grain size and distribution was obtained for a 15 wt% BBS glass mixed with a Ba(Ti,Ge)O3 powder. 14 

The mixture sintered at 925 °C resulted in the best composite dielectrics not only concerning the morphology but 15 

also the dielectric data. Additionally, the BBS matrix showed no tendency to form secondary phases, while 16 

preserving a homogenous distribution of matrix element components. 17 

 18 

1. Introduction 19 

Energy storage is more than ever a current topic. For clean, efficient and low-cost devices, high-quality capacitors 20 

seem to be a conceivable solution, especially for short-term energy storage. In contrast to batteries, capacitors have 21 

the ability to pass hundreds of thousands charging cycles, while the charge and discharge process takes place within 22 

seconds.1 This makes the capacitor technology not only interesting for applications regarding electromobility, but 23 

also for stationary energy storage issues. In particular the growing field of wind energy provides great potential, 24 

since upcoming wind-induced power variations can be smoothed. Barium titanate (BT) as a common material with 25 

well-known dielectric properties has already found broad applications in multilayer ceramic capacitors (MLCCs). 26 

The tetragonal ferroelectric perovskite BT has enormous potential due to its high temperature stability, its 27 

applicability for AC currents in a broad frequency range and especially its high permittivity.2,3,4 Since pure BT 28 

exhibits a comparatively low breakdown field strength, the device efficiency is limited. To increase the energy 29 

density of the capacitor, BT particles can be embedded in a specific inorganic matrix. In this way it is possible to 30 

combine the advantages of BT with the ones of the matrix material, like high breakdown voltages and low electric 31 

conductivities. Furthermore, it is extremely difficult to achieve dense ceramics at comparatively low calcination 32 

temperatures without the application of sintering additives. Here, the glass matrix used can play an important dual 33 

role. On the one hand, it additionally may lead to an enhanced densification of the composite at lower sintering 34 

temperatures.[5-12], on the other hand, the electrical properties may improve. Therefore, it is inevitable to use a 35 

suitable matrix material in the proper mixing ratio with BT, not only to avoid leakage currents or low breakdown 36 

field strengths, respectively, but also to obtain dense ceramic dielectrics at temperatures which are economic for 37 

mass production. To further decrease the sintering temperature, slight amounts of germanium can be added to the 38 

BT. Plessner et al.13 investigated germanium-substituted BT and stated significantly lower sintering temperatures, 39 

while still obtaining dense ceramics. Since titanium and germanium differ in their ionic radii14, the formation of the 40 
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mixed crystal is limited to a maximum germanium content of 1.8 mol% resulting in barium titanate germanate 41 

Ba(Ti0.98,Ge0.02)O3 (BTG).15-18 For cost reduction, a low calcination temperatures of the composite dielectrics is 42 

required in capacitor technology in order to use relatively cheap electrode materials like Ag/Pd. The composite 43 

dielectrics can be easily manufactured by liquid phase sintering.  44 

Important dielectric parameters like the permittivity or the breakdown field strength, as well as the energy density of 45 

the capacitor, depend on the microstructure of the composite dielectric. As a consequence, the accurate knowledge 46 

of the microstructure as well as the morphology is mandatory in order to understand how the electrical parameters 47 

are accomplished. 48 

To optimize the dielectric properties, it is essential to find optimum parameters with respect to the BT starting 49 

powder, the matrix material, the BT/matrix volume ratio and the fabrication route of the composite dielectrics. 50 

Specifically, the permittivity strongly depends on the BT grain size.19,20,21 Since the grain size is closely linked to 51 

the sintering temperature, it is possible to tailor a ceramic with optimum properties by this key factor. Furthermore, 52 

the homogeneity of the matrix and the grain distribution play an important role for the efficiency of the device. The 53 

BT particles have to be completely embedded in the matrix in order to avoid leakage currents and low breakdown 54 

voltages or ohmic resistances, respectively. To attain the maximum permittivity of the BT particles, grain sizes of 55 

about 1 µm are intended. This goal can only be achieved with the proper matrix and BT/matrix ratio, since the 56 

matrix can act as a grain growth inhibitor during sintering. Furthermore, a homogenous distribution of the BT 57 

particles within the respective matrices is desired to prevent the occurrence of leakage current paths, which would 58 

lead to a rapid discharge of the prepared capacitor. For this purpose, we want to implement two different promising 59 

and easy methods. The precipitation and the spray drying method provide the best prerequisites to achieve a 60 

homogenous distribution of the BT particles within the matrix, since the glass formation takes place during the final 61 

heat treatment. This is a very important advantage over the common mortar and pestle or ball milling methods, 62 

because the degree of mixing the components is on a better level.  63 

In this paper, we report on a materials strategy for the fabrication of capacitors as energy storage devices. Different 64 

methods for the synthesis of BT starting powders and the application of different matrix materials will be discussed, 65 

while concentrating on the investigation of the relation between the microstructure and the properties of the 66 

composite dielectrics. We mainly focus on the effect of different synthesis processes and materials on the 67 

morphology and existing phases. The discussion of important dielectric parameters will be limited in this paper to 68 

the influence of the different matrices and BT/matrix ratios on the permittivity of the dielectrics fabricated. Further 69 

details on the characterization of the dielectric properties will be published elsewhere. 70 

2. Experimental 71 

2.1 Materials 72 

BaTiO3/Ba(Ti/Ge)O3 nanoparticles were synthesized via three different soft chemical methods, namely the sol-gel 73 

method, the oxalate method, and the Pechini method. Additionally, BT/BTG starting powders were prepared by the 74 

conventional mixed-oxide method. On the one hand, the three soft chemical methods have been chosen because it is 75 

well known, that soft chemical methods provide highly pure products, since the chemical reactions can take place at 76 

the atomic scale. On the other hand, the mixed-oxide method was additionally investigated as a much higher amount 77 

of material can be synthesized, which may be important for a later application-orientated process. To prevent 78 

agglomeration, the synthesized nanoparticles were embedded in a special glass matrix. In the following, the four 79 

synthesis methods and the matrix preparation are described. 80 

2.1.1 SOL-GEL SYNTHESIS. Starting from titanium (IV) chloride (60 mmol, >99 %, Acros) or a mixture of titanium 81 

(IV) chloride (58.8 mmol) and germanium (IV) chloride (1.2 mmol, >99 %, Merck) dissolved at 0 °C in ethanol, an 82 

equimolar aqueous solution of barium chloride (BaCl2) (667 mmol/l, >98 %, Merck) was added slowly. Afterwards 83 

an excess aqueous KOH solution was added to achieve precipitation: 84 
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BaCl2 + TiCl4 + KOH → BaTiO3 + 3H2O + 6KCl (1) 85 

BaCl2 + (1-x)TiCl4 + xGeCl4 + 6KOH → Ba(Ti1-x)/Gex)O3 + 3H2O + 6KCl, x=0.02 (2) 86 

The obtained gel was heated under reflux in argon atmosphere for 6 h. After cooling, the residue was filtered off, 87 

washed three times with 50 ml distilled water and then two times with 50 ml ethanol as well as with acetone. 88 

Finally, the reaction product was dried in air.22 89 

2.1.2 OXALATE METHOD. Titanium (IV) i-propoxide (30 mmol, >99 %, Merck) was added dropwise to an aqueous 90 

solution of oxalic acid (90 mmol). The reaction mixture was stirred at 80 °C until a clear solution was obtained. 91 

Afterwards barium acetate (30 mmol, >98 %, Merck) was added and the resulting suspension was further heated for 92 

1 h.  93 

Ba(CH3OO)2 + Ti(OC3H7)4 + 2H2C2O4 + 5H2O → BaTiO(C2O4)2·4H2O + 4C3H7OH + 2CH3COOH (3) 94 

BaTiO(C2O4)2·4H2O +O2 → BaTiO3 + 4CO2 + 4H2O (4) 95 

The solid powder obtained was separated by filtration, washed three times with 50 ml distilled water, two times with 96 

50 ml ethanol and subsequently dried in air.23 97 

2.1.3 PECHINI METHOD. Titanium (IV) i-propoxide (30 mmol, >99 %, Merck) was slowly added to a mixture of an 98 

aqueous solution of citric acid (120 mmol) and excess 1,2-ethanediol. The mixture was then heated to 80 °C and 99 

barium acetate (30 mmol, >98 %, Merck) was added. After raising the reaction temperature to 120 °C a yellow gel 100 

was obtained that finally decomposed to a brownish resin. 101 

Ba(CH3COO)2 + Ti(OC3H7)4 + 3C6H8O7 → BaTi(C6H6O7)3 + 4C3H7OH + 2CH3COOH (5) 102 

BaTi(C6H6O7)3 + 2C2H6O2 → gel/resin → BaTiO3 (6) 103 

The brown resin was annealed at 400 °C in a muffle furnace for 2 h and the resulting black powder was grinded 104 

intensively. The final reaction to a white BT powder was achieved by annealing for eight hours at 640 °C.24  105 

 106 

2.1.4 MIXED OXIDE METHOD. Barium carbonate (>99 %, Solvay), titanium (IV) oxide (>99 %, Merck) and 107 

germanium (IV) oxide (>99 %, Riedel-de Häen) were separately milled with distilled water and agate balls in PVC 108 

grinding drum for 24 h. Afterwards, the slurry was filtered and then annealed at 500 °C for 2 h. The obtained 109 

cleaned and dried powders of BaCO3 and TiO2 (and GeO2) were mixed together in the respective stoichiometric 110 

ratio and grinded together with propan-2-ol and agate grind balls for another 24 h. The resulting mixture was filtered 111 

off and dried at 120 °C for 24 h followed by an annealing step at 1200 °C for 2 h.16  112 

BaCO3 + TiO2 → BaTiO3 + CO2 (7) 113 

BaCO3 + (1-x)TiO2 + xGeO2 → Ba(Ti1-x/Gex)O3 + CO2, x=0.02 (8) 114 

 115 

2.1.5 COATING. To avoid agglomeration of the individual BT/BTG particles three different glass materials were 116 

used. In the following, the compositions and ratios of these matrices are listed (a-c). 117 

 118 

a) Al2O3/ MgO: 50.0 wt% Al2O3 [Al(NO3)3•9H2O], 50.0 wt% MgO [Mg(NO3)2•6H2O],  119 

b) E glass: 17.5 wt% CaO [Ca(NO3)2•4H2O], 4.5 wt% MgO [Mg(NO3)2•6H2O],    120 

   14 wt% Al2O3 [Al(NO3)3•9H2O], 10 wt% B2O3 [H3BO3],  121 

    54 wt% SiO2 [TEOS],  122 

c) BBS glass: 30 wt% BaO [Ba(ac)2], 60 wt% B2O3 [H3BO3], 10 wt% SiO2 [TEOS]. 123 

 124 
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As starting materials for the final glass matrices, soluble chemicals like nitrates, acetates or acids of the respective 125 

cations were used. The coatings were then applied to the BT/BTG starting powders by precipitation or spray drying 126 

as described more detailed in the next section. 127 

2.2 Preparation of the composite capacitor samples  128 

The different fabrication steps of the ceramic composite capacitors are summarized in Fig.1.  129 

The composite suspension was prepared by mixing the BT/BTG powders with the glass component starting agents, 130 

which were dissolved in propane-2-ol. To prevent aggregation of the nanoparticles, the mixture was dispersed in an 131 

ultrasonic bath for 6 h. Afterwards, two different ways of particle coating were applied, namely spray drying and 132 

precipitation. These two coating methods led to different results and are discussed below. Both the spray drying and 133 

the precipitation method were used to achieve uniform distributions of the coated particles. Concerning the 134 

precipitation method, the composite suspension was heated up to 70 °C, while stirring the mixture. The glass 135 

components precipitated caused by a dropwise addition of a 10 % ammonia solution. After further heating of the 136 

solution, the solid constituents were centrifuged and finally dried at 120 °C in air for 2 h. For the spray drying 137 

method the Büchi mini spray dryer B-191 was used. The air flow and temperature were set to 600 l/min and 140 °C. 138 

While bigger agglomerates remained in the spray cylinder, the coated nanoparticles were collected in a cyclone. 139 

Similar to the precipitate method, the formation of the glass matrix took place during a final heat treatment. By 140 

application of both coating methods, BT/BTG particles embedded in glass matrix could be obtained. These particles 141 

were pressed into dense compacts. 142 

Afterwards these green compacts were annealed at 500 °C for 1 h and finally sintered at different temperatures 143 

ranging from 900 to 1400 °C for 1 h. Through solid-state reaction, a grain growth occurred in the composite 144 

dielectric, and the material was additionally densified. Finally, sintered compacts with a diameter of about 5 mm 145 

and a thickness of 0.5 to 1 mm corresponding to the amount of material used were achieved. To obtain parallel plate 146 

capacitors for electrical measurements, the composite dielectrics were contacted with thin films of conductive silver 147 

on the top and bottom sides of the compact. 148 

2.3 Measurements 149 

Scanning electron microscopy (SEM) was carried out with a Philips ESEM XL 30 FEG environmental scanning 150 

electron microscope. For transmission electron microscopy (TEM), a Philips CM 200 with an additional scanning 151 

transmission electron microscope unit (STEM) was used. Both microscopes offered the opportunity to perform 152 

electron dispersive X-Ray spectroscopy (EDS) to reveal chemical information. At the SEM, qualitative energy-153 

dispersive X-ray spectroscopy was possible, while at the TEM both qualitative and quantitative EDS measurements 154 

were feasible. The chemical phase purity of the starting powders as well as their particles sizes and the crystalline 155 

phases of the composite dielectrics were determined by X-ray diffraction using a Bruker D8 diffractometer with 156 

CuKα radiation in the angular range of 2θ = 20 – 80° with a step size of 0.01° (2θ) To investigate particle sizes of 157 

the pure and coated starting powders, gas physisorption was done using a Nova 1000 surface area analyzer 158 

(Quantachrome Corporation) the Brunauer–Emmett–Teller (BET) model was applied for data evaluation.  159 

Non-isothermal dilatometry was used to determine the thermal expansion/shrinkage and the density with a Setaram 160 

TMA 92 thermomechanical analyzer. A Hewlett Packard 4284A precision LCR meter was used for frequency-161 

dependent capacitance measurements. The investigations were carried out at room temperature at a constant voltage 162 

of 1 V in the frequency range of 120 to 1•106 Hz.  163 

 164 

 165 

Page 4 of 24RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



3. Results and Discussion  166 

3.1 Starting powders  167 

The BT/BTG starting powders differed strongly in their grain sizes, morphologies, and particle distributions 168 

depending on the synthesis routes as shown in Figure 2. The particles prepared by the oxalate and the pechini 169 

method (Fig. 2b and c) tended to build up huge agglomerates. The agglomerates formed by the oxalate method had a 170 

rhombical shape and consisted of individual particles with a size of about 60 nm as determined by SEM. In case of 171 

the Pechini method, large flakes could be observed (Fig 2c), while the size of the individual particles could not be 172 

determined by SEM. As a consequence of the tendency to form firm agglomerates, starting powders from these two 173 

synthesis methods were not used for further experiments. In contrast, BT synthesized by the sol-gel method showed 174 

nearly no agglomeration as seen in Fig. 2a. Spherical particles with an average particle size of 50 nm were obtained 175 

with a small range of particle size distribution. The particles formed by the mixed-oxide method did not show the 176 

high degree of agglomeration of the oxalate or Pechini methods, but due to the high calcination temperature of 177 

1200 °C the typical particle size was about one magnitude larger (in the range of 200 to 1000 nm) compared to the 178 

sol-gel synthesis. To verify the particle sizes determined by electron microscopy, gas physisorption and X-ray 179 

powder diffraction were applied. These methods confirmed the results of electron microscopy as listed in Tab. 1. 180 

While the sol-gel and the mixed oxide method provided the best results with regard to the particle distribution, the 181 

particle size from the sol-gel synthesis with an average of 40 nm were best suited for our purposes. Due to the high 182 

calcination temperature of 1100 °C, the grain growth of the mixed-oxide powder resulted in much bigger particles 183 

than, obtained with the soft chemical methods In summary, the starting powder from the sol-gel procedure was the 184 

most promising and all further studies were carried out with this material. 185 

3.2. Composite dielectrics  186 

To investigate the influence of the matrix on morphological and electrical properties of the composite dielectrics, a 187 

series of different weight ratios of the matrix to the sol-gel starting powder was tested. The aim was to obtain a 188 

uniform distribution of particles within the matrix. 189 

3.2.1 COMPOSITES WITH AL2O3/MGO MATRIX. First attempts to fabricate composite dielectrics with an 190 

Al2O3/MgO matrix (see Fig. 3) showed that such a matrix was not well suited. XRD experiments revealed a 191 

considerably high amount of crystalline BaAl2O4 in addition to BT. This extra phase formed large needle-shaped 192 

grains as shown in Figure 3. Since a corundum phase did not form, a side reaction of the BT starting powder with 193 

alumina is assumed during the sinter process. 194 

With the observed high amounts of the BaAl2O4 spinel phase, a separation of the BT nanoparticles was not possible. 195 

In turn, high leakage currents, which led to a fast discharge of the capacitors, were observed in the electrical 196 

measurements. 197 

 198 

3.2.2 COMPOSITES WITH E GLASS MATRIX. The compacts containing the E glass were already analyzed after the first 199 

annealing step of 500 °C. These compacts exhibited big amorphous flakes of the matrix phase with partial agglomerations of 200 

BT particles as shown in Fig. 4. Macroscopically, this was related to a rather low density and rather brittle compacts. The 201 

annealing temperature of 500 °C was appropriate to decompose residual nitrates or carbonates. Additionally, we were able to 202 

verify that at temperatures below 500 °C no grain growth of BT took place, since the nanoparticles still had sizes of about 50 203 

to 60  nm. 204 

TEM/EDS studies of E glass-coated green compacts revealed a homogenous matrix composition, as well as the 205 

expected ratios of matrix components. Three different positions (Fig. 4, positions 1, 2, 3) were analyzed by EDS 206 

point measurements. These revealed a uniform composition of the different matrix flakes with an average amount of 207 

7.2 at% Si, 2.2 at% Al and 3 at% Ca. It should be noted that the additionally found Ba and Ti correspond to the 208 
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contribution of the surrounding BT particles. The amount of the magnesium constituent was only 0.1 at% and 209 

therefore below the detection limit. Consequently, no Mg signal was detected. 210 

Exemplarily for a ceramic with E glass coated BT, Fig. 5 shows a sample with 15 wt% E glass sintered at 1100 °C. 211 

The presented SEM image taken with back-scattered electrons (BSE) shows a uniform grain size distribution with 212 

particle sizes of 0.8 to 1 µm. According to Arlt et al. [18], this corresponds approximately to the optimum grain size 213 

for the highest permittivity. In addition, the particles were homogenously distributed within the matrix. On the other 214 

hand, EDS investigations revealed the presence of additional phases besides the E glass component. These 215 

undesired crystalline phases can be recognized by their darker contrast in the BSE image (Fig. 5). The material was 216 

identified as a mixture of fresnoite (Ba2TiSi2O8) and barium aluminium silicate (BaAl2Si2O8) by XRD 217 

measurements (Fig. 6).  218 

The presence of the secondary phases indicates a reaction of the BT particles with the matrix components. Samples 219 

with only 3 wt% of E glass did not show any sign of fresnoite. However, in this case, the small amount of the matrix 220 

cannot fully coat the BT particles. As a consequence of the secondary phases and/or the incomplete BT coating, 221 

high leakage currents were measured in the compacts with E glass, regardless of the amount of the matrix constitu-222 

ent. To avoid a reaction between E glass and the BT powder, the sintering temperature was lowered to 1000 °C, but 223 

density studies by nonisothermal dilatometry showed that only porous samples could be obtained at this lower 224 

temperature. 225 

As shown in Fig. 7, the matrix exhibited a rather inhomogeneous element distribution. Since the silicon signal was 226 

detected at every position where no barium was present, silicon is the only element, which is spread over the entire 227 

matrix. In contrast, aluminium, magnesium and especially calcium are only partially to find. Although the E glass 228 

matrix exhibited a highly homogenous composition after the first annealing step, as shown in Fig. 4, a separation of 229 

the matrix elements can be concluded during the final sintering. In conclusion, the E glass matrix turned out to be 230 

not well suited due to its tendency to form extra phases, which prevent a complete coating of BT. It is supposed that 231 

a matrix consisting of five different elements can hardly be controlled since a segregation of some constituents is 232 

probable. Concerning the influence of the E glass coating matrix on electrical data, another disadvantage occurred, 233 

as the permittivity decreases upon coating with E glass. While the permittivity of pure BT was quite high (Fig. 8), it 234 

drastically decreased with increasing amount of E glass. Since a higher amount of the matrix material is required to 235 

achieve a low leakage current, it is inevitable to lose permittivity, which leads to an enormous reduction of 236 

efficiency. E glass is therefore not applicable as a matrix for BT particles in high efficient dielectrics. 237 

3.2.3 COMPOSITES WITH BBS GLASS MATRIX. BBS glass turned out to be the most promising candidate for 238 

composite dielectrics. The BBS glass consists of only three elements, and no inhomogeneous distribution of the 239 

single constituents was found. A uniform formation of the BBS glass matrix always occurred independent of the 240 

amount of the matrix material and the sintering temperatures applied. 241 

Just as in the case of the E glass, the BBS green compacts showed no sign of grain growth at 500 °C. Conversely, 242 

calculations based on the XRD experiments and SEM images showed that the grains coated with BBS glass exhibit  243 

a reduced grain growth at comparable calcinations temperatures and matrix ratios. We assume that BaO inhibits the 244 

material transport and therefore the fine grain structure is preserved with respect to the sintering temperature. 245 

The coating of BT by BBS glass for the samples shown in Fig. 9 was done via the precipitation method. SEM 246 

images of the compacts after sintering (Fig. 9 left) showed on the surface needle-or plate-shaped BT crystals with 247 

strongly varying sizes in addition to the globular grains intended. The SEM image of the grain structure, after 248 

polishing, revealed only spherical particles. The majority of these BT particles were completely surrounded by the 249 

matrix, which resulted in a much lower leakage current as discussed below. 250 

In contrast to the samples prepared by the precipitation method, only globular particles were found using the spray 251 

drying method. Furthermore, a nearly perfect covering of the individual BT particles with the matrix was achieved. 252 

A coating with a 10 wt% matrix leads to a bimodal grain growth, where grains with a size of about 8 µm and 253 

smaller particles with a size of about 2 µm were formed (Fig. 10a). Further studies of the grain structure of a spray 254 
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dried ceramic with a 15 wt% BBS matrix after the same sintering temperature revealed after polishing a very 255 

uniform grain size distribution. The grain size determined by SEM was about 4 µm as shown in Fig. 11b. From the 256 

very similar brightness of the BSE SEM images a high chemical homogeneity is expected. To verify this anticipated 257 

chemical uniformity, EDS experiments were carried out. Only two different kinds of spectra were found, namely 258 

that of crystalline BT and that of the amorphous BBS glass matrix. 259 

 260 

Best results were achieved using germanium as an additional sintering additive. Fig. 11 shows a sol-gel BTG 261 

ceramic with 15 wt% BBS glass sintered at 1050 °C. Uniform grains with an average grain size of 6 µm were 262 

formed. A nearly perfect coating of the individual BT particles was achieved. The chemical purity of the phases was 263 

proved by SEM EDS. Due to the better stability of BT compared to BTG at higher temperatures germanium should 264 

diffuse from the BTG towards the surrounding glass matrix. 265 

As confirmed experimentally, prior to sintering the matrix was Ge-free and the BT contains about 0.2 % Ge. After 266 

sintering at 950 °C the BT grains are totally Ge-free, however, now the glass contains the weighed out Ge. Thus no 267 

residual germanium was found within the BT. 268 

Consequently this process of germanium segregation didn’t take place due to a concentration gradient, but is to 269 

explain by the means of the different stabilities of BT respectively BTG at higher temperatures. A clear advantage 270 

of the application of germanium is the observed decrease in the sintering temperature. Even at 925 °C dense 271 

compacts (ρ = 93 %) were obtained.  272 

To determine the amount of germanium within the matrix and to investigate the uniformity of its distribution, TEM 273 

EDS point measurements were done. EDS point measurements were carried out in the BT particles and in the BBS 274 

matrix (Fig. 12). A constant ratio corresponding to the BT stoichiometry expected was obtained with a narrow 275 

fluctuation of about 1 at%, which is related to the typical error of EDS measurements. Within the BT particles no 276 

germanium signal could be found, which indicates a complete diffusion of germanium from the BT particles into the 277 

matrix. The uniformity of the distribution of germanium within the matrix was investigated. Except for position 9 278 

(Fig. 12), a constant composition and a homogenous distribution of the matrix was obtained. Disregarding the data 279 

measured at position 9, an average composition of 3.5 at% SiO2, 17.4 at% GeO2 and 79.1 at% BaO was determined, 280 

which matches roughly the expected elemental components. The B2O3 component could not be defined, because its 281 

characteristic X-ray radiation is absorbed by the used beryllium window of the EDS system. 950 °C turned out to be 282 

the best sintering temperature for this material system, as it provided an optimum grain size. According to literature 283 

data, the ideal grain size for the highest dielectric constant lies between 0.7 and 2 µm18,19,20, whereas higher 284 

sintering temperature leads to the formation of larger BT particles and lower permittivities. 285 

The permittivity was only slightly affected by the amount of the BBS matrix. Electrical measurements indicated a 286 

small decrease in the permittivity with increasing matrix content, but the effect was much less pronounced than for 287 

the E glass. The low dependence of the permittivity on the matrix amount in addition with the found low leakage 288 

currents are an evidence for nearly isolated BT particles.  289 

With the BBS glass coating, composite dielectrics with high efficiencies could be fabricated. The material was free 290 

of impurity phases and only low sintering temperatures had to be used. Furthermore, the BT particles had an 291 

optimum grain size, a high degree of uniformity and the required electrical isolation was obtained. Thus, composite 292 

dielectrics made of BTG particles with a BBS glass matrix are promising materials for applications in the field of 293 

energy storage. 294 

 295 

 296 

 297 
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4. Conclusions  298 

We were able to synthesize phasefree BT particles via four different procedures, namely the sol-gel method, the 299 

oxalate method, the Pechini method as well as the mixed-oxide method. 300 

According to our investigations, the sol-gel route gave the best results as spherical particles with a narrow grain size 301 

distribution and a low degree of agglomeration were obtained. In contrast, the mixed-oxide method resulted in a 302 

broad size distribution, preventing a further application of such BT powders. Starting material formed by the oxalate 303 

and the Pechini method are not suitable for embedding in a glassy matrix because of the formation of firm 304 

agglomerates.  305 

Three different matrix materials were investigated, namely the Al2O3/MgO matrix, E glass consisting of SiO2, CaO, 306 

Al2O3, B2O3 and MgO as well as BBS glass, containing BaO, SiO2 and B2O3. The coating material was applied to 307 

the BT nano particles by spray drying or precipitation method. Composite dielectrics using the Al2O3/MgO matrix 308 

showed the formation of the BaAl2O4 spinel, while the anticipated corundum coating could not be detected. Also the 309 

E glass coating was not suitable for further application. Although E glass ceramics showed optimum BT particle 310 

sizes and homogenous particle distributions, the occurrence of additional phases, like the fresnoite phase shown, 311 

was inevitable when higher amounts of the matrix were used. Furthermore, inhomogeneities after sintering and the 312 

strong dependence of the permittivity on the amount of the matrix made the E glass matrix unsuitable for capacitor 313 

applications. Best results were obtained with 15 wt% BBS glass as a coating of BTG starting powders synthesized 314 

by the sol-gel procedure. The most effective coating was achieved by the spray drying method. As a result, dense 315 

composite dielectrics at comparatively low sintering temperatures could be fabricated. The particle size and 316 

distribution together with the separation by the coating matrix was found to be best among the material systems 317 

tested. The BBS matrix showed no tendency to form extra phases independent of the sintering temperatures and the 318 

matrix ratios used. Regardless of the amount of the matrix coating, high permittivities were realized. 319 
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 397 

Figure 1. Scheme of the preparation of a ceramic composite capacitor  398 

399 
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 400 

 401 

Figure 2. SEM images of BaTiO3 particles synthesized by the (a) sol-gel procedure, (b) oxalate method, (c) Pechini method and (d) 402 

conventional mixed oxide method  403 

404 
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Table 1. Particle sizes determined from electron microscopy images (SEM/TEM), gas physisorption (BET) and powder X-ray 405 

diffraction (Scherrer equation) 406 

 407 

Method 

 

SEM/TEM 

d [nm] 

BET 

d [nm] 

XRD 

d [nm] 

Sol-gel ≈ 50 25 – 35 ≈ 30 

Pechini – ≈ 65 ≈ 35 

Oxalate ≈ 60 ≈ 85 ≈ 30 

Mixed oxide 200 – 1000 200 – 900 – 

 408 

409 
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 410 

 411 
Figure 3. SEM BSE (back-scattered electrons) image of a sol-gel ceramic with an Al2O3/MgO matrix coating sintered at 1270 °C412 
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 413 

Figure 4. TEM bright-field image of a 3 wt% E glass coated sol-gel BT green compact. The matrix is marked by red arrows in the 414 

left picture. The compositions of EDS point measurements at positions 1–3 are given on the right  415 

416 
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 417 

Figure 5. SEM BSE image of sol-gel BT coated with 15 wt% E glass and corresponding EDS spectra of the E glass (black) and the fresnoite 418 

and barium aluminium silicate secondary phases (red)  419 

420 
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 421 

Figure 6. XRD pattern of a sol-gel BT ceramic coated with 15 wt% E glass (black). The contributing lines of BT, the fresnoite and barium 422 

aluminium silicate (BAS) phase are shown by red, blue and green markers, respectively. 423 

 424 
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 425 

Figure 7. STEM dark-field image of sol-gel BT particles embedded in E glass matrix with corresponding EDS element mappings 426 

427 

Page 17 of 24 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 428 

Figure 8. Permittivity of sol-gel BT ceramics as a function of the frequency and the amount of E glass  429 

430 
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 431 

Figure 9. SEM BSE image of the grain structure after polishing of a sol-gel BT ceramic sintered at 1000 °C with 3 wt% BBS glass 432 

coated via the precipitation method  433 

434 
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 435 

Figure 10. BSE image of (a) the surface of a sol-gel BT ceramic with 10 wt% BBS glass coated by the spray drying method, (b) 436 

the grain structure after polishing of a sol-gel BT ceramic with 15 wt% BBS glass coated by the spray drying method. The 437 

corresponding EDS spectra of BT and the BBS matrix are given in (c). The ceramics were sintered at 1000 °C. 438 

 439 
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 440 

Figure 11. BSE image (left) of the grain structure after polishing of a sol-gel BTG ceramic with 15 wt% BBS glass coated by the 441 

spray drying method and sintered at 1050 °C. The corresponding EDS spectra of BTG and the BBS glass matrix with germanium 442 

are shown on the right. 443 

 444 
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 445 

Figure 12. STEM dark-field image of a sol-gel BTG ceramic with 3 wt% BBS glass coated by the spray drying method and sintered at 446 

950 °C. The composition determined by EDS at the positions 1–9 (1–5 BT, 6–9 matrix) is given on the right  447 

448 
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 449 

Figure 13. Permittivity of sol-gel BT ceramics as a function of the frequency and the amount of BBS glass  450 
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 452 

TOC: Efficient composite dielectrics can be created by combination of phase free Ba(Ti(1-x)Gex)O3 nano particles, 453 

and an inorganic BBS glass matrix, consisting of BaO, B2O3 and SiO2.  454 

 455 
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