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Abstract: In this work, the preparation and properties of hierarchical composites of titanium 

dioxide (TiO2) particles (rutile modification) and poly(vinyl butyral) (PVB) are discussed. 

The volume fraction of the ceramic particles was approximately 60%. Two types of 

composites with different fillers were examined, i.e. TiO2 particles with and without a thin 

coating of polydopamine (PDA). A variety of characterization methods was applied in order 

to analyze the properties of the particles and the composites. Infrared spectroscopy is used to 

verify the functionalization of the particles with a thin polydopamine layer. Thermal analysis 

provides information on the thermal stability and the degree of functionalization of the coated 

particles and the composites. Scanning electron microscopy investigations reveal that the 

functionalized TiO2 particles with PDA form larger agglomerates which enable the coating of 

the TiO2 particles with PVB via the spouted bed technique. Nanoindentation experiments 

show that the final hierarchical composite material with the use of non-coated TiO2 particles 

exhibits a hardness of 0.75 ± 0.04 GPa and a Young’s modulus of 29.5 ± 1.0 GPa. The 

composites containing polydopamine coated TiO2 particles show an increase of 
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approximately 40% in hardness and 25% in Young’s modulus in comparison to the 

composites with uncoated TiO2. 

 

Keywords: Polydopamine; TiO2 particles; Particle coating; Highly filled polymer 

composites; Spouted bed; Hierarchical materials; Nanoindentation 

 

1 Introduction 

Composite materials are of large technological relevance due to the combination of 

different material properties which can lead to a material with desired properties. In everyday 

life a variety of composite materials can be identified, for example concrete, car tires, 

plywood as well as lightweight composite constructions, [1, 2] dental fillings, [3] special 

coatings, [4] and membranes. [5] The material combination can vary, but one of the most 

common examples is the combination of ceramic or metallic particles with a polymer. These 

composites can be categorized in different ways. For example, one can distinguish between 

composites containing particles with at least one dimension being 100 nm or smaller, the so 

called nanoparticles, [6-8] and composites containing particles in the micrometer range in all 

dimensions. [9, 10] Furthermore, the degree of filling strongly affects the end-use properties 

of composites. On one side are nanocomposites where the polymer is the minor component 

[11] and the nanocomposites where the polymer is the major component. [12, 13] In both 

cases the polymer phase preferably forms the matrix, although percolation of the 

nanoparticles occurs for highly filled composites. [11, 14] Polymers often are ductile 

materials and characterized by a good processability at moderate temperatures, which 

simplifies processing. [15] Nowadays, the development of tailored composite materials is one 

of the most relevant research fields in material science.  

In this context, one of the most crucial problems is the construction of composite 

materials with superior mechanical properties. Polymers, metals and ceramics exhibit 

different mechanical properties, so the aim is always to combine the different materials in 

order to obtain tailored properties. In nature a variety of natural composite materials exists, 

such as wood which consists mostly from cellulose and lignin as well as bones which consist 

mainly from hydroxyapatite and collagen. An example of a natural composite with 

exceptional mechanical properties is nacre. [16-19] Nacre can be found in a variety of 

mussels. Originally, nacre is a composite consisting of aragonite and a mixture of chitin and 

other biopolymers, with the aragonite particles layered arranged, glued with the biopolymer 
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mixture, leading to an hierarchically structured material. The hierarchical structure influences 

the mechanical properties. Studies on nacre indicated a Young’s modulus of approximately 70 

GPa. [19] It is important to mention that these types of nanocomposites have a low content of 

the organic phase, maintaining the ceramic stiffness and benefit from the small polymer 

content by an increase of ductility and a decrease of brittleness.  

In order to achieve hierarchical composites, in vitro fabrication of nanocomposites is 

currently under investigation. [20] Nature inspired synthesis of composite materials is 

achieved through synthesis of biopolymers or oligomers such as polydopamine, chitin – 

chitosan or oleic acid and their combinations with other materials such as ceramic 

nanoparticles. [6, 21] Mussel-inspired synthesis of polydopamine is a widely known way for 

the fabrication of composites with the aim to achieve properties of natural composite 

materials. The surface modification with bio-inspired polydopamine coatings became 

fundamentally important in the last years. [22-24] The coating with polydopamine occurs 

through oxidative polymerization of dopamine hydrochloride in a buffer solution under 

slightly basic conditions (pH~8.5). The structure of polydopamine inherently is not 

understood. However, it is used for the coating of surfaces with different properties. [25] In 

nature biomineralization of ceramic particles and low molecular weight biopolymers or 

oligomers leads to the fabrication of exceptional composite materials (e.g., nacre) with well-

defined structure. [26] In that term, functionalization of ceramic particles via the mussel 

inspired coating of polydopamine followed by an additional coating with a polymer could 

lead to composites with good mechanical properties. 

In this work TiO2-particles were functionalized in the first hierarchical level with 

polydopamine. The functionalization led to agglomerates which were additionally coated in 

the second hierarchical level with poly(vinyl butyral). For a uniform coating in the second 

hierarchical level, which is important for structural homogeneity of composites, only a few 

techniques can be applied. The spouted bed technique is one of the most widely used methods 

[27, 28] for coating of a variety of particles with a thin polymer layer. Furthermore, spouted 

beds are well suitable for fabrication of hierarchical materials; therefore coating of granules 

which are already coated with another polymer is possible. [29] During the process a great 

advantage is the high evaporation rate of solvents, which is typical for spouted and fluidized 

beds. [30] An example of the successful fabrication of hierarchical composite materials using 

the spouted bed technique on the second hierarchical level is the work of Brandt et al. [29] In 

their work TiO2 particles with a diameter in the sub-micron range were coated with 

poly(methyl methacrylate) on a first hierarchical level via emulsion polymerization, and 
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subsequently coated with poly(vinyl butyral) to create a second hierarchical level in a spouted 

bed. The spouted bed technique can be applied to prepare highly filled polymer composites 

with large values of the reinforcement factor above the glass transition temperature of the 

polymer phase. [11, 31] The thermal, rheological and dielectric properties of such highly 

filled systems provide important information about the dynamical behavior of the polymer 

chains in the composites and indicate the importance of the filler-filler interaction for dynamic 

moduli of the composite. [11]  

The objective of this work is to present another approach in biomimetic hierarchical 

composite fabrication as well as to show the development of hierarchical materials with 

exceptional mechanical properties via a mussel-inspired technique. More in detail, the 

fabrication of hierarchical composites consisting of poly(vinyl butyral) and titanium dioxide 

(TiO2) particles (rutile modification) is described. The volume fractions of the polymer and 

the ceramic particles were 40% and 60%, respectively. Two different types of composites 

were examined, one type with the use of TiO2 with the mussel-inspired coating of 

polydopamine and another one without the polydopamine coating. The materials used as well 

as the composites were studied with FT-IR spectroscopy, thermal analysis, rheological 

methods, scanning electron microscopy as well as mechanical analysis via nanoindentation. 

 

2 Experimental 

2.1 Materials 

The coating of TiO2 particles with polydopamine was accomplished using dopamine 

hydrochloride (Sigma-Aldrich, Schnelldorf, Germany) and a Tris-buffer solution which was 

prepared using 21.81 g of Trizma® base (Sigma-Aldrich, Schnelldorf, Germany, 99.9%), 7.08 

g of tris-hydrochloride (Sigma-Aldrich, Schnelldorf, Germany, 99.0%) and 15 L deionized 

H2O (Millipore, 0.055 μS/cm). The pH value of the Tris-buffer solution was 8.5. 

Approximately 350 g Sachtleben RDI-S alumina - organic surface treated TiO2 particles 

(Sachtleben-Chemie GmbH, Duisburg, Germany), kindly provided by the company, were 

used as received. According to the product information the TiO2 content was 95% with a 

mean crystal size of approximately 200 nm and median diameter d50=195 nm, measured by 

Zetasizer Nano ZS (Malvern Instruments Ltd, Grovewood, UK). The polymer chosen for the 

composites was poly(vinyl butyral) 30H from Mowital (PVB), kindly supplied by Kuraray 

Specialties Europe GmbH (Frankfurt am Main, Germany). The molecular characteristics of 

the used PVB are presented in Table 1 as reported in previous work. [11] This poly(vinyl 

butyral) type is a polymer that is hydrophilic since it contains 18 – 21 wt% OH groups 
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according to the producer (26.2 – 30.2 mol%). Ethanol (Merck, Darmstadt, Germany, 99.5%) 

was used as solvent - dispersion mean for the fabrication of the composites and the cleaning 

of the coated particles.  

 

2.2 Functionalization of TiO2 particles with polydopamine 

For the coating of the particles with polydopamine approximately 350 g TiO2 particles 

were suspended in 15 L of Tris-buffer (pH=8.5), as it is described elsewhere. [24] The 

concentration of the TiO2 particles in the suspension was approximately 20 g/L. The 

suspension was homogenized by rigid stirring and an ultrasonic needle apparatus (Bandelin, 

Berlin, Germany). After homogenization of the suspension, 30 g of dopamine hydrochloride 

were added and let to react for 24 h under rigorous stirring in air atmosphere. Following that, 

the functionalized particles were left to precipitate for 60 h. The supernatant solution of free 

polydopamine particles in water-buffer solution was removed while the particles were cleaned 

thoroughly with centrifugation at 11000 rpm. In order to remove the free polydopamine 

particles the coated particles were re-dispersed five times in deionized water and two times in 

absolute ethanol. After re-dispersion the samples were collected after centrifugation. Finally 

the functionalized nanoparticles were dried over several days at approximately 100 °C under 

vacuum in order to remove any residual solvents and kept under vacuum to avoid water 

uptake. In Figure 1 the synthesis of polydopamine by the oxidation polymerization of 

dopamine as well as the coating of the TiO2 nanoparticles is presented. Since the synthesis of 

polydopamine is up to date not completely understood, the variety of reported possible units 

such as dihydroxyindole, indoledione and dopamine are presented in Figure 1. [25]  It should 

be noted that polydopamine is a coating that is directly formed on the surface of the TiO2 

nanoparticles. Therefore it is not possible to perform molecular characterization and to 

identify the molecular weight as well as the molecular weight distribution. Additionally a 

variety of ways for the linking of polydopamine on TiO2 nanoparticles can be hypothesized, 

either from the amine group or from the hydroxyl groups. In case of iron oxide particles the 

adhesion of the polydopamine takes place through the amine groups. Therefore it is suggested 

that in case of the TiO2 nanoparticles the amine group of the polydopamine also links to the 

surface of the particles. [32] Nevertheless, Yu et al.  reported the adhesion of the mussel 

proteins for low pH values through the OH groups of the polydopamine unit. [33] In both 

cases there are characteristic chemical groups (O-H, N-H) available to form a variety of 

covalent and/or hydrogen bonds with the surface of the particles.  
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Figure 1: Oxidative polymerization of dopamine under air and functionalization of the TiO2 

nanoparticles with polydopamine. The different possible structures of polydopamine are 

presented as described in literature [25].   

 

2.3 Fabrication of the hierarchical composites 

The functionalized nanoparticles partially tended to agglomerate. The TiO2 particles 

coated with polydopamine (TiO2@PDA) agglomerates were milled to granules with a 

diameter between 20 to 40 µm which are used as the first hierarchical level. These granules 

were used as feed for fabrication of second hierarchical level composites through the spouted 

bed spray granulation process. About 180 g of the TiO2@PDA granules were set in the 

spouting state in the apparatus at a gas flow (ambient air) of 15-25 m³/h. Before entering in 

the process chamber of the spouted bed process, the used gas was preheated and the 

temperature in the process chamber was kept between 30 and 40 °C. For the granulation of 

TiO2@PDA-granules, poly(vinyl butyral) Mowital 30H was used. Poly(vinyl butyral) was 

dissolved in ethanol with a concentration of 4 wt%. The solution was sprayed into the spouted 

bed with a spraying rate of approximately 5 g/min. During the granulation process 

TiO2@PDA-granules with a diameter between 20 to 40 µm were coated and partially 

agglomerated. The partial agglomeration cannot be completely avoided in the processing of 

fine particles. As a result, the agglomerates of TiO2-particles functionalized with 

polydopamine and coated with poly(vinyl butyral) (PVB-TiO2@PDA) were formed with a 

diameter between 40 and 200 µm. After the granulation process, the agglomerates were hot-

pressed for 1 hour at a temperature of 160 °C and a pressure of 750 MPa using an automatic 

press PWV 300 (Paul-Otto Weber GmbH, Remshalden, Germany). After pressing, the 

compact was grinded to get a smooth surface. The fabricated composite was cut into 
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specimens with a rectangular cross section (size approximately 2 x 2 x 35 mm³) with a 

diamond saw Brillant 200 (ATM GmbH, Mammelzen, Germany). Then the samples were 

thoroughly cleaned and dried over several days under vacuum prior to all experiments. 

The influence of the polydopamine coating on the properties of the composite was 

studied by comparing the data with the data of a reference sample consisting of un-

functionalized TiO2 particles granulated with poly(vinyl butyral) (PVB-TiO2). The un-

functionalized TiO2 particles had a mean diameter of 200 nm, which is too small for 

granulation in the spouted bed apparatus. Therefore an alternative method for coating the 

particles through dispersion in a solvent was used. The solvent used in the process was 

ethanol. Approximately 200 g of TiO2 particles were dispersed in 400 mL ethanol with the 

use of ultrasonic bath for approximately 1 h. A 6 wt% solution was prepared by dissolving 

34.5 g poly(vinyl butyral) in ethanol with rigid stirring. Then the solution was mixed together 

with the TiO2 particle dispersion. After 1 h rigid stirring and sonication a rotational evaporator 

was used in order to remove the solvent. After drying, the PVB-TiO2 agglomerates were 

milled to an agglomerate size between 40 and 500 µm and subsequently hot-pressed at the 

same conditions as described above. The sample preparation for the mechanical testing was 

carried out in the same way compared to the composites with polydopamine functionalized 

TiO2 particles. In both composites with and without polydopamine the weight fraction of 

polymer was approximatively 15 wt%, leading to a ceramic fraction of 85 wt% as it is 

discussed in the thermal analysis part below.  

 

2.4 Characterization methods 

2.4.1 Infrared spectroscopy 

Fourier transform infrared spectroscopy (FT-IR) was carried out with a Bruker Alpha 

FT-IR spectrometer (Bruker GmbH, Germany) in the attenuated total reflectance mode 

(ATR), equipped with an ATR-diamond crystal, in a spectral range of 400 - 4000 cm-1 with a 

resolution of 4 cm−1 and 64 scans. The different materials were placed directly on the ATR-

diamond crystal. In order to perform the experiment a small amount of the sample was 

grounded in an agate mortar with an agate pestle. 

 

2.4.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed using a TG 209 F1 Iris (Netzsch, 

Selb, Germany). The experiments were done in a temperature range from 25 °C up to 900 °C 

at a heating rate of 10 K/min. The measurements were performed under argon atmosphere. 
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Approximately 10 mg of the grounded material was placed in a ceramic pan for the 

measurements. 

 

2.4.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) experiments were carried out using a 

calorimeter DSC 1 (Mettler-Toledo, Gießen, Germany), within a temperature range from 

room temperature to 250 °C. The heating rate used was 10 K/min. Three heating-cooling 

cycles were accomplished since the first heating interval served for erasing the sample 

thermal history. In most cases the second heating interval was used for the evaluation of the 

thermal properties except from the case of the PVB-TiO2@PDA that the additional third 

heating-cooling cycle was evaluated as well. The measurements were performed under 

nitrogen atmosphere. Approximately 10 mg of the polymer and of the grounded composites 

were placed in an aluminum pan of 10 μL after drying over several days under vacuum.  

 

2.4.4 Morphological characterization 

The morphology of the particles and the composites were examined by scanning 

electron microscopy using a Zeiss Supra VP55, at an accelerating voltage of 1 kV (Carl Zeiss 

AG, Jena, Germany) equipped with a secondary electron SE2 detector. A small amount of the 

powder of the TiO2 particles (with and without coating) or a small amount of the 

compression-molded composites, respectively, was placed on a metal pin sample holder and 

stabilized with carbon tape. For the investigation of the composites after nanoindentation 

experiments, the specimens were prepared via freeze fracture under nitrogen. Non-sputtered 

samples were examined in order to investigate the structure’s appearance.  

 

2.4.5 Rheology 

Experiments in the torsion mode were performed using a rotational rheometer MCR 

502 (Anton Paar GmbH, Graz, Austria) in a nitrogen atmosphere with the solid rectangular 

fixture tool SRF12. The frequency f was 1 Hz. Before the experiments, a strain sweep at 25 

°C in the interval of 0.02% – 0.2% was carried out in order to determine the linear 

viscoelastic range. For the temperature sweep experiment, the strain amplitude was set to 

0.05%. The temperature range in this test mode was 25 to 150 °C and the heating rate 1 

K/min. The time for temperature equilibration after insertion of the sample into the rheometer 

was 20 min. The gap distance of the clamp holders was chosen according to the dimension of 

the rectangular shaped samples. 
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2.4.6 Mechanical characterization 

Mechanical properties of the fabricated composite materials were studied via 

nanoindentation tests. These experiments were carried out with the Agilent Nano Indenter 

G200 system (Agilent Technologies, Waldbronn, Germany) using the CSM (continues 

stiffness measurement) option with a constant strain target of 0.05 s-1. The maximum 

indentation depth was set to 2 µm. The system was equipped with a Berkovich tip. For the 

nanoindentation tests the sample surface had to be smooth. Therefore the prepared rectangular 

samples were polished with diamond suspensions on a polishing machine (Saphir 350 

equipped with head Rubin 520, ATM GmbH, Mammelzen, Germany). The surface roughness 

of the sample was reduced down to 1 µm.  

 

2.4.7 Gel permeation chromatography 

Gel permeation chromatography (GPC) measurements were performed at 50 oC using 

dimethylacetamide as eluent solvent on a Waters instrument (Waters GmbH, Eschborn, 

Germany), equipped with polystyrene gel columns of 10, 102, 103, 104 and 105 Å pore sizes, 

using a refractive index (RI) detector. Polystyrene standards of different molecular weights 

were used for the calibration of the instrumentation. 

 

2.4.8 Particles size distribution 

For the estimation of the size of the polymer coating on the particles, the particle size 

analyzers Zetasizer Nano ZS (Malvern, Worcestershire, UK) and Camsizer XT (Retsch 

Technology GmbH, Haan, Germany) were used for analysis of  small, submicron-sized, TiO2-

particles and the large, micron-sized, particle clusters, respectively. For the experiments on 

the Zetasizer, due to the small size of the particles a suspension was prepared in water 

(Millipore, 0.055 μS/cm) while in the Camsizer XT  the particles were measured as prepared 

in gravity dispersion mode. 

 

3 Results and Discussion 

3.1 FT-IR Spectroscopy 

The ATR-FT-IR spectra of pristine and polydopamine coated TiO2 particles as well as 

pristine poly(vinyl butyral) and the composite of poly(vinyl butyral) with the polydopamine 

coated TiO2 particles are presented in Figure 2. In comparison to the pure TiO2 particles, the 

characteristic vibrations of the polydopamine coating are visible at wavenumbers of 



10 
 

approximately 1500 cm-1, 1290 cm-1, and 1070 cm-1 attributed to C-O, C=O and C-N bond 

vibrations, respectively. [34] The characteristic vibrations of poly(vinyl butyral) are observed 

at 1750 cm-1 and in the range from approximately 1450 cm-1 to 800 cm-1, attributed to the 

vibrations from carbonyl groups as well as to the C-H, C-C and C-O vibrations of the 

structure, respectively. [35] At high wavenumbers (approximately 3500 cm-1) the 

characteristic stretching vibrations from the hydroxyl groups are slightly observed. In case of 

the final hierarchical composite the characteristic vibrations of polydopamine and poly(vinyl 

butyral) are slightly observed as indicated by the three different boxes in Figure 2. The 

characteristic vibration of TiO2 is dominant and apart from that there is also an increase of 

absorption which is explained by the different sample preparation and the strong water uptake 

of polydopamine as well as by the hydrophilicity of the poly(vinyl buyral). The signals of the 

polydopamine coating are visible regardless of the additional poly(vinyl butyral) coating due 

to the low polymer amount. This is possible due to the large excess of the ceramic content in 

the composite and also to the grounding of the samples. 

With respect to the interaction of the polydopamine coating with poly(vinyl butyral), 

the differences between the spectra are very small. A significant broadening is observed in the 

interval of 2800 – 3600 cm-1. In this range the characteristic stretching vibrations from the 

free O-H groups are to be expected, similar to what is visible also in case of poly(vinyl 

butyral), as it contains hydroxyl groups. Additionally, in the same wavenumber range of the 

spectrum of the composite a shift of the positions of the small peaks to lower wavenumbers is 

only hardly visible. These observations could be indications of hydrogen bond formation as in 

case of hydrogen bonding through the hydroxyl groups, the characteristic stretching vibration 

on the O-H bond is significantly affected and becomes more broad, see [36, 37]. 
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Figure 2. ATR-FT-IR spectra of the pure TiO2 particles, the pure PVB, the TiO2@PDA 

particles as well as the PVB-TiO2 and the PVB-TiO2@PDA composites. The spectra are 

shifted vertically for clarity. 

 

3.2 Thermal Analysis 

The DSC experiments provide important information about the thermal properties of 

the materials. In Figure 3 the results based on the second heating interval are presented. Only 

in case of the PVB-TiO2@PDA the third heating was also used. The pure TiO2 particles and 

the particles coated with polydopamine exhibit a constant heat flow as a function of 

temperature, indicating that the sample undergoes no thermal transitions. The pure poly(vinyl 

butyral) polymer shows a glass transition temperature at 69 °C, in agreement with literature. 

[11] The glass transition temperature of poly(vinyl butyral) for the composite PVB-TiO2 is 

observed at 64 °C. In case of the composite PVB-TiO2@PDA the thermograph is very 

significant. In the second heating interval (PVB-TiO2@PDA(1)) there are two thermal 

transitions observed at 70 °C and at 85 °C, respectively. The first transition corresponds to the 

glass transition of poly(vinyl butyral) while the second transition could be attributed to the 

interaction of the polydopamine coating with poly(vinyl butyral) coating that hinders the 

transition of the poly(vinyl butyral) chains. It is known from literature that polydopamine 

contains hydroxyl and amine functional groups. Poly(vinyl butyral) contains 18 – 21 wt% OH 

groups according to the producer. Therefore the possibility of hydrogen bonding between 

poly(vinyl butyral) and polydopamine is high. Nevertheless, it is expected that the increase of 

the temperature affects the formation of hydrogen bonding. [37, 38] This is the reason for the 
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additional heating step of the DSC experiment. As it is observed in the DSC thermograph of 

the third heating interval (PVB-TiO2@PDA(2)), only one thermal transition at 67 °C is found, 

corresponding to the glass transition of poly(vinyl butyral). The second transition is not 

observed anymore, indicating that the hydrogen bonds were affected after heating.  

 
Figure 3. DSC thermographs of the pure TiO2 particles, the pure PVB, the TiO2@PDA 

particles, the PVB-TiO2 and the PVB-TiO2@PDA composites. The experiment was carried 

out under nitrogen atmosphere with a heating rate of 10 K/min. The curves are vertically 

shifted for clarity. 

 

In Figure 4(a), the thermographs of the pure TiO2 particles, the TiO2 particles coated 

with polydopamine, the pure poly(vinyl butyral), and the two different types of composites 

are shown. The thermogravimetric analysis reveals that the TiO2 particles were functionalized 

with approximately 2 - 3 wt% polydopamine. Polydopamine exhibits a complex 

decomposition and considering that the functionalization with polydopamine leads to 

formation of a very thin layer on top of the particles only an approximation of the weight 

fraction can be given through thermogravimetric analysis. In case of the final composites the 

total weight fraction of the organic phase was approximately 15 wt% in both cases. The 

samples indicated a high thermal stability up to 350 °C. Additionally, the thermal stability of 

the composites was investigated by the derivative of the relative mass as a function of 

temperature. As it is observed in Figure 4(b), for the pure and the polydopamine 

functionalized TiO2 particles no minima in the derivative exist. Nevertheless for the pure 

poly(vinyl butyral) as well as for the composites PVB-TiO2 and PVB-TiO2@PDA some 

differences in the minima of the derivative of the relative mass appear. The pure PVB shows a 
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minimum of the derivative of the mass loss at 383.5 °C while for the composites the 

temperature of the minima is significantly lower. The minimum of the derivative for the 

composite PVB-TiO2 is observed at 354.0 °C and for the PVB-TiO2@PDA at 336.0 °C. The 

decrease of the minimum of the derivative of the mass loss can be attributed to the fact that 

the particles with the polydopamine coating enhance the decomposition of the polymer. The 

effect is even more pronounced in case of the polydopamine coated TiO2 particles due to the 

hydrogen bonds that are also affected accelerating the degradation.  

(a) 

 
 

(b) 

 
Figure 4. (a) Relative mass and (b) derivative of relative mass as a function of the temperature 

of the pure TiO2 particles, the pure PVB polymer, TiO2@PDA particles, the PVB-TiO2 and 

the PVB-TiO2@PDA composites. The heating rate was 10 K/min. The measurements were 

performed under argon atmosphere.  
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3.3 Structural and Size Characterization of the Particles and the Composites  

The SEM micrographs of the particles are shown in Figure 5. In Figure 5(a), the 

pristine TiO2 particles are shown. The particles exhibit a rutile structure and are not 

significantly agglomerated. The mean particle diameter is approximately 200 nm. After 

coating with polydopamine the particles appear connected into larger blocks forming large 

agglomerates of about 100-500 µm. As described above, the agglomerates were milled to a 

size of 20-40 µm for the coating in the spouted bed. In Figure 5(b) the surface of the 20-40 

µm sized TiO2@PDA agglomerates is shown. On the surface the small agglomerated particles 

are visible. This agglomeration was beneficial and enabled after milling the coating via the 

spouted bed technique. In Figure 5(c) it is observed that the agglomeration of the particles 

was more pronounced leading to coarser particle clusters. They were also milled to a size of 

40-500 µm.   

      

  
 

Figure 5. Scanning electron micrographs of (a) pristine TiO2 particles, (b) TiO2@PDA-

granules (TiO2 particles coated with polydopamine) and (c) PVB-TiO2-agglomerates (the 

composite of PVB with TiO2 particles without polydopamine coating). 
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The structure of the PVB-TiO2@PDA composites is presented in Figure 6(a). In this 

case the particles are agglomerated with a cluster size of 40 - 200 μm. These particles were 

used for the rheological and mechanical tests. In Figure 6(b) a fractured specimen similar to 

that used for the rheological and mechanical tests is shown. Although the particles are closely 

packed, cracks are visible which result from the material preparation. The organic coating on 

the surface of the particles influences the particle interactions, while the cracks influence the 

properties of the composites at the macro-scale.  

        
 

Figure 6. Scanning electron micrographs of (a) the PVB-TiO2@PDA agglomerates and (b) the 

fractured PVB-TiO2@PDA composite used for the nanoindentation experiments.  

 

Due to the fact that the SEM micrographs are done without metal sputtering (e.g. 

platinum) the charging effect is very high and it is very difficult to estimate the size of the 

particles’ coating. However, for the estimation of the polymer coating on particles, the 

particle size distribution of TiO2-submicroparticles is measured with a Zetasizer Nano ZS. 

The determined median diameter of particles d50 is about 195 nm. With this diameter and 

mass fraction of PDA which is approximately 3%, the coating layer of PDA can be estimated 

to approximately 3.5 nm. As already mentioned above TiO2-particles agglomerate after 

coating with PDA and agglomerates of 20-40 µm are then coated in the spouted bed with 

PVB. Correlating the mean size of agglomerates which is found with Camsizer XT to be 

approximately 30 µm and the mass fraction of PVB which is approximately 12%, the coating 

layer thickness of PVB on agglomerates can be estimated at 2.2 µm.  

 

3.4 Rheology 

The results of the dynamic-mechanical thermal analysis are presented in Figure 7. The 

storage modulus G′ and loss modulus G′′ are plotted as a function of temperature T. At lower 
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temperatures the moduli of the ceramic composites are higher than the moduli of the polymer. 

Comparing the storage modulus of the composite based on the non-coated particles with the 

data of the composite based on the polydopamine coated particles it is observed that the 

composite with the non-coated particles attains a larger value. The glass transition 

temperature of the PVB polymer is identified by the maximum of the loss modulus at 

approximately 67.5 °C which is in close agreement with the DSC value. Above this 

temperature the values of the dynamic moduli decrease. Comparing the two different 

composites it is observed that the maximum of the loss modulus G′′ is shifted by 

approximately 15 °C. This is a strong indication of the influence of the polydopamine coating 

on the composite. Remarkable is that at higher temperatures the storage and the loss moduli 

do not lead to a cross-over which indicates that a network of the ceramic fillers dominates the 

mechanical response. Additionally, at elevated temperatures the dynamic moduli for the 

composite with the polydopamine coated particles attain higher values than the composites 

with the uncoated particles meaning that the filler-filler interactions are even stronger in the 

presence of polydopamine. The viscoelastic properties of highly filled composites are strongly 

influenced by filler-filler, polymer-filler and polymer-polymer interaction. [11] Our data 

reveal that the filler-filler interactions are very important. Nevertheless the polymer-filler 

interaction in case of the polydopamine coated particles significantly contributes to the 

measured moduli.  

 

 
Figure 7. Temperature dependence of the dynamic moduli G′ and G′′ obtained by dynamic-

mechanical thermal analysis of pristine PVB, the PVB/TiO2 and the PVB/TiO2@PDA 

composites. 
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3.5 Micromechanical Analysis 

In order to examine the intrinsic mechanical properties of the two different composites, the 

Young’s modulus and the hardness were determined by nanoindentation experiments. The 

results of these investigations are presented in Figure 8. 

(a)            (b) 

 
Figure 8. (a) Modulus of elasticity and (b) hardness of PVB-TiO2 and PVB-TiO2@PDA 

composites measured by nanoindentation. 

 

The results of the nanoindentation tests demonstrate a significant increase of the mechanical 

properties in composites in which TiO2 particles were first functionalized with polydopamine 

in comparison to composites without the polydopamine coating. The modulus of elasticity 

increased from 29.5±1.0 GPa for the composites with uncoated TiO2 particles to 

37.7±3.7 GPa for the composites with TiO2-particles that were coated with polydopamine. 

These values correspond to an increase of approximately 27% for the modulus of elasticity for 

the composite with polydopamine coated TiO2 particles. Hardness exhibits an even higher 

increase of approximately 38% related to the hardness of the composite with the 

unfunctionalized TiO2 particles, i.e. an increase from 0.75±0.04 GPa to 1.04±0.12 GPa for the 

composites with uncoated and coated with polydopamine TiO2 particles, respectively. 

 

3.6 Concept on the Structure of the Composites 

Our experimental analysis leads to the concept that a weak interaction appears 

between the polydopamine coating and the poly(vinyl butyral) coating in this composite. The 

concept is presented in Figure 9 and derives from the process of the hierarchical composite 

fabrication with the polydopamine as the first hierarchical level and the poly(vinyl butyral) 

the second hierarchical level. In Figure 9, the TiO2 particles are coated with polydopamine 

(black color) through adhesion of the polydopamine via the amine groups. Poly(vinyl butyral) 
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(cyan color) surrounds the particles and interacts with the polydopamine hydroxyl functional 

groups leading to the formation of hydrogen bonds. This hydrogen bonding has a positive 

influence on the mechanical properties of the composites as already discussed above. 

Nevertheless, this effect is a reversible process since the sample is not chemically crosslinked. 

The hydrogen bonding is a weak type of bonding that affects the composite properties 

modifying reversibly the polymer properties. 

 
Figure 9. Schematic representation of the morphology of the PVB-TiO2@PDA composites. 

The hydrogen bond is a result of the interaction of the poly(vinyl butyral) and the 

polydopamine coating of the particles and is illustrated in the interface between two particles. 

The hydrogen donor drawn in the scheme is the O-H group of the polydopamine monomeric 

unit and the acceptor is the oxygen from the poly(vinyl butyral) monomeric unit. 

 

Support for this approach is given by gel permeation chromatography data with focus 

on poly(vinyl butyral). Pristine PVB as well as extracted PVB from the composite were 

measured. PVB was extracted from the composite with ultra-sonication at 50 oC from a 

dimethylacetamide solution. The sample was left to rest after the ultra-sonication and the 

particles precipitated. The supernatant of the solution (containing the dissolved PVB) was 

filtered in order to be sure that only pure polymer solution was injected into the 

instrumentation. Most of the PVB can be extracted from the composite but due to the high 

filling degree and also the fact that the particles will draw away some of the polymer it is 
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assumed that some not extracted PVB remains there. The number average molecular weight 

(𝑀𝑀�𝑛𝑛), the weight average molecular weight (𝑀𝑀�𝑤𝑤), the peak molecular weight (𝑀𝑀�𝑝𝑝) and the 

polydispersity index (ĐM) of the pristine and extracted poly(vinyl butyral) are summarized in 

Table 1 below. The number and the weight average molecular weight of the pristine and the 

extracted poly(vinyl butyral) indicated a small increase for the case of the extracted polymer 

as well as decrease of the polydispersity of the polymer. These minor changes can be 

interpreted as insignificant since the sample has a broad molecular weight distribution. What 

is important to be mentioned is that there is no observation of secondary peaks at higher 

molecular weights and that PVB was possible to be extracted from the composite without 

indication of polymer gel formation. This is a strong evidence of non-chemical crosslinking 

since in the opposite way the polymer would be inseparable from the composite. Therefore, as 

it was expected hydrogen bonding had a minor impact on the polymer properties and not a 

permanent effect as in cases of chemical crosslinking.  

 

Table 1: Molecular characteristics of poly(vinyl butyral) from GPC experiments. The 

molecular weight is listed in g/mol. 

Poly(vinyl butyral) 𝑀𝑀�𝑛𝑛 𝑀𝑀�𝑤𝑤 𝑀𝑀�𝑝𝑝 ĐM 

Pristine 37 200 87 600 71 600 2.4 

Extracted 57 800 95 000 70 800 1.6 

 

The rheological analysis shows that the addition of the particles increases the dynamic 

moduli of the pristine polymer which is in agreement with data for highly filled alumina/PVB 

composites [11]. In case of highly filled composites not only the interaction of the particles 

with polymer, but also the particle-particle interactions significantly contribute to the dynamic 

moduli. It is important to note that the composites of PVB with polydopamine coated TiO2-

particles exhibit at room temperature slightly lower storage modulus, while at temperature 

above the glass transition temperature of PVB the inverse phenomena is observed. This is an 

additional indication of the interaction between the PVB and the PDA coating; nevertheless 

the results could not be directly compared with the results of the mechanical analysis based on 

the nanoindentation measurements. The explanation behind this is that in the first case the 

measurement is done on a macroscopic scale (sample dimensions of 2 x 2 x 25 mm3), while in 

nanoindentation the mechanical properties are only locally estimated in a very small area 

(nano-scale vs micro-scale). In addition, since the rheological measurements were performed 

in the torsion mode (shear deformation), the factor 2(1+ν) (Poisson ratio ν) which is in the 



20 
 

range between 2 and 3 for a comparison with the tensile modulus obtained by nanoindentation 

has to be taken into account. 

 

4 Conclusions 

In this work, the influence of a polydopamine coating in composites of TiO2 with poly(vinyl 

butyral) was studied. An FT-IR spectroscopy analysis demonstrated the successful coating of 

the TiO2 particles with polydopamine. The thermal analysis revealed that the particles were 

coated with approximately 3 wt% polydopamine. The interactions of the functionalized 

particles with poly(vinyl butyral) were studied in detail by thermal analysis, scanning electron 

microscopy, rheological experiments and micromechanical analysis. The thermal stability of 

the composites is decreased due to the interaction of polydopamine with poly(vinyl butyral), 

i.e. the hydrogen bonding is affected as a result of the heating. The scanning electron 

micrographs show that the polydopamine coating leads to the agglomeration of the particles 

and the successful use of the spouted bed technique. The polydopamine coating also 

influences the dynamic moduli of the composite in comparison to pristine poly(vinyl butyral). 

More specifically the addition of the particles leads to a significant increase of the dynamic 

moduli in case of the composites, which is reversible after heating at high temperatures. From 

the mechanical analysis the composites with the use of non-coated TiO2 particles exhibit a 

hardness of 0.75 ± 0.04 GPa and a Young’s modulus of 29.5 ± 1.0 GPa. On the other hand, 

the composites with the use of polydopamine coated TiO2 particles are associated with an 

increase of hardness of approximately 38% and an increase of Young’s modulus of 

approximately 27% in comparison to the composites with uncoated TiO2 particles. In 

summary, the formation of hydrogen bonds between the polydopamine coating and the 

poly(vinyl butyral) led to composites with high mechanical stability at room temperature. 

 

Acknowledgements 

We gratefully acknowledge financial support from the German Research Foundation (DFG) 

via SFB 986 “M3”, projects A2, A3 and A6. The authors thank Ivonne Ternes and Silvio 

Neumann for assistance on the functionalization of nanoparticles with polydopamine and 

thermal analysis, Maren Brinkmann for GPC experiments as well as Dr. Tobias Krekeler and 

Jefferson J. do Rosário for support on sample preparation for the micromechanical analysis 

and assistance on the particle size analysis, respectively.  



21 
 

References 

[1] Walther A, Bjurhager I, Malho J-M, Pere J, Ruokolainen J, Berglund LA, et al. Large-area, 
lightweight and thick biomimetic composites with superior material properties via fast, economic, 
and green pathways. Nano letters. 2010;10(8):2742-2748. 
[2] Junior WS, Emmler T, Abetz C, Handge UA, dos Santos JF, Amancio-Filho ST, et al. Friction spot 
welding of PMMA with PMMA/silica and PMMA/silica-g-PMMA nanocomposites functionalized via 
ATRP. Polymer. 2014;55(20):5146-5159. 
[3] Wille S, Hölken I, Haidarschin G, Adelung R, Kern M. Biaxial flexural strength of new Bis-
GMA/TEGDMA based composites with different fillers for dental applications. Dental Materials. 
2016;32(9):1073-1078. 
[4] Kang Y, Chen X, Song S, Yu L, Zhang P. Friction and wear behavior of nanosilica-filled epoxy resin 
composite coatings. Applied Surface Science. 2012;258(17):6384-6390. 
[5] Bushell AF, Budd PM, Attfield MP, Jones JT, Hasell T, Cooper AI, et al. Nanoporous organic 
polymer/cage composite membranes. Angewandte Chemie International Edition. 2013;52(4):1253-
1256. 
[6] Dreyer A, Feld A, Kornowski A, Yilmaz ED, Noei H, Meyer A, et al. Organically linked iron oxide 
nanoparticle supercrystals with exceptional isotropic mechanical properties. Nature Materials. 
2016;15:522-528. 
[7] Louis Chakkalakal G, Alexandre M, Abetz C, Boschetti-de-Fierro A, Abetz V. Surface-Initiated 
Controlled Radical Polymerization from Silica Nanoparticles with High Initiator Density. 
Macromolecular Chemistry and Physics. 2012;213(5):513-528. 
[8] Peng CC, Göpfert A, Drechsler M, Abetz V. “Smart” silica-rubber nanocomposites in virtue of 
hydrogen bonding interaction. Polymers for advanced technologies. 2005;16(11-12):770-782. 
[9] Omnès B, Thuillier S, Pilvin P, Grohens Y, Gillet S. Effective properties of carbon black filled natural 
rubber: experiments and modeling. Composites Part A: Applied Science and Manufacturing. 
2008;39(7):1141-1149. 
[10] Das A, Stöckelhuber K, Jurk R, Saphiannikova M, Fritzsche J, Lorenz H, et al. Modified and 
unmodified multiwalled carbon nanotubes in high performance solution-styrene–butadiene and 
butadiene rubber blends. Polymer. 2008;49(24):5276-5283. 
[11] Handge UA, Wolff MF, Abetz V, Heinrich S. Viscoelastic and dielectric properties of composites of 
poly (vinyl butyral) and alumina particles with a high filling degree. Polymer. 2016;82:337-348. 
[12] Fu S-Y, Feng X-Q, Lauke B, Mai Y-W. Effects of particle size, particle/matrix interface adhesion 
and particle loading on mechanical properties of particulate–polymer composites. Composites Part B: 
Engineering. 2008;39(6):933-961. 
[13] Kirchberg S, Rudolph M, Ziegmann G, Peuker U. Nanocomposites based on technical polymers 
and sterically functionalized soft magnetic magnetite nanoparticles: synthesis, processing, and 
characterization. Journal of Nanomaterials. 2012;2012:20. 
[14] Wang J, Hamed G, Umetsu K, Roland C. The Payne effect in double network elastomers. Rubber 
chemistry and technology. 2005;78(1):76-83. 
[15] Li Y, He G, Wang S, Yu S, Pan F, Wu H, et al. Recent advances in the fabrication of advanced 
composite membranes. Journal of Materials Chemistry A. 2013;1(35):10058-10077. 
[16] Jackson A, Vincent J, Turner R. The mechanical design of nacre. Proceedings of the Royal Society 
of London B: Biological Sciences. 1988;234(1277):415-440. 
[17] Sellinger A, Weiss PM, Nguyen A, Lu Y, Assink RA, Gong W, et al. Continuous self-assembly of 
organic–inorganic nanocomposite coatings that mimic nacre. Nature. 1998;394(6690):256-260. 
[18] Stempflé P, Pantalé O, Rousseau M, Lopez E, Bourrat X. Mechanical properties of the elemental 
nanocomponents of nacre structure. Materials Science and Engineering: C. 2010;30(5):715-721. 
[19] Wang R, Suo Z, Evans A, Yao N, Aksay I. Deformation mechanisms in nacre. Journal of Materials 
Research. 2001;16(09):2485-2493. 
[20] Munch E, Launey ME, Alsem DH, Saiz E, Tomsia AP, Ritchie RO. Tough, Bio-Inspired Hybrid 
Materials. Science. 2008;322(5907):1516-1520. 



22 
 

[21] Tang Z, Kotov NA, Magonov S, Ozturk B. Nanostructured artificial nacre. Nature Materials. 
2003;2(6):413-418. 
[22] Liu Q, Wang N, Caro Jr, Huang A. Bio-inspired polydopamine: a versatile and powerful platform 
for covalent synthesis of molecular sieve membranes. Journal of the American Chemical Society. 
2013;135(47):17679-17682. 
[23] Yu Y, Shapter JG, Popelka-Filcoff R, Bennett JW, Ellis AV. Copper removal using bio-inspired 
polydopamine coated natural zeolites. Journal of hazardous materials. 2014;273:174-182. 
[24] Clodt JI, Filiz V, Rangou S, Buhr K, Abetz C, Höche D, et al. Double Stimuli-Responsive Isoporous 
Membranes via Post-Modification of pH-Sensitive Self-Assembled Diblock Copolymer Membranes. 
Advanced Functional Materials. 2013;23(6):731-738. 
[25] Liebscher J, Mrówczyński R, Scheidt HA, Filip C, Hădade ND, Turcu R, et al. Structure of 
Polydopamine: A Never-Ending Story? Langmuir. 2013;29(33):10539-10548. 
[26] Levi-Kalisman Y, Falini G, Addadi L, Weiner S. Structure of the nacreous organic matrix of a 
bivalve mollusk shell examined in the hydrated state using cryo-TEM. Journal of structural biology. 
2001;135(1):8-17. 
[27] Jono K, Ichikawa H, Miyamoto M, Fukumori Y. A review of particulate design for pharmaceutical 
powders and their production by spouted bed coating. Powder Technology. 2000;113(3):269-277. 
[28] Teunou E, Poncelet D. Batch and continuous fluid bed coating–review and state of the art. 
Journal of Food Engineering. 2002;53(4):325-340. 
[29] Brandt K, Wolff MF, Salikov V, Heinrich S, Schneider GA. A novel method for a multi-level 
hierarchical composite with brick-and-mortar structure. Scientific reports. 2013;3. 
[30] Epstein N, Grace JR. Spouted and spout-fluid beds: fundamentals and applications: Cambridge 
University Press; 2010. 
[31] Wolff M, Salikov V, Antonyuk S, Heinrich S, Schneider G. Novel, highly-filled ceramic–polymer 
composites synthesized by a spouted bed spray granulation process. Composites Science and 
Technology. 2014;90:154-159. 
[32] Mrówczyński R, Bunge A, Liebscher J. Polydopamine—An Organocatalyst Rather than an 
Innocent Polymer. Chemistry–A European Journal. 2014;20(28):8647-8653. 
[33] Yu J, Wei W, Menyo MS, Masic A, Waite JH, Israelachvili JN. Adhesion of mussel foot protein-3 to 
TiO2 surfaces: The effect of pH. Biomacromolecules. 2013;14(4):1072-1077. 
[34] Iqbal Z, Lai EP, Avis TJ. Development of polymer-modified magnetic nanoparticles and quantum 
dots for Escherichia coli binding test. Microchimica Acta. 2012;176(1-2):193-200. 
[35] Salam LA, Matthews RD, Robertson H. Pyrolysis of polyvinyl butyral (PVB) binder in 
thermoelectric green tapes. Journal of the European Ceramic Society. 2000;20(9):1375-1383. 
[36] Gorman M. The evidence from infrared spectroscopy for hydrogen bonding: A case history of the 
correlation and interpretation of data. J Chem Educ. 1957;34(6):304. 
[37] Hirschberg JK, Beijer FH, van Aert HA, Magusin PC, Sijbesma RP, Meijer E. Supramolecular 
polymers from linear telechelic siloxanes with quadruple-hydrogen-bonded units. Macromolecules. 
1999;32(8):2696-2705. 
[38] Choperena A, Painter P. Hydrogen bonding in polymers: effect of temperature on the OH 
stretching bands of poly (vinylphenol). Macromolecules. 2009;42(16):6159-6165. 

 

 


	georgopanos.pdf
	Georgopanos_et_al_CST_accepted

