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Summary 
 
 
 

Numerous organisms produce ornately detailed inorganic structures (often known 

as shells) with features on length scales from the nanoscale to the microscale.  One 

organism, commonly referred to as a diatom, originates from algae and is found 

throughout the oceans on Earth.  These diatoms possess skeletal structures, frustules, 

made from silicon dioxide.  This chemical makeup limits the number of possible 

applications for which these structures can be used. 

Using a series of gas displacement reactions, these frustules can be converted to 

other useful materials, such as magnesium oxide and titanium dioxide, while maintaining 

the features of the frustule template.  In the current research, silicon dioxide frustules 

were converted to titanium dioxide replicas using method previously devised by our 

group.  The titanium dioxide replicas were subjected to a hydrothermal reaction by 

exposing the replicas to an aqueous basic solution containing barium hydroxide to form 

barium titanate and barium strontium titanate replicas.  The effects of reaction 

temperature, time, and solution composition on extent of conversion were examined.  The 

conventional method of converting titanium dioxide to barium titanate, using a 

convection heating oven, was compared with a microwave assisted heating method to 

study the advantages of using microwave heating over convection heating. 
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Chapter 1 

Enhanced Hydrothermal Conversion of Surfactant-modified 
Diatom Microshells into Barium Titanate Replicas 

 
 

1.1 Introduction 

 The attractive electronic, optical, and chemical properties exhibited by barium 

titanate-based compositions have led to the use of these ceramics as capacitors, 

thermistors, actuators, sensors, phosphors, and other devices.1-8  A variety of approaches 

(e.g., mixed oxide, mixed salt, sol-gel, polymeric precursor, hydrothermal, 

microemulsion, mechanochemical, combustion syntheses) have been used to synthesize 

BaTiO3 powders with fine particle and crystal sizes.9-19  Nanocrystalline barium titanate-

based ceramics have exhibited relatively high room temperature dielectric constants that 

are temperature- and voltage-stable for integrated capacitors20,21, high sensitivity to water 

vapor and carbon dioxide for gas sensors22-24,  and enhanced response of fluorescence to 

temperature changes for real-time temperature monitoring.25  The worldwide interest in 

nanoscale ferroelectric devices has also led to the recent syntheses of BaTiO3 

nanowires26, nanorods27, nanoshell tubes28, and nanoshell spheres.29,30  However, the 

scalable fabrication of complex three-dimensional (3-D) BaTiO3-based nanostructures in 

a variety of well-controlled morphologies via synthetic methods has been a significant 

challenge.   

    Nature, on the other hand, provides impressive examples of 3-D microscale to 

nanoscale mineral assembly.31-39 For example, coccolithophorids (Haptophyta) and 

diatoms (Bacillariophyta) are single-celled algae that assemble intricate nanostructured 
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calcium carbonate and silica microshells, respectively.35-40  A particularly wide variety of 

morphologies can be found among the microshells (frustules) of the estimated 105 species 

of diatoms.40,41  Each species of diatom assembles an amorphous silica-based frustule 

with a particular 3-D shape and a specific pattern of nanoscale features (e.g., nanoscale 

pores, channels, ridges, tubules).38-40  The sustained reproduction of a given diatom 

species can yield enormous numbers of diatom cells with the same 3-D frustule 

shape.42,43  Such intricate, genetically-precise, and massively-parallel 3-D self-assembly 

under ambient conditions has no analog in man-made processing.  Continued progress in 

the genetic modification of diatoms promises to yield frustules with shapes tailored for 

specific applications (i.e., genetically-engineered micro/nanodevices).44-47  However, the 

natural silica-based chemistry of diatom frustules limits the range of such potential 

applications. 

 Silica-based diatom frustules can be converted into replicas comprised of other 

non-silica-bearing oxides through the use of gas/silica displacement reactions (i.e., via the 

patented Bioclastic and Shape-preserving Inorganic Conversion or BaSIC process).48-53  

For example, the following net metathetic reaction was first proposed for replacing the 

silica in diatom frustules with titania.49 

 TiF4(g) + SiO2(s) => TiO2(s) + SiF4(g) (1.1) 

Subsequent work by Unocic, et al.51 demonstrated that an intermediate reaction product, 

TiOF2(s), forms in advance of titania by the following reaction. 

 2TiF4(g) + SiO2(s) => 2TiOF2(s) + SiF4(g) (1.2) 

With proper control of the TiF4:SiO2 reactant ratio and temperature, these authors 

generated TiOF2-based structures that retained the 3-D shapes and fine features of the 
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starting silica frustules.51  The conversion of TiOF2 into TiO2 can then be conducted by 

reactions of the following type.51,54-56 

 TiOF2(s) + 1/2O2(g) => TiO2(s) + F2(g) (1.3a) 

 TiOF2(s) + H2O(g) => TiO2(s) + 2HF(g) (1.3b) 

Unfortunately, the standard Gibbs free energy of formation of solid TiOF2, 

∆Go
f[TiOF2(s)], at <350oC is not available in common thermodynamic tables (nor 

apparently in the literature) to allow for thermodynamic calculation of the critical 

(O2)1/2:F2 and H2O:(HF)2 ratios required to enable reactions (3a) and (3b) to proceed 

spontaneously to the right (note: although Dudley, et al.66 recently suggested that reaction 

(3a) was thermodynamically unfavored, the value of ∆Go
f[TiOF2(s)], or a source of such 

data, was not provided to allow for calculation of the critical (O2)1/2:F2 ratio). 

Nonetheless, both reactions have been successfully conducted at modest temperatures 

(i.e., <350oC) with flowing oxygen or moist air.51,54-56   

 Coating-based approaches may also be used to alter the chemistries of diatom 

frustules.57-65 If the coating is thin, continuous, conformal, rigid, and chemically robust, 

then silica-free structures (e.g., zirconia or polymer59,63) possessing the external shape of 

the starting frustule can be produced upon selective dissolution of the underlying silica 

frustule (note: if the internal and external surfaces of the frustule are coated, then 

dissolution of the silica will yield a hollow wall structure).  Weatherspoon, et al. 

synthesized the first freestanding barium titanate-based frustule structures by using a sol-

gel process to generate a conformal and continuous BaTiO3 coating at 700oC on 

chemically-compatible magnesia-converted frustule replicas (formed through reaction 
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with magnesium gas48-50,52).56,61,64  Selective dissolution of the underlying magnesia then 

yielded freestanding phase-pure BaTiO3 structures that retained the 3-D frustule shape.56     

 Combination of gas/solid and liquid/solid reactions is examined for the low-

temperature syntheses of BaTiO3 replicas of diatom frustules.  With this approach, silica-

based frustules are first converted into titania replicas via reactions (2)-(3b) above (as per 

Unocic, et al.51) and then converted into barium titanate replicas via hydrothermal 

reaction with barium hydroxide-bearing aqueous solutions, as indicated below.   

 TiO2(s) + {Ba(OH)2} => BaTiO3(s) + H2O(l) (1.4) 

where {Ba(OH)2} refers to barium hydroxide dissolved within water.  Such reactions 

allow for the syntheses of barium titanate replicas at lower reaction temperatures than for 

sol-gel-based approaches, and could yield solid wall replicas of the frustules (as opposed 

to hollow wall structures that are produced with coating-based methods, upon removal of 

the silica).  The partial hydrothermal conversion of titania frustule replicas into barium 

titanate was initially examined by Gaddis65, and has since been reported by Cai, et al.56  

Dudley, et al.66 have recently also reported the partial conversion of TiO2 frustule replicas 

(synthesized by the method of Unocic, et al.51,56) into BaTiO3 via reaction of liquid 

Ba(OH)2
.8H2O at 120oC for 10 h.  The purpose of this chapter is to evaluate the use of a 

surfactant-based dissolution/reprecipitation process to significantly enhance the exposed 

surface areas of silica diatom frustules, and thereby reduce the time required for complete 

hydrothermal conversion into barium titanate replicas. 
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1.2 Experimental Materials and Procedure 

 The starting diatom frustules (obtained as flame-polished diatomaceous earth, DE, 

from a commercial vendor) used in the present work, possessed hollow cylindrical shapes 

and were decorated with rows of fine (several hundred nm diameter) pores (Figure 1.1).  

Nitrogen adsorption analysis (BET, Autosorb-1, Quantachrome, Boynton Beach, FL) of 

DE yielded a modest surface area of 1.6 m2/g.  The first step for the comparison was a 

surface treatment of the DE. 

 

 

 

 

5 µm 

Figure 1.1 Secondary electron image of an unmodified, 
Aulacosira diatomaceous earth microshell.  
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  1.2.1 CTAB Treatment of Diatomaceous Earth 

 The specific surface area of the diatomaceous earth was significantly enhanced 

when exposed to a surfactant-induced dissolution/reprecipitation treatment similar to that 

reported by Fowler, et al.67  Because the treatment is at elevated temperatures and 

pressures, a suitable reaction vessel is needed to ensure minimal loss of water or solution.  

Due to the properties of the CTAB, the reaction was performed in a more confined space 

when compared to that of Fowler, et al.67 

 A basic aqueous solution of sodium hydroxide (NaOH) was created by dissolving 

0.845 g of NaOH pellets into 30 ml of deionized water to achieve a 0.7 molarity.  The 

pellets were stirred for 5 min until they were completely dissolved.  3.05 g of (1-

exadecyl)trimethylammonium bromide (CTAB, CH3(CH2)15N(Br)(CH3)3, Alfa Aesar, 

Ward Hill, MA) was added to the basic solution using a spatula.  To ensure complete 

dissolution, the solution was stirred for another 15 min.  A 5.0 g batch of DE was then 

added to this solution (i.e., a 10:1 SiO2:CTAB molar ratio).  After stirring for 15 min, the 

slurry was transferred to a 50 mL (2.4 cm I.D. × 15.2 cm L) stainless steel container and 

sealed hand tight.  The container was then placed in an oven preheated to 112oC.  After 

72 h, the container was removed and allowed to cool under atmospheric conditions.  

Upon cooling, the sample was washed (Nalgene filter) using a 46 mm diameter, 0.8 µm 

filter cellulose membrane and protective adsorbent pad (Pall).  During washing, the water 

formed bubbles after passing through the filter indicating the presence of CTAB.  

Therefore, the frustules were washed until the bubbles were no longer present.  After 

filtering, and thorough washing with deionized water, the frustules were heated in air at 
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1oC/min to 540oC and held for 10 min (for drying and pyrolysis of residual organic 

material).   

 A secondary electron image of a CTAB-treated microshell is shown in Figure 1.2. 

The microscale 3-D frustule morphology and surface features did not appear to be altered 

by this treatment.  However, BET analysis indicated that the DE surface area increased 

by a factor of 75 to a value of 120 m2/g.   

 

 

  1.2.2 Conversion of frustules from SiO2 to TiO2  

The CTAB-treated and untreated diatom frustules were converted into anatase 

phase TiO2 using the method of Unocic et al.51  In a glove box with an argon controlled 

environment, 1.0 g of TiF4 (titanium(IV) fluoride, Advanced Chemicals Research, Tulsa 

5 µm 

Figure 1.2 Secondary electron image of a CTAB-treated 
Aulacosira diatomaceous earth microshell 
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OK) was placed in one end of a titanium tube (2.35 cm I.D., 17 cm long, Grade 2, 

Titanium Industries, Rockway, NJ USA) in which a 1.25 cm segment (from the end of 

the tube) was precrimped and welded shut by method of tungsten inert gas welding 

(TIG).  Next, 0.2 g of SiO2 frustules were evenly distributed into a homemade nickel tray 

(6.5 cm long x 1.8 cm wide x 0.6 cm deep) with a powder bed height of less than 1 mm.  

The nickel tray was placed inside the tube and centered on the length.  A press was used 

to crimp the open end of the vessel 1.25 cm from the end.  The crimped opening was TIG 

welded shut and the tube removed from the glove box. 

The sealed tube was transferred to a furnace and heated at 5 ºC/min to 350 ºC for 

a duration of 2 h.  After heat treatment, the tube was opened and the newly formed 

sample of TiOF2 frustules was transferred to a MgO bowl (magnesium oxide, 2.54 cm 

diameter, 1.25 cm deep, Ozark Technical Ceramics).  The TiOF2 frustules were 

transferred back to the furnace for further heat treatment using a ramp rate of 5 ºC/min 

and holding at 400 ºC for 5 h.  A humid atmosphere was produced by flowing O2 (oxygen 

gas) at 1 mL/min through a flask of 70ºC deionized water prior to introduction to the 

furnace.  In order to maintain an atmospheric O2 partial pressure, a flask was used at the 

outlet of the furnace. 

 X-ray diffraction analysis indicated that this treatment resulted in complete 

conversion of the silica frutules into the anatase polymorph of titania (Figure 1.3).  A 

secondary electron image of a titania/microshell from CTAB-treated DE is shown in 

Figure 1.4 (a similar microscale morphology was observed for the non-CTAB-treated, 

titania-converted specimens).  The cylindrical 3-D morphology of the starting microshell 

was preserved in the titania replicas. 
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Figure 1.3  XRD pattern of anatase phase TiO2 diatom replicas 
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BET analyses indicated that the titania frustule replicas generated from non-

CTAB-treated and CTAB-treated silica frustules possessed specific surface areas of 5.2 

and 11.3 m2/g, respectively.  The specific surface area of the titania replicas synthesized 

from CTAB-treated silica was significantly lower than for the CTAB-treated silica (11.3 

vs. 120 m2/g).  This decrease is likely to have resulted from the loss of fine (< 4 nm) 

pores present in the CTAB-treated silica upon conversion into titania.  Barrett-Joyner-

Halenda analysis68 (BJH) of the nitrogen desorption curves indicated that the CTAB-

5 µm 

Figure 1.4  Secondary electron image of a CTAB-treated 
microshell after conversion to TiO2. 
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treated silica possessed a significant amount of mesoporosity; that is, pores < 4 nm in 

diameter comprised 68% of the cumulative volume occupied by all pores  < 50 nm in 

diameter (Figure 1.5, a and b).  However, BJH analysis of the titania replicas generated 

from the CTAB-treated silica indicated that pores < 4 nm in diameter comprised only 

8.7% of the cumulative volume occupied by all pores < 50 nm in diameter (Figure 1.6, a 

and b). 
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Figure 1.5  BJH pore size distributions for: (a) non-CTAB treated frustules, and (b) 
CTAB treated frustules. 
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Figure 1.6  BJH pore size distributions for: (a) non-CTAB treated frustules after 
conversion to TiO2, and (b) CTAB treated frustules after conversion to TiO2. 
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  1.2.3 Hydrothermal Conversion of frustules from TiO2 to BaTiO2  

 For hydrothermal conversion into barium titanate, 0.050 g of titania frustule 

replicas, 0.60 g of barium hydroxide octahydrate (Ba(OH)2·8(H2O), >98% purity, Alfa 

Aesar), and 0.60 mL of de-ionized water (i.e., a molar Ba(OH)2·8(H2O):TiO2:H2O ratio 

of 3.0:1:53) were placed in a tube machined from a PTFE rod (12.5 mm internal dia., 21 

mm internal length, Virgin Electrical Grade PTFE, McMaster-Carr).  Such charged tubes 

were sealed with PTFE plugs within an argon atmosphere glove box.  The sealed tubes 

were thrust into an oven preheated to 100oC, and held at this temperature for times up to 

48 h.  There was no change in weight observed for any of the tubes.  Upon cooling and 

filtration, the reacted frustules were washed 8 times with de-ionized water heated to 75°C 

to remove residual barium hydroxide adhering to the specimen.  The reacted frustules 

were then placed in an ultrasonic cleaner (Model 2510, Branson, Danbury, CT) for 1 h to 

dislodge any remaining barium hydroxide adhering to the specimens.  After 

ultrasonication, the reacted frustules were again washed 8 times with heated de-ionized 

water.  The frustules were then dried at 75°C for 24 h.  

 

  1.2.4 BaTiO3/TiO2 Mixed Oxide Standards  

 Mixed oxides of cubic phase BaTiO3 powder (Sigma Aldrich) and anatase phase 

TiO2 (Alpha Aesar) were made to quantify of the amount of conversion from TiO2 to 

BaTiO3.  Table 1.1 lists the compositions of the 12, 1 g mixtures of BaTiO3 and TiO2 that 

were made ranging from 10 to 99 weight percent BaTiO3.  Each powder was weighed 

together in the mortar where they would be mixed to ensure no loss of powder in 

transferring from a weigh vessel.  The powders were mixed for 15 min in a slurry with 
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acetone.  The mortar was then placed on a hot plate to evaporate the acetone.  After 

drying, the sample was transferred to a glass vial and placed in a dry oven at 85 ºC for 24 

h to ensure complete evaporation of acetone. 

 

 

Table 1.1  Weights of BaTiO3 and TiO2 
powders used for quantitative wt. % analysis 
of BaTiO3 in the specimens. 

Weight % 
BaTiO3 

BaTiO3 (mg) TiO2 (mg) 

10 100 900 

20 200 800 

30 300 700 

40 400 600 

50 500 500 

60 600 400 

70 700 300 

80 800 200 

90 900 100 

95 950 50 

97 970 30 

99 990 10 

 

 

After the drying, XRD analysis was performed on each mixture (Figure 1.7).  

Using an XRD analysis program (Jade 7 XRD Pattern Processing Identification & 

Quantification), the ratio of the (110) peak for BaTiO3 to the (101) peak for anatase TiO2 
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was calculated for each mixture.  The ratio of the peak areas were normalized to the ratio 

for the mixture containing 99.0 weight % BaTiO3 and plotted against the known weight 

percents of BaTiO3 for the mixtures (Figure 1.8). 

 

 

 

 

 

 

 

Figure 1.7  3-D overlay of the XRD patterns for the BaTiO3/TiO2 mixed oxide 
compositions with weight ratios ranging from 10 mg BaTiO3 and 900mg of TiO2 to 
990mg BaTiO3 and 10 mg TiO2 (background to foreground respectively). 

BaTiO3 
TiO2 
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The crystallite size and morphology of the reacted frustules was investigated by 

SEM (S-800, Hitachi, Japan).  The composition of the frustules was studied with X-ray 

diffraction (Alpha-1, Panalytical, Netherlands) and energy dispersive spectroscopy 

(EDS).  Crystallite size was calculated from XRD using Scherrer analysis to extract 

crystallite size information from XRD peak widths, which does not require the use of a 

coarse-grained standard material.69  Scherrer analysis measures the XRD peak width (B) 

for all peaks for a phase. The term, B*cos (θ), is plotted versus the term, sin (θ).  A linear 

regression is used to fit the points.  The particle size and strain were then calculated from 

the y-intercept and slope of the linear fit, respectively.  The particle size is given as D.   

B*cos (θ) = 0.9λ / D 
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Figure 1.8  Plot illustrating the correlation between XRD peak area ratios for the 
main peaks of BaTiO3 and TiO2 to the known weight percents of BaTiO3.  The 
ratios have been normalized to the 99.0 weight percent BaTiO3 ratio. 
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1.3 Results and Discussion 

 XRD analyses obtained after hydrothermal reaction of the non-CTAB-treated and 

CTAB-treated titania replicas for various times at 100oC are shown in Figures 1.9, a-c 

and d-f, respectively.  After 8 h of reaction, both types of specimens consisted of 

appreciable amounts of BaTiO3 and TiO2 (anatase).  A substantial reduction in the 

amount of residual TiO2 occurred between 8 and 24 h of reaction. The ratios of the areas 

of the most intense (110) BaTiO3 and (101) TiO2 diffraction peaks for the two types of 

specimens and for different reaction times are shown in Table 1.2.  After 8 h and 24 h of 

reaction, the BaTiO3:TiO2 peak area ratio was higher for the CTAB-treated specimens 

than for the non-CTAB-treated specimens.  After 48 h of reaction, a detectable diffraction 

peak for TiO2 (i.e., the (101) diffraction peak located near 25.3 degrees) was observed in 

the non-CTAB-treated specimen, whereas this peak was almost absent in the CTAB-

treated specimen.   
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Figure 1.9  X-ray diffraction patterns obtained from frustule specimens after 
various hydrothermal reaction times at 100oC: (a) 8 h, (b) 24 h, (c) 48 h; and 
surface modified CTAB diatoms at (d) 8 h, (e) 24 h, (f) 48 h. 
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Table 1.2  Hydrothermal Conversion of TiO2 in 
to BaTiO3 as a function of reaction time at 100 
ºC 

Specimen 
Typea 

Reaction Time 
(h) 

(110) BaTiO3/ 
(101) TiO2

b 

DE 8 1.4 

DE 24 10.9 

DE 48 25.6 

CTAB 8 1.8 

CTAB 24 22.1 

CTAB 48 80.7 

a”DE” refers to the starting frustules obtained as 
diatomaceous earth. “CTAB refers to DE frustule 
specimens that were exposed to a 
hexadecyltrimethylammonium bromide (CTAB) 
surfactant-based dissolution/reprecipitation 
process67 prior to reactive conversion into anatase 
TiO2. 
bRatio of the areas of the most intense x-ray 
diffraction peaks for BaTiO3 (the (110) peak) and 
TiO2 (the (101) peak). 

 

 

Further quantification of both the 48 h specimens was performed using the XRD 

patterns from the BaTiO3/TiO2 mixtures.  This analysis was performed by calculating the 

intensity ratio and the area ratio of the (100) peak for the BaTiO3 and the (101) peak for 

the TiO2, since these peaks are in close proximity on the 2θ scale.  Area ratio for the non-

CTAB treated specimen revealed the amount of conversion to be less than 92.8%, 

respectively.  While the CTAB-treated specimen achieved greater than 98.8 % 

conversion, based on area ratio. 
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  The absence of distinct (200)-type and (002)-type peaks in the barium titanate 

diffraction pattern in Figure 1.9f indicated that the BaTiO3 had formed predominantly as 

a cubic polymorph as opposed to the stable tetragonal phase (note: the hydrothermal 

formation of cubic BaTiO3 at <150oC has been reported by a number of authors15,16,30,70).  

Scherrer analysis of the diffraction peaks in Figure 1.9f yielded an average crystallite size 

of 63 nm for the fully-converted (CTAB-treated) BaTiO3 frustules.   

 Scanning electron images of a fully-converted (48 h, 100oC, CTAB-treated) 

BaTiO3 frustule and a partially-converted (48 h, 100oC, non-CTAB-treated) BaTiO3 

frustule are shown in Figures 1.10 a and b, respectively.  The overall 3-D morphology of 

the starting frustules was preserved in the BaTiO3-converted frustules.  BET analysis of 

the completely-converted BaTiO3 specimens yielded a specific surface area of 12.8 m2/g, 

which was comparable to that for the titania replicas (11.3 m2/g) from which such 

BaTiO3 was derived.   
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5 µm 

Figure 1.10 Secondary electron image of: (a) a CTAB-
treated, TiO2-converted microshell after hydrothermal 
conversion to BaTiO3, (b) a non-CTAB-treated, TiO2-
converted microshell after hydrothermal conversion to 
BaTiO3 

(b) 

5 µm 

(a) 
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 The hydrothermal conversion of titania templates (e.g., microspheres, nanotubes) 

into barium titanate structures that retained the template shape has been reported by 

several authors.15,71-73  Such shape preservation is consistent with so-called “in-situ” 

hydrothermal conversion, during which a conformal BaTiO3 product layer is generated 

around the reacting TiO2 template.15,70,71,74  Hertl reported that such in-situ hydrothermal 

conversion of titania particles at 70-103oC was limited by the rate of reaction at the 

TiO2/BaTiO3 interface, when the barium hydroxide concentration in the aqueous solution 

exceeded 1M (as was the case in the present work).74  The rate of hydrothermal 

conversion into BaTiO3 via such an interfacial reaction-limited process should certainly 

have been enhanced with an increase in the starting surface area of the TiO2 replicas, as 

was accomplished by starting with CTAB-treated silica frustule templates.  

 

1.4 Conclusion 

 In conclusion, silica diatom frustules have been completely converted into 

nanocrystalline barium titanate structures, with a retention of the starting 3-D frustule 

morphology, through the use of a series of low-temperature fluid/solid reactions.  

Exposure of the frustules (obtained as DE) to a CTAB-bearing aqueous solution at 112oC 

resulted in a significant enhancement in the frustule surface area without an appreciable 

change in the 3-D microscale morphology.  Subsequent reaction of the frustules with 

titanium tetrafluoride at 350oC for 2 h, and then with humid oxygen at 400oC for 5 h, 

yielded titania (anatase) frustule replicas.  Hydrothermal reaction of the titania replicas 

with a barium hydroxide solution at 100oC for 48 h resulted in nearly complete 

conversion into nanocrystalline barium titanate structures that retained the 3-D 
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microscale frustule morphology.  The enhanced surface area of the CTAB-treated 

frustules resulted in an increase in the specific surface area of the TiO2 frustule replicas 

that, in turn, led in an increase in the rate of hydrothermal conversion into BaTiO3 at 

100oC. 

 
(This chapter was previously published as a short article in the Journal of Materials 

Research)75 
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Chapter 2 

Barium Strontium Titanate 3-D Replicas of Diatom Frustules 
 
 

2.1 Introduction 

 Barium titanate (BT) is an attractive material in the electronics industry owing 

mainly to its ferroelectric properties.  BT is only one compound that has the perovskite 

crystal structure which is capable of undergoing phase transitions at low temperatures to 

produce these properties.  During the 1950’s, Roy and his students expanded the 

application potential of BT by establishing a basis for multiple ion substitution for the A 

sites and B sites in the perovskite system.1  One of the possible ion substitutions for BT is 

Sr2+ for Ba2+ in an A site to form barium strontium titanate (BST, Ba1-XSrXTiO3).  This 

substitution is of interest because the stoichiometry of the product can be controlled for 

use in specific electronic applications such as tunable composite.  As a derivative of BT, 

BST exhibits a Curie temperature.  This temperature is dependent on the alkaline ratio of 

Ba:Sr.  One of the most important Ba:Sr molar ratios is around 60:40, which Helmi et al. 

found to have a tetragonal to cubic transition around 6.3 ºC.2  The Curie temperature is 

not the only property affected by the substitution.  Zhou et al. found the dielectric 

constant to be 3 times higher than barium titanate.3  This makes BST of great interest for 

applications which require switches,4 tunable phase shifters,5-8 capacitors for tunable 

radio frequency and microwave devices,9-12 or dynamic random access memory.13-15 

 BST has been synthesized in many forms among which are thin films,16 

powders,17-19 and nanotubes.20  Although these structures are easily synthesized, a greater 

challenge lies in the ability to design 3-dimensional (3-D) shapes composed of BST with 
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complex morphologies.  The only man-made structure of BST possessing a 3-D shape is a 

nanotube.  Unfortunately, this is a simplistic structure and is limited by its shape.  In 

contrast, nature provides complex 3-D structures from the skeletal frameworks of algae, 

referred to as diatoms, which possess fine features such as pores and channels.  Figure 2.1 

shows a secondary electron image of the diatom species Aulacosira.  This type of diatom 

skeleton is commonly found in pool filtration media referred to as diatomaceous earth 

(DE).  The skeletal structure is known as a frustule and is composed of amorphous silicon 

dioxide (SiO2, silica).  The frustules found in DE are not amorphous and are 

predominately cristobalite phase SiO2, which is not very useful, but is ideal for 

conversion to other oxides.  Previously, frustules of this type have been converted to other 

non-silica bearing structures using the patented BASIC (Bioclastic And Shape-preserving 

Inorganic Conversion)21 process to form magnesium oxide (MgO),22 titanium dioxide 

(TiO2),23 and zirconium oxide (ZrO2).24  A BST converted replica microshell could offer 

promise in electronic applications such as flexible antennas made of BST replica 

composite materials. 

 There are numerous methods which can be employed for processing BST 

depending on the desired morphology.  In the 1950’s Basmajian et al. and Kwestroo et al. 

generated BST powders by applying a solid state method similar to that used to make BT, 

in which BaCO3, SrCO3 and TiO2 powders were mixed and sintered at 1350 to 1400 ºC.25, 

26  Unfortunately, this previous method requires ball milling, high temperature treatment, 

and cannot be employed for all applications.  Phase shifters and microwave applications 

require thin films which, among other methods, can be deposited by radio frequency 

magnetron sputtering,27 pulsed laser,28, 29 or plasma jet30 deposition and are not volatile to 
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the shape of the structure.  Synthesis of titanates via aqueous solution or hydrothermal 

methods has gained attention due to lower synthesis temperatures and smaller particle 

size distribution.  For example, Khollam et al. utilized a barium-strontium titanyl oxalate 

precursor in order to form Ba0.75Sr0.25TiO3 powder.31  Among other methods are 

catecholate,32 sol-gel,33, 34 acetate,35 hydrothermal dissolution-precipitation,18 and in situ 

hydrothermal.36  The in situ hydrothermal method is the only process that has proven to 

preserve the shape of starting framework and, therefore, is the only method with potential 

to convert the 3-D microstructures of diatoms to BST. 

 The current research utilizes an in situ hydrothermal method at low temperature to 

produce replicas of diatom frustules which possess the same fine features but in a 

ferroelectric structure.  After using a method to enhance the surface of the starting DE 

diatom frustules, DE was converted to TiO2 microshell replicas using the method of 

Unocic et al.23  The TiO2 microshells were then subjected to a hydrothermal process to 

form BST microshell replicas.  The conversions were performed over durations of 1 to 4 

days and at temperatures of 100 and 200 ºC.  Alkaline earth to titanium ratios were also 

examined for ratios of 4.18 to 16.70 at 100 ºC.  The purpose of this research was to 

convert SiO2 frustules to semiconducting replicas composed of BST. 

 

2.2 Experimental Setup 

  2.2.1 CTAB Treatment of Diatomaceous Earth 

 Anticipating an increase in the amount of conversion with the starting specific 

surface area (SSA), the DE was pretreated using a method similar to that of Fowler et 

al.37 to increase the SSA from 1.6 m2/g to 197 m2/g.  3.05 g of (1-
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hexadecyl)trimethylammonium bromide (CTAB, 98% purity, Alfa Aesar, Ward Hill, 

MA) was introduced into a 30 mL aqueous solution of 700 mM NaOH (sodium 

hydroxide, Alfa Aesar) for 15 min followed by the addition of 5.0 g of DE.  The solution 

was mixed for 15 min, and then transferred to a laboratory-fabricated cylindrical stainless 

steel (SS) vessel (2.4 cm I.D. × 15.2 cm L) and heat treated at 130 ºC for 72 h.  After heat 

treatment, the treated DE was washed and filtered with 2.0 L of deionized (DI) water to 

dissolve the CTAB.  Residual CTAB was removed during heat treatment at 1 ºC/min to 

540 ºC followed by a 1 h isothermal hold. 

 The surfaces of the CTAB surface-modified frustules was studied using N2 

(nitrogen gas) adsorption at liquid nitrogen temperatures (-195.9 ºC) (Autosorb-1C, 

Quantachrome, Boyton, FL).  The method of Brunauer-Emmett-Teller was used to 

calculate the SSA from the N2 adsorption isotherm.38  Figure 2.1 shows an secondary 

electron image of a CTAB-treated DE frustule.  Unfortunately, the pore size (1.1 – 5.0 

nm) affected by the treatment is distributed between the micropore (<2.0 nm) and 

mesoporous (2.0 – 5.0 nm) regimes and cannot be resolved by SEM.  The increase in 

initial solution treatment temperature from 112 ºC to 130 ºC raised the SSA to 197 m2/g.  

Based on the increased reaction with CTAB-treated frustules, experiments were 

performed using only CTAB-modified DE. 
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  2.2.2 Conversion of Frustules from SiO2 into TiO2 replicas 

 The CTAB-treated SiO2 frustules were then converted to anatase TiO2 replica 

microshells using a method similar to Unocic et al.23  In an argon controlled environment, 

200 mg of CTAB-modified DE was placed in a homemade nickel (Ni) tray.  The Ni tray, 

in turn, was placed in a titanium (Ti) tube (2.54 cm D × 16.99 cm L, titanium tubing, 

Grade 2, McMaster-Carr, Atlanta, GA) containing 1.0 g of TiF4 (titanium(IV) fluoride, 

Advanced Chemicals Research, Catoosa, OK) pre-weld sealed at one end.  The opposite 

end of the tube was sealed by welding and the tube was heat treated at 5 ºC/min to 350 ºC 

and maintained for duration of 2 h.  Following the heat treatment, the specimen was 

Figure 2.1  Secondary electron image of a CTAB-treated 
SiO2 diatomaceous earth frustule.
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removed from the tube and subjected to a second heat treatment in an irriguous, oxygen 

atmosphere formed by flowing oxygen at 1 L/min through 70 ºC water.  The specimen 

was re-heated in a round MgO crucible (magnesium oxide, 2.54 cm D × 1.25 cm H, 

Ozark Technical Ceramics, Webb City, MO) at 5 ºC/min to 400 ºC and maintained for 

duration of 5 h.  SEM analysis of a SiO2 frustule after conversion to a TiO2 exhibits 

exemplary preservation of the fine features such as pores, channels, and cylindrical shape 

(Figure 2.2).  The main effect was the 95 % decrease in SSA, which cannot be resolved 

using SEM. 

 

 

Figure 2.2  Secondary electron image of an SiO2 
diatomaceous earth frustule after conversion to TiO2. 
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  2.2.3 Hydrothermal Conversion of TiO2 Microshells into Ba1-XSrXTiO3 

 Next, the TiO2 microshells were converted to BST using an in situ hydrothermal 

reaction.  0.05 g of TiO2 microshells were placed in a laboratory-fabricated PTFE liner 

(1.25 cm D × 3.95 cm L) with 1 mL of boiling distilled DI water.  The liner was placed in 

a cylindrical, SS, laboratory-fabricated vessel (2.0 cm D × 8.3 cm L).  The threads of the 

vessel were wrapped with PTFE sealant tape (1.25 cm W, Military Grade, McMaster-

Carr) and loosely sealed.  The vessel was then transferred to an argon controlled 

environment.  Barium hydroxide octahydrate (Ba(OH)2·8H2O, >98% purity, Alfa Aesar) 

was added to the tube in amounts ranging from 0.68 to 2.50 g.  Strontium hydroxide 

octahydrate (Sr(OH)2·8H2O, Alfa Aesar) was added during this period in amount ranging 

from 0.13 to 0.50 g.  The vessel was sealed hand-tight, removed from the controlled 

environment, and sealed with a pipe wrench to maximum resistance. 

 The vessel was then placed into an oven preheated to either 100 or 200 ºC for 

durations of 1 to 4 days.  After the heat treatment, the vessel was removed from the oven 

and allowed to cool.  No weight change was detected in the vessel after treatment.  The 

specimen was washed 6 times for 10 min in ≥ 85 ºC DI water and dissolved barium 

hydroxide was decanted at the end of each wash period.  The specimen was dried for 24 h 

at 80 ºC. 

 The particle size and morphology of the converted frustules were examined by 

SEM (LEO-1530, Zeiss, Germany).  Electron dispersive spectroscopy (EDS) was used to 

confirm the presences of Ba, Sr, and Ti.  Phase identification was performed using X-ray 

diffraction (XRD) (Alpha-1, Cu-Kα radiation, Panalytical, Netherlands).  Vegard’s law 

was used to quantify the compositions of the specimens.  An extensive literature search 
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was performed to locate a study in which a full spectrum of XRD patterns of 

compositions ranging from BaTiO3 to SrTiO3 were measured, but such a study was not 

found.  Therefore, considering these perovskite systems possess similar structures which 

differ only in the size of the Group II cation, an attempt was made to calculate the 

alkaline % Sr (Sr/[Ba + Sr]) based on interpolation between the accepted patterns for Ba1-

XSrXTiO3 (X = 0, 0.23, 0.4 0.6, 0.744, 1).  Using the primary star patterns from the ICDD 

PDF-4+ 2006 database, lattice parameters and their respective alkaline % Sr, for the 

known Ba1-XSrXTiO3 compositions (Table 1), were plotted (Figure 2.3) to calculate the 

variation of lattice parameter with composition.  The r2 value for the Vegard’s Law plot 

was >0.99. Hence, to calculate the composition of the present specimens the following 

equation was used: 

 

 

 Eqn. 1 

 

 

Using an XRD pattern analysis program (Jade 7 XRD Pattern Processing Identification 

& Quantification), Scherrer analysis was performed to calculate the crystallite size from 

the full-width-at-half-maximum of the peaks in the XRD patterns.  The surface 

characteristics of the microshells were examined using N2 gas adsorption.  Effects of post 

hydrothermal synthesis heat treatment were studied using TGA (thermogravimetric 

analysis, STA 449C, Netzsch, Burlington, MA). 
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Table 2.1   Lattice parameters of Ba1-XSrXTiO3, 
alkaline % Sr, and the alkaline % Sr calculated 
from the best-fit-line in the Vegard’s law plot. 

Lattice 
Parameter Alkaline % Sr Calculated 

Alkaline % Sr 

4.009 0 -4.4 

4.006 0 -1.5 

3.977 23.0 26.9 

3.965 40.0 38.6 

3.947 50.0 56.2 

3.925 74.4 77.6 

3.905 100 97.2 

3.903 100 99.1 

3.901 100 101.0 
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2.3 Results and Discussion 

 XRD analysis was performed on each of the specimens between 20º and 60º 2θ.  

The diffractometer was calibrated using Si (silicon) standard (SRM 640a, >99.999 % 

purity, 2 µm average particle size, National Institute of Standards and Technology).  The 

0.006º 2θ shift in the standard pattern was compensated for in each experimental pattern.  

The specimens converted at 100 °C all exhibited BST peaks located within less than 

0.05º 2θ of the accepted peaks for Ba0.6Sr0.4TiO3.  All the patterns were scaled to the 

height of the (110) peak, which is the most intense peak for the BST perovskite structures 

Figure 2.3  Vegard’s Law Plot generated from the lattice parameters of the Ba1-

XSrXTiO3 for X = {0, 0.23, 0.4, 0.6, 0.74, 1} with an ICDD Star quality mark, vs 
alkaline % of Sr. 
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in this study.  Therefore, all comparisons are made using the information from the (110) 

BST peak and the dominant (101) peak of the anatase phase.   

 All the XRD patterns of the specimens exhibited only two phases; a cubic phase 

of BST and the anatase phase of TiO2.  In contrast to BaTiO3, the cubic phase of BST has 

been reported to be the stable phase at room temperature.20, 34, 36, 39, 40  The composition of 

the specimens was calculated from the Vegard’s law plot (Figure 2.3).  Using Eqn. 1, an 

average of 34.6 ± 2.9 alkaline % Sr was calculated for the 100 ºC specimens after 4 days 

of conversion.  This may be an acceptable value for Ba0.60Sr0.40TiO3 considering 38.6 ± 

3.7 alkaline % Sr was calculated using Eqn. 1 and the accepted lattice parameter for 

Ba0.60Sr0.40TiO3.41 

Scherrer analysis of the patterns at 100 ºC indicated an increase in crystallite size 

with an increase in [Ba + Sr]/Ti.  Figure 2.4 shows the patterns for the 100 ºC specimens 

after 24 h with [Ba + Sr]/Ti ratios of 4.18, 8.35, 16.70.  The distribution of crystallite 

sizes ranged from 29.0 ± 4.3 nm, for the lowest [Ba + Sr]/Ti ratio (4.2), to 45.1 ± 5.6, for 

the highest [Ba + Sr]/Ti ratio (16.7).  Only the region between 30.86° to 32.86° 2θ are 

shown so the narrowing of the peaks can be clearly observed. 
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Figures 2.5 – 2.7 compare the XRD patterns of the 100 °C specimens conducted 

over the periods of 1, 2 and 4 days, respectively, with an atomic Ba/Sr ratio of 4.52.  The 

patterns were examined to determine the fraction converted as a function of time and 

atomic [Ba + Sr]/Ti ratio.  The fraction of conversion of the 100 °C specimens, with the 

same Ba/Sr ratio, exhibited an increase with an increase in duration of heat treatment.  

Although the maximum amount of conversion was observed after 4 days, the difference 

from 2 to 4 days was minimal and the majority of conversion occurred within 2 days 

Figure 2.4  (110) peaks for Ba0.6Sr0.4TiO3 after 24 h of conversion and atomic [Ba + 
Sr]/Ti ratio of 4.2 (blue), 8.4 (green), and 16.7 (red), after 24 h of conversion at 100 
ºC. 
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(Table 2.2).  Roeder and Slamovich reported similar results (finding the majority of 

reaction occurred after 2 days) although their specimens exhibited a biphasic split in the 

(110) peak after 1 day.18 

 

Figure 2.5  Comparison of 100 ºC specimens of BST after 24 hours of conversion 
in solution with atomic [Ba+Sr]/Ti ratios of 4.2, 8.4, 16.7. (Increasing [Ba+Sr]/Ti 
from front to back) 

B0.6Sr0.4TiO3 
TiO2 
BaCO3 
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Figure 2.7   Comparison of 100 ºC specimens of BST after 4 days of conversion in 
solution with atomic [Ba+Sr]/Ti ratios of 4.2, 8.4, 16.7. (Increasing [Ba+Sr]/Ti 
from front to back) 

B0.6Sr0.4TiO3 
TiO2 
BaCO3 

Figure 2.6   Comparison of 100 ºC specimens of BST after 2 days of conversion in 
solution with atomic [Ba+Sr]/Ti ratios of 4.2, 8.4, 16.7. (Increasing [Ba+Sr]/Ti 
from front to back) 

B0.6Sr0.4TiO3 
TiO2 
BaCO3 
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Table 2.2  Ratios for the area of the (101) peak, for 
residual TiO2, to the area of the (110) peak, for BST, in the 
XRD patterns for the 100 ºC specimens, spanning the time 
and the alkaline earth to titanium ratios. 

Time 
(days) 

[Ba+Sr]/Ti = 
4.2 

[Ba+Sr]/Ti = 
8.4 

[Ba+Sr]/Ti = 
16.7 

1 10.7 7.1 4.5 

2 7.0 5.2 3.1 

4 6.9 5.0 2.9 

 

 

 The conversions were attempted with atomic [Ba + Sr]/Ti ratios 4.18, 8.35 and 

16.7.  When the [Ba + Sr]/Ti was increased, the fraction converted was observed to 

increase for a constant reaction time.  The greatest amount of conversion was observed 

for the specimens with a [Ba + Sr]/Ti ratio of 16.7.  An investigation into the effect of 

heating and cooling rates was also performed on specimens at 100 °C over 4 day periods.  

Neither the heating nor the cooling rates were observed to have an effect on the amount 

of reaction.  The main variables affecting the fraction of the frustules converted at 100 °C 

were reaction time and the atomic [Ba + Sr]/Ti ratio.  

 Figure 2.8a shows an SEM image of a frustule converted at 100 ºC for 4 days with 

a [Ba + Sr]/Ti ratio of 4.18.  A higher resolution image of the frustule is also shown in 

Figure 8b.  The frustule appears to have maintained the shape and fine features such as 

channels on the surface.  The average particle size on the surface of this frustule was 

found to be 210 ± 40 nm by direct measurement of 100 particle diameters, parallel to the 

axis of the cylindrical structure. 
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Figure 2.8  Secondary electron images of barium strontium 
titanate diatom converted at 100 ºC, with atomic ratio of 
[Ba + Sr]/Ti = 4.18: (a) replica frustule, (b) high resolution 
image of the particles on the surface of the replica.
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Gas adsorption analysis was performed using N2 (nitrogen gas) at liquid nitrogen 

temperature (-195.9 ºC) for all of the specimens with atomic [Ba + Sr]/Ti ratios of 4.18, 

8.35, and 16.7.  The method of Brunauer-Emmett-Teller was used to calculate the 

specific surface area (SSA).38  Table 2.2 lists the [Ba + Sr]/Ti ratios and respective values 

for SSA.  There were not enough [Ba + Sr]/Ti ratios studied to substantiate a correlation 

between SSA and [Ba + Sr]/Ti ratio.  Hence, further investigation is needed to determine 

whether such a relationship exists. 

 

 

Table 2.3   Values for [Ba + Sr]/Ti ratios 
and their corresponding SSA’s 

[Ba + Sr]/Ti SSA (m2/g) 

4.18 3.5 

8.35 2.8 

16.70 1.9 

 

 

 Similar conversions were attempted at 200 °C with a Ba/Sr ratio of 4.52, the same 

times, and the same [Ba + Sr]/Ti ratios previously reported.  Compared to the 100 ºC 

specimen reacted under the same conditions, the 200 ºC treatment yielded a greater 

amount of conversion (Figure 2.9).  Examining the ratio of the area of the (101) peak for 

TiO2 to the area of the (110) peak for BST, in the XRD pattern for the 200 ºC specimen, 

yielded a value of 0.6.  When compared to the value of 2.9 for the 100 ºC specimen 

(Table 2.2), the 200 ºC specimen yielded a distinctly greater amount of conversion.  This 
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increase in fraction converted was observed with the increase in the duration of heat 

treatment by examination of the (101) TiO2 peak.  The specimen XRD pattern shown in 

Figure 2.9b contained the greatest amount of conversion for all the parameters examined. 

 

 

 

 

A result of increasing reaction temperature was a change in stoichiometry of the 

final product.  Using the Vegard equation (Eqn. 1), the composition of the most reacted 

200 ºC specimen after 4 days of reaction, with an atomic [Ba + Sr]/Ti ratio of 16.7, was 

calculated to be 82.1 ± 2.8 alkaline % Sr, (an incorporation of 137 % more Sr+2 into the 

Figure 2.9  Comparison of the amount of conversion for the a) 100 ºC and b) 200 
ºC treatments after 4 days of conversion in solution with [Ba+Sr]/Ti ratio of 16.7. 

(a) 

(b) 

TiO2
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lattice with a 100 ºC increase in temperature).  Figure 2.10 compares the peak positions 

of the (110) peaks from the XRD patterns of the 100 ºC and 200 ºC specimens.  Vertical 

line markers for (110) peak positions of cubic phase Ba0.6Sr0.4TiO3 and SrTiO3 are also 

shown.  Upon increasing the temperature from 100 ºC to 200 ºC, the peaks shifted due to 

the incorporation of the Sr+2 ions (despite having 4.52 times more Ba precursor than Sr 

precursor).  A shift in the (110) peak with temperature was observed in all the 200 ºC 

specimens, and this shift was also observed to increase as a function of time.  As with the 

amount of conversion, 97 % of the shifting occurred within 2 days. 

 

 

Figure 2.10  (110) peaks for Ba1-XSrXTiO3 after 4 days of conversion in solutions 
with [Ba+Sr]/Ti of 8.4, at (blue) 100 ºC and (green) 200 ºC. 
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A microshell after 4 days of conversion at 200 ºC with [Ba + Sr]/Ti of 16.7 and 

Ba/Sr of 4.52 is shown in Figure 2.11.  This image confirms preservation of the shape 

and fine features, despite multiple conversions and the relatively high hydrothermal 

temperature used.  An average particle size of 94 ± 23 nm was calculated from high 

resolution images (using the same conditions discussed for the 100 ºC specimen).  This 

particle size is less than half the size measured for the microshells converted at 100 ºC. 

Calculations made from curve fitting the XRD patterns found the specimens synthesized 

at 200 ºC possessed an average crystallite size of 68.6 ± 4.3 nm in contrast to the 100 ºC 

specimens which possessed an average crystallite size of 113.3 ± 12.9 nm.  This is 

possibly due to faster reaction kinetics at higher temperature, causing more sites to 

become active on the surface of the microshell. 
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 TGA was performed on a 100 ºC specimen converted over a 2 day period with 

contained a [Ba + Sr]/Ti ratio of 16.7.  The heat treatment was performed at a ramp rate 

of 10 ºC/min to 1000 ºC and held for 2 hrs.  There was a mass loss of 3.54 % which, in 

BaTiO3, has been attributed to desorption of physisorbed water and OH- ions trapped in 

oxygen vacancies at temperatures below 500 ºC and decomposition of carbonates above 

this temperature.42-47  Heat treatment failed to affect the tetragonality of the structure and 

did not result in the formation of other intermediate BST phases. 

 

Figure 2.11  SEM photograph of a BST frustule after 4 
days at 200 ºC, [Ba+Sr]/Ti = 16.7, Ba:Sr = 4.52 
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2.4 Conclusion 

In conclusion, this research demonstrates the nearly complete conversion of silica 

diatom frustules to barium strontium titanate with preservation of the frustule and shape 

through the use of low-temperature in-situ fluid/solid reactions.  DE was treated with 

CTAB to increase the SSA, and hence, increase the number of reaction sites.  A 

secondary conversion via a chemical vapor reaction with the titanium(IV) fluoride at 350 

ºC for 2 h, followed by exposure to humid oxygen at 400 ºC for 5 h, produced anatase 

titania frustules.  Further hydrothermal reactions using Ba and Sr hydroxide bearing 

precursors were used to convert the titania to cubic forms of BaXSr1-XTiO3 of varying 

molar compositions depending on temperature and time.  It was found that the amount of 

Sr substituted into the A-sites in the perovskite structure increased with reaction time and 

temperature.  The amount of conversion was found to depend on reaction time and the 

atomic [Ba + Sr]/Ti composition of the starting precursors (increasing conversion 

observed with increases in alkaline earth content). 
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Chapter 3 

Microwave Assisted Hydrothermal Synthesis of Barium 
Titanate Algae Frustule Replicas 

 
 

3.1 Introduction 

 Barium titanate (BaTiO3) is one of the most widely used ferroelectric ceramics in 

the electro-ceramics industry.  Its crystal structure exhibits a cubic to tetragonal phase 

transition when cooled below its Curie temperature around 120 ºC.1  This phase transition 

induces dipoles which endow the material with attractive ferroelectric properties, such as 

higher dielectric constant, lower dielectric loss, and positive temperature coefficient of 

resistivity.  Among electrical materials, these attributes make BaTiO3 an attractive 

material for multilayer ceramic capacitors,2-5 PTC resistors and thermistors,6-11 and 

piezoelectric transducers.12-14 

 Extensive research has been conducted to create barium titanate in different 

forms, such as powders,15-18 thin films,19-22 nanoribbons,23 nanorods,24, 25 nanospheres,26-

29 nanotubes,30-32 and nanowires.33-35  During the 1950’s, BaTiO3 was primarily 

synthesized using solid state reaction methods, such as that of Rase and Roy36, 37 

involving the reaction of barium carbonate (BaCO3) and titanium dioxide (TiO2).  The 

problem with this is the requirement of high temperature, which causes excessive grain 

growth.  In recent years, alternative processes, such as aqueous solution methods, 

involving citrates,38 oxalates,39, 40 alkoxides,14, 41  have been discovered which require 

lower temperatures .  Two competing hydrothermal methods are the 

dissolution/precipitation method42-44 and the in situ method.45-48  The 
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dissolution/precipitation method requires the precipitation of barium and titanium salts 

out of solution, therefore, only spheres or other polyhedra are formed.  Contrary to the 

dissolution of both precursors, in situ reactions form structures based one the shape of a 

solid precursor.  Padture and Wei demonstrated the first shape preserving conversion of 

TiO2 nanotubes to form BaTiO3 in a basic solution of Ba(OH)2.31  Recently, low 

temperature hydrothermal reactions have been coupled with accelerated heating by 

microwave radiation.49-51  Unfortunately, a review of the literature on BaTiO3 synthesis 

revealed no attempts to combine the in situ hydrothermal method with microwave heating 

in order to convert solid TiO2 to BaTiO3 in an aqueous suspension of Ba(OH)2.   

Nanotubes, exhibit cylindrical shape preservation throughout BaTiO3 conversion 

and, until recently, were the only 3-dimensional (3-D) shapes converted to BaTiO3.  

Therefore, an in situ hydrothermal conversion should be viable for conversion of 

complex 3-D shapes on an industrial scale.  Combined with microwave heating, this 

method is a clear solution to large-scale production of 3-D perovskite materials.   

In contrast, nature is capable of assembling complex shapes from silicon dioxide 

(SiO2, silica) based materials with sizes spanning the nano- and microscales. One 

attraction to SiO2 based materials is the ability to convert them to other metal oxides.  

Previously, diatom frustules have been converted to other non-silica bearing structures 

via the patented BASIC (Bioclastic And Shape-preserving Inorganic Conversion) 

gas/silica displacement process.52-57  Reactive conversion of SiO2 diatom frustules to 

BaTiO3 via the BaSIC process, followed by an in-situ hydrothermal conversion, was  

previously discussed in the paper by Ernst et al.58  Using a method similar to that of 

Fowler et al.59, the SiO2 precursor frustules were surface modified to increase the specific 
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surface area (SSA) from 1.6 m2/g to >100 m2/g.  This SSA increase was found to increase 

the amount of hydrothermal BaTiO3 conversion, yielding nearly phase pure BaTiO3. 

In the present research, SiO2 diatomaceous earth (DE) was modified to increase 

the SSA of the frustules using (1-hexadecyl)trimethylammonium bromide (CTAB, 

CH3(CH2)15N(CH3)3Br ).  Then, DE and CTAB-modified DE were converted to anatase 

phase TiO2 replica microshells via a gas/solid displacement reaction followed by humid 

oxygen heat treatment using the method of Unocic et al.55  The intention was to examine 

the advantages of conversion of TiO2 replica microshells to BaTiO3 utilizing a 

microwave assisted hydrothermal method over the conventional hydrothermal method. 

 

3.2 Experimental Setup 

  3.2.1 CTAB Treatment of Diatomaceous Earth 

DE was pretreated in order to increase the surface area.  The surface treatment 

solution was prepared by introducing 3.05 g of CTAB into a 0.7M solution of NaOH 

(sodium hydroxide, Alfa Aesar) and stirring for 20 min.  Next, 5.00 g of DE was added to 

the solution and stirred for 20 min.  The suspension is sealed in a stainless steel vessel 

(2.4 cm I.D. × 15.2 cm L) and heat treated in an oven at 130 ºC for duration of 72 h.  

After the heat treatment, the treated frustules were filtered, heat treated to 540 ºC at 1 

ºC/min and held for 1 h.  The CTAB-treated DE was then stored in an argon controlled 

environment.  Figure 3.1 shows a scanning electron microscopy (SEM) image of a DE 

frustule after CTAB treatment, in which, the macropores (> 50 nm) and channels are 

clearly visible.  The treatment mainly affects the pores in the micropore range (<2 nm) 

and the mesopore range (2 nm – 50 nm) and, therefore, cannot be resolved in SEM.  



 61

Using the method of Brunauer-Emmett-Teller (BET),60 Nitrogen (N2) adsorption analysis 

(Autosorb-1C, Quantachrome, Boyton, FL) indicated an increase in the SSA of the DE 

from 1.6 m2/g for DE to 197 m2/g for the CTAB-treated DE. 

 

 

 

 

  3.2.2 Conversion of SiO2 Frustules into TiO2 Replicas 

The DE frustules (both CTAB-treated and non-CTAB-treated) were then 

converted to anatase phase TiO2 via the method of Unocic et al.55  200 mg of DE-based 

frustules were placed in a homemade nickel (Ni) tray and sealed by welding in a titanium 

tube (2.54 cm I.D. × 16.99 cm L, titanium tubing, Grade 2, McMaster-Carr, Atlanta, GA) 

Figure 3.1  Secondary electron image of a diatomaceous 
earth frustule after CTAB treatment.
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containing 1.00 g of TiF4 (titanium(IV) fluoride, Advanced Chemicals Research, 

Catoosa, OK).  The tube was heat treated to 350 ºC at 5 ºC/min and maintained for 2 h, 

producing titanium oxide fluoride (TiOF2).  After removing the Ni tray from the tube, the 

TiOF2 frustules were reheat treated in a magnesium oxide (MgO, Ozark Technical 

Ceramics, Webb City, MO) crucible to 400 ºC at 5 ºC/min and maintained for 5 h in an 

environment with oxygen flowing at 1 L/min through 70 ºC DI water to convert the 

TiOF2 microshell replicas to TiO2 microshells.  After conversion, the DE replicas are 

seen to have maintained most of the nano- and microscale fine features (Figure 3.2).  

XRD analysis indicates complete conversion of the SiO2 to TiO2 (Figure 3.3). 

 

 

Figure 3.2  Secondary electron image of a diatomaceous 
earth frustule after CTAB treatment and conversion to TiO2 
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  3.2.3 Hydrothermal Conversions of Microshells from TiO2 into BaTiO3 

The microwave vessel employed for the BaTiO3 conversion was a commercially 

prepared, CEM (XP-1500 Plus, CEM), MARS-5 vessel (3.3 cm I.D. × 11.8 cm L).  The 

temperature of the vessel used in the microwave was measured via a microwave 

transparent fiber-optic temperature probe (RTP-300 Plus, CEM) protected by a sapphire 

tube which extends to the bottom of the inner liner of the vessel.  Pressure was measured 

using an internal electronics sensor (ESP-1500, CEM).  In order to make an equal 

comparison, the same type of vessel was used for both the microwave and conventional 

hydrothermal experiments.   

Figure 3.3  XRD pattern illustrating the complete conversion of CTAB treated SiO2 
frustules to TiO2 replicas. 
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 BaTiO3 replicas were prepared using TiO2 microshells derived from both CTAB-

modified and non-CTAB-modified frustules.  50 mg of TiO2 microshells were introduced 

with 10 mL of boiled, DI (deionized) water into a vessel for each method and each type 

of microshell.  In an argon controlled glove box, 5.0 g of barium hydroxide octahydrate 

(Ba(OH)2·8H2O 98+ %, Alfa Aesar) was added to each vessel, stirred for 30 s, and sealed 

hand-tight.  After removing the vessels from the glove box, they were tightened to 5 ft-lb 

of torque.  Two vessels (CTAB modified and non-CTAB modified based) were 

transferred to a drying oven preheated to 100 ºC.  Two vessels were transferred to the 

microwave.  The microwave was programmed for 100% of 1600 W and ramped to a 

temperature of 100 ºC within 1 min.  The durations ranged form 2 h to 24 h for both 

methods.  After the respective treatments, the specimens were washed six times using DI 

water.  The specimens were washed in 500mM prepared acetic acid for 30 min, to 

dissolve barium carbonate formed on the surface due to exposure to air after 

hydrothermal treatment.  Following the acid treatment, the specimens were washed 5 

times using DI water and dried at 90 ºC for 24 h. 

The particle size and morphology of the converted microshells was investigated 

by SEM (LEO-1530, Zeiss, Germany).  The composition of the microshells was studied 

with X-ray diffraction (Alpha-1, Panalytical, Netherlands) and electron dispersive 

spectroscopy (EDS).  Scherrer analysis was used to calculate crystallite size information 

from full-width-at-half-maximum (FWHM) in XRD peak profiles.  The pore structure of 

the frustules was studied using N2 gas adsorption.  TGA (thermogravimetric analysis, 

STA 449C, Netzsch, Burlington, MA) was performed to measure weight loss. 
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3.3 Results and Discussion 

 X-ray diffraction analysis was performed on all of the specimens, between 20º to 

60º 2θ.  A silicon powder standard was used to establish peak positions.  The peaks 

shifted by less than 0.006º 2θ, and the full width at half maximum (FWHM) was less than 

0.078º 2θ.  All of the specimens exhibited peaks corresponding to the cubic phase of 

BaTiO3 (PDF 31-0174), the anatase phase of TiO2 (PDF 21-1272), or both.   

 In order to estimate the amount of conversion with time, standards were made 

with BaTiO3 powder (Sigma Aldrich) and anatase TiO2 powder (Alfa Aesar).  The 

standards were mixed in 10 weight percent (wt. %) increments from 10 wt. % BaTiO3 

and 90 wt. % TiO2 to 90 wt. % BaTiO3 and 10 wt % TiO2.  Additional compositions were 

made for 95, 97, 98, and 99 wt. % BaTiO3.  The ratio of the area for the (110) peak of 

BaTiO3 to the area for the (101) peak of TiO2 were calculated for each specimen by 

fitting the peak profiles (Jade 7, XRD Pattern Processing, Identification and 

Quantification).  These ratios were plotted against the wt. % of BaTiO3 (Figure 3.4).  A 

curve was fit to the plot in order to extract estimates for the amount of conversion based 

on the ratios of these peaks for each specimen. 
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Figure 3.5 illustrates the wt. % of BaTiO3 evolved from the TiO2 specimens using 

the microwave and conventional hydrothermal methods between 30 min and 16 h of 

conversion.  After 30 min, the microwave BaTiO3 derived from CTAB-TiO2 (CTAB-

MBT) exhibited 52.9 wt. % of conversion in contrast to the BaTiO3 from non-CTAB-

TiO2 (MBT) which exhibited only 3.6 wt. % of conversion.  Neither the conventional 

BaTiO3 derived from CTAB-TiO2 (CTAB-BT) nor the non-CTAB TiO2 (BT) exhibited 

measurable amounts of conversion.  Both microwave assisted specimens exhibited 

greater amounts of conversion within the first 2 h, after which, the CTAB-MBT and the 

CTAB-BT experienced the greatest amounts of conversion.  The majority of conversion 

for the highly reactive CTAB-TiO2 specimens occurred within 8 h for both microwave 

Figure 3.4  Plot illustrating the correlation between XRD peak area ratios for the 
main peaks of BaTiO3 and TiO2 to the known weight percents of BaTiO3.  The 
ratios have been normalized to the 99.0 weight percent BaTiO3 ratio. 
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and conventional BaTiO3.  The MBT and BT specimens required 16 h to reach a 

maximum amount of conversion which failed to attain the wt. % of conversion found in 

the CTAB related specimens.  The XRD patterns illustrate the increase in the extent of 

reaction after, 30 min, 2 h, 4 h, 8 h, and 16 h (Figure 3.6 - 3.10). Figure 3.11 illustrates 

the XRD patterns for the most converted CTAB-MBT and the least converted BT 

specimens.  
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Figure 3.5  Plot of the wt. % BaTiO3 for microwave and conventional hydrothermal 
specimens vs. time of conversion. 
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Figure 3.6  XRD patterns of the TiO2 specimens after 30 min of conversion to: (a) 
CTAB-MBT, (b) MBT, (c) CTAB-BT, (d) BT. 
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Figure 3.7  XRD patterns of the TiO2 specimens after 2 h of conversion to: (a) 
CTAB-MBT, (b) MBT, (c) CTAB-BT, (d) BT. 
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Figure 3.8  XRD patterns of the TiO2 specimens after 4 h of conversion to: (a) 
CTAB-MBT, (b) MBT, (c) CTAB-BT, (d) BT. 
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Figure 3.9  XRD patterns of the TiO2 specimens after 8 h of conversion to: (a) 
CTAB-MBT, (b) MBT, (c) CTAB-BT, (d) BT. 
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Figure 3.10  XRD patterns of the TiO2 specimens after 16 h of conversion to: (a) 
CTAB-MBT, (b) MBT, (c) CTAB-BT, (d) BT. 
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Scherrer analysis was used to calculate the average crystallite size for each 

specimen (Table 3.1).  The average crystallite size was found to be 47 ± 2 nm, for the 

CTAB-MBT specimen after 16 h of conversion.  Larger crystallite sizes were calculated 

for MBT specimens (81 ± 7 nm) compared to the CTAB-MBT specimens.  Specimens 

which originated from CTAB-modified DE, possessed smaller crystallite sizes and lower 

dispersion compared to specimens originating from the untreated DE.   

 

 

Figure 3.11  XRD patterns of CTAB-MBT and BT to illustrate the extremes in 
wt.% of BaTiO3 after 16 h of conversion. 
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Table 3.1  Average crystallite sizes for all the 
specimens, after 16 h of conversion 

Specimen Average Crystallite Size 
(nm) 

BT 85 ± 6 

CTAB-BT 74 ± 3 

MBT 98 ± 8 

CTAB-MBT 54 ± 2 

 

 

 SEM was used to characterize the morphology of the frustules before and after 

conversion.  Figure 3.12 (a and b) show images of a CTAB-MBT frustule and a CTAB-

BT frustule, after 16 h of conversion.  The images illustrate the preservation of the 

cylindrical shape.  The morphologies are similar for all the specimens examined, 

therefore, it can be inferred that the reactions do not favor specific sites on the 

microshells and the rate of conversion is dependent on the diffusion through the walls of 

the microshells.   
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Figure 3.12  Secondary electron images of CTAB-TiO2 
frustules after 16 h of conversion to BaTiO3 via: (a) 
microwave and (b) conventional heating methods. 
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The average particle sizes of the CTAB-MBT and CTAB-BT specimens after 

16 h of conversion were measured to be 151 ± 40 nm and 177 ± 60 nm, respectively.  

This observation for particle size is in agreement with the observations of Jhung et al., 

who attributed the larger particle size of BaTiO3 derived from conventional 

hydrothermal to the slow nucleation kinetics.61  In contrast, Sun et al. observed larger 

particle sizes and larger dispersion during microwave assisted hydrothermal synthesis 

which yielded the tetragonal phase of BaTiO3.50  The larger particle size would be 

desirable given the findings of Uchino et al.62 and Begg et al.63 who discovered BaTiO3 

may require a minimum particle size in order to allow for the cubic to tetragonal 

transformation upon cooling to room temperature.62-65  

Gas adsorption was performed using N2 at liquid nitrogen temperature (195.9 ºC).  

The method of Barrett-Joyner-Halenda was used to interpret the adsorption and 

desorption isotherms to calculate pore size distribution.66  Neither micropores nor 

mesopores were present in appreciable amounts between 0.3 atm and 1 atm.  Therefore, 

the majority of the pores must lie in a macropore range out of the detectable range by our 

instrument.  In order to accurately measure macropores of this size, other methods such 

as mercury porosimetry must be used.  BET analysis of the CTAB-MBT and CTAB-BT, 

after 8 h of conversion, yielded specific surface areas of 11.6 m2/g and 4.4 m2/g, 

respectively.  These values are similar to the specific surface areas from the starting 

anatase specimens which yielded 11.3 m2/g for the CTAB-treated and 4.9 m2/g for the 

regular TiO2 replicas, implying negligible changes in the specific surface areas. 

Weight loss of the CTAB-MBT and CTAB-BT converted for 16 h was measured 

for a duration of 12 h at 1150 ºC.  In parallel, this was an attempt to heat-treat the cubic 
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phase of BaTiO3 for an extended duration in order to transform to the tetragonal phase 

upon cooling to room temperature.  Based on a study by Clark et al., the ratio of the c and 

a lattice constants for cubic/tetragonal BaTiO3 begins to asymptotically approach the 

maximum at 1150 ºC, which corresponds to a c/a greater than 1.008.67 

The total weight loss experienced by the CTAB-MBT and the CTAB-BT 

specimens over the entire heat treatment was 2.8 and 2.5 %, respectively.  Figure 3.13 

shows plots of weight loss during the initial ramp from room temperature to 1150 ºC for 

both specimens.  During the first stage of weight loss between room temperature and 175 

ºC, CTAB-MBT specimen experienced a weight loss of 0.8 % while the CTAB-BT only 

experienced a 0.6 % loss.  Each loss is associated with desorption of physisorbed water 

on the surface and between the macroporous structure of the converted frustules.39, 68, 69   

Second and third segments are subject to interpretation.  Between 175 and 800 °C, the 

specimens experienced weight losses of approximately 1.6 % for both specimens which 

is attributed to diffusion of OH- ions to the grain boundaries followed by evaporation 

from the specimen, which has been reported to terminate at lower temperatures.63, 68-71  

Potdar et al. attributed weight loss at temperatures above 500 °C to decomposition 

reactions of the form:  

 BaCO3 (s) + TiO2 (s) → BaTiO3 (s) + CO2 (g) 

followed by the diffusion of CO2 to surfaces where it evaporates.39  Similar observations 

were made by Newalker et al. who found the carbonate decomposition threshold to lie 

above 800 °C.68, 70, 71  The final weight loss in both specimens was approximately 0.2 %.   
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XRD analysis, performed after heat-treatment, yielded multiple barium titanium 

oxide phases, but not the tetragonal phase which was expected (Figure 3.14).  The cubic 

phase of BaTiO3 appears present, but peak shifted either from lattice strain due to the 

presence of other phases.  Among the other phases yielded during the heat-treatment, 

Ba4Ti13O30 was a minority phase.  O’Bryan and Thomson found the formation of this 

phase to occur in the TiO2-rich region of the BaO-TiO2 system.72  Formation of this phase 

could be attributed to the presence of unreacted TiO2.  Hertl determined that the diffusion 

of Ba2+ through BaTiO3 is negligible compared with the reaction time required to react 

with TiO2.45  Therefore, Ba4Ti13O30 might have formed at a BaTiO3-TiO2 boundary.  

When combined with elevated temperatures for an extended period of time, Ba2+ ions 

Figure 3.13  Thermogravimetric analysis results for CTAB-MBT and CTAB-BT 
after 16 h of conversion. 
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would possess the driving force to diffuse from the Ba-rich region (BaTiO3) to the Ba-

lean region (TiO2) producing Ba4Ti13O30. 

 

 

 

3.4 Conclusion 

 Microwave and conventional hydrothermal conversion methods were compared to 

determine the advantage of using microwave heating to assist in the conversion of SiO2 

DE frustules to BaTiO3 replicas.  The microwave assisted reactions occurred faster than 

the conventional conversions during the beginning of the conversion period for both the 

Figure 3.14  XRD pattern of the CTAB-MBT specimen after 16 h of conversion, 
followed by 12 h of heat treatment in the TGA at 1150 ºC. 

BaTiO3 
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CTAB-treatment based and non-CTAB-treatment based specimens.  In both 

hydrothermal methods, the CTAB-treatment-based specimens were observed to 

experience greater extents of conversion and require less time to attain their conversion 

maxima.  All the specimens exhibited similar morphological structures and particle sizes.  

The desired tetragonal phase of BaTiO3 was not obtained after hydrothermal treatment or 

after post-hydrothermal heat-treatment to 1150 ºC.  Microwave assisted hydrothermal 

conversion does accelerate the initial period of the conversion, but was not observed to 

drive the conversion to completion faster than the conventional hydrothermal method. 
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