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In this study, we report a facile synthesis of shape controlled three dimensional hydroxyapatite nanostructures (HAp) using 

sacrificial thermoplastic polyurethane (TPU) nanofiber template. TPU nanofiber synthesised using electrospinning process 

was used as template during the HAp synthesis through precipitation process. Various HAp morphologies including 

distinctly placed cylindrically porous HAp architecture, coral reef like, tightly packed fibrous sheet like and nanofiber like 

were synthesised using TPU nanofiber template. All the synthesised  HAp were characterized using appropriate techniques 

like Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), field emission scanning electron microscopy 

(FESEM) attached with selected area electron diffraction (SAED), energy dispersive X-ray spectroscopy (EDS) and X-ray 

photoelectron spectroscopy (XPS). The morphology, pore arrangement and the particle size of thenHAp varied significantly 

with varying dimensions of template and the template available per unit area of HAp. Hence, we have achieved four 

different 3D HAp morphologies using a single type of TPU nanofiber template. The TPU templated HAp nanostructures 

were more biodegradable than control HAp. 

Introduction 

Porous nanostructured materials are drawing attention of many 

researchers due to their smaller dimensions, high surface to 

volume ratio, tuneable pore size and the possibility of 

functionalization. Such materials have found immense 

applications in tissue engineering, drug delivery system, 

environmental remediation etc. Hydroxyapatites (HAp) have 

excellent biocompatibility, osteoconductivity, non-toxicity and 

flexibility1. They are synthesised using various methods like 

sol-gel, reverse microemulsion, hydrothermal, microwave-

irradiation, solid-state reaction and precipitation process.2 HAps 

have been used as bone fillers in orthopaedics and dentistry3, as 

porous scaffolds in tissue engineering4, as protein delivery 

agent5 and in detection and adsorption of heavy metal ions from 

aqueous medium6. The performance of HAp can be increased 

by increasing the surface to volume ratio using porous soft and 

hard sacrificial templates. The soft template includes surface 

stabilizing molecules or polymers7 and hard templates include 

porous solid materials such as anodic aluminum oxide (AAO)8, 

ordered macroporous carbon (OMC)9, mesoporous silica10 etc. 

Various morphologies of HAp have been synthesised using the 

above mentioned types of templates. Cetyltrimethyl ammonium 

bromide was used as soft-template for synthesis of HAp 

nanorods.7 Sea cucumber-like HAp was fabricated with the aid 

of Nafion N-117 cation exchange membrane6 and hierarchical 

flower-like graphene oxide HAp was synthesized using 

biomimetic method11. Hard templating materials such as 

ordered macroporous carbon (OMC) template was used for 

making highly ordered porous HAp bioceramics.9 CMK-3 

(mesoporous carbon) and SBA-15 (mesoporous silica)10 were 

used for the synthesis of mesoporous HAp nanostructures. 

Among these templates, polymer based templates are of 

particular interest due to their flexibility, ability to impart 

increased mechanical strength, biocompatibility and good 

processing/shaping properties.12 Polymers can also act as 

nucleation sites for HAp and can influence the size and the 

orientation of the composite material13. They can act as 

template for HAp synthesis through dipole–dipole interactions, 

formation of covalent bonds and hydrogen bonds, or through 

complexation of Ca2+ ions with functional groups like amine, 

acetylamine, or hydroxyl etc.14,15 Various types of polymers 

have been tried as templates for the  synthesis of HAp based 

nanomaterials. Block copolymer synthesised using PMMA 

(poly-methyl methacrylate)16 and poly(ethylene oxide)-b-

poly(methacrylic acid) (PEO-b-PMAA) were used as template 

for the controlled synthesis of HAp nanoparticles in water17. 

Electrospunzein, a type of corn protein, was used as template to 

mineralise HAp.18 However all these structures yield only one 

type of nanostructure and not much variation in nanostructure 

formation has been reported so far using single type of 
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polymeric template. Among the polymers, thermoplastic 

polyurethane (TPU) is a phase segmented polymer having good 

hardness, mechanical and elastic properties. They are composed 

of soft and hard segments segregated as amorphous and 

pseudo-crystalline, respectively. The soft segments are made of 

long chains diols/polyol becoming the flexible segment and the 

hard segments are made up of combination of diisocyanate and 

short chain diols. The type of polyol used as soft segment 

determines its properties.19 TPU is easy to process and 

possesses desirable properties such as elasticity, resistance to 

microorganisms, abrasion and excellent hydrolytic stability 

which makes them useful in many applications.20  

Although TPU nanofibers have been used as a non-

sacrificial templates for immobilisation of HAp21,22 and other 

hybrid nanoparticles23a,b, use of TPU nanofibers as single 

sacrificial template to obtain varying 3D morphology of HAp 

has not been reported so far. In the present study, we have used 

poly ether based electrospun TPU nanofibers as sacrificial 

template for the synthesis of various 3D HAp morphologies. 

The prepared HAp nanostructured materials were characterised 

using appropriate techniques and their phase purity, 

morphological properties and biodegradability have been 

studied. 

Experimental 

Materials 

All chemicals used in this study were of analytical grade. 

Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) (purity > 99%), 

diammonium hydrogen phosphate ((NH4)2HPO4) (purity > 

99%), sodium nitrate (NaNO3) (purity > 99%), sodium 

hydroxide (NaOH) (purity > 99 %), Tris-HCl buffer solution 

(purity >99 %), N, N-dimethyl formamide and acetone were 

procured from Merck, India. Texin 945 U grade thermoplastic 

polyurethane (TPU) was a gift from Bayer Material Science. 

All chemicals were used without further purification. Deionised 

water was used throughout the experiment. 

Synthesis of TPU nanofiber template 

TPU nanofiber template was prepared using electrospinning process 

according to Suriyaraj et al. 23a The properties of the TPU pellets can 

be referred from Bayer Material Science LLC (Edition 2010-02-01). 

In brief, TPU solution was prepared by dissolving 1.0 g of TPU in 

N, N-Dimethylformamide and acetone in the ratio of 7:3 (v/v) 

followed by heating at 50 °C on a hot plate with vigorous stirring for 

5h. The prepared polymeric solutions were electrospun 

(Electrospinning Unit, PSGIAS, India) onto grounded aluminium 

plate with the following experimental parameters; current supply of 

30 kV, 18.5 cm working distance and 0.7 mL/h flow rate. The 

resultant TPU nanofiber was characterised using FESEM for 

morphology, bead formation and uniformity in fiber diameter and 

further used as template with varying dimensions.TPU membranes 

were finely cut manually into known dimensions  ~1.0 mm2, 0.5 cm2, 

1.0 cm2 and 2.0 cm2 sheets using a surgical scissor and used as 

template. In case of ~1.0 mm2 nanofibers, nanofibers were cut 

mechanically using surgical scissors to smaller segments and then 

further size reduced using the laboratory blender. 

Synthesis of control and TPU templated HAp 

HAp was prepared by precipitation method.24 In brief, 0.4 M 

solution of  (NH4)2HPO4, was added under constant stirring into 0.6 

M solution of Ca(NO3)2·4H2O. The solution pH was maintained 

greater than 9 by addition of  NaOH and the suspension was refluxed 

for 2 h. The white precipitate formed after 2 h of incubation was 

filtered, washed with copious amount of distilled water three times, 

dried overnight at 50 °C and calcined in air at 800 °C for 2 h. The 

resultant HAp was used as control (C-HAp). The templated HAp 

was synthesised using modified Eslami et al.24 (Fig. 1). In brief, the 

synthesised TPU nanofiber membranes were taken in varying 

dimensions and added with 0.6 M solution of calcium nitrate 

followed by gentle stirring under room temperature for 6 h. 0.4 M 

(NH4)2HPO4 solution was added dropwise to the 

Ca(NO3)2·4H2O/TPU mixture maintaining the Ca: P molar ratio at 

1.67. In all cases, the ratio of Ca:P was maintained constant 

throughout the study. After a known incubation time, the precipitate 

obtained was filtered using 0.45µm Whatman filter and washed with 

copious amount of de-ionized water. The resulting precipitate was 

collected and dried at 50 °C overnight, followed by pyrolysis at 800 

°C for 2 h.  

Characterization  

The resultant TPU templated HAp materials and C-HAp were 

analysed using different characterisation techniques. The 

morphology and elemental composition of the synthesised 

materials were analysed using field emission scanning electron 

microscopy (FESEM) (Sigma, Carl Zeiss, Germany) and 

energy dispersive X-ray spectroscopy (EDS) respectively. The 

crystal structure, lattice parameters and phases of C-HAp and 

template HAp were analyzed using X-ray diffractometer (XRD- 

600, Shimadzu, Japan) with generator settings of 30 mA, 40 

kV; step size 0.001 (2 theta) with scan step time of 3.2 seconds 

in continuous mode. The surface functional groups were 

analysed using Fourier transform infrared spectroscopy (FTIR) 

(Nicolet Avathar-320 FTIR spectrometer, Madison) at a scan 

range of 400-4000 cm-1. KBr was used along with milligrams 

of synthesized nanomaterial to make pellets and analysed at a 

scanning speed of 2 mm/sec at a resolution of 4 cm-1. The 

chemical composition of the synthesised HAp was determined 

using an X-ray photoelectron spectroscopy (XPS) (SPECS 

SAGE) with a Phoibos 150 hemispherical analyzer and an 

MCD-9 detector at a take-off angle of 90°. A circular area of 

3mm in diameter was used as scanning surface and Mg Kα (hν 

= 1253.6 eV) was used as X-ray source operated at 10 kV and 

20 mA (200 W) with a background pressure of 1.5 x 10-5mTorr. 

To obtain the spectra pass energy of 20 to 100 eV, energy steps 

of 0.1 to 0.5 eV were used.  CASAXPS software (Neil Fairley, 

U.K.) was used to analyze the spectra. Degradability of 

synthesised material was investigated as per Singh (2012).25 0.2 

g of HAp based material was taken and soaked in 50 mL of 

0.05 M Tris-HCl buffer solution (pH 7.4) for 15 days. The 

samples were filtered and dried at 100 °C. The percentage 

weight loss of sample was calculated by the formulae (Eq. 1) 

given below:              
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Fig. 1 Scheme representing the synthesis of various template HAp using TPU nanofibers (NF- nanofiber template; (a) ~1mm
2
 (b) 0.5 cm

2
 (c) 1.0 cm

2
 (d) 2.0 cm

2
 TPU template) 

% weight loss= ((W1-W2)/W1)x100…………… (1) 

Where,W1 is the initial weight of sample, W2 is the final weight of 

sample after soaking inTris-HCl buffer solution. 

3. Results and discussion 

TPU nanofibers were synthesised using electrospinning process 

under optimised operating conditions. Fig. 2 shows the FE-SEM 

image of the electrospun TPU nanofiber mat. The fibers were 

uniform and found to be without beads. The TPU nanofibers had an 

average fiber diameter of 350 ± 71 nm (Fig. 2 inset). Nanofiber mats 

that were finely chopped (~1.0 mm2), and cut to known area (0.5 

cm2, 1.0 cm2 and 2.0 cm2) were used as template material.The C-

HAp and TPU templated Haps were synthesised using calcium 

nitrate tetrahydrate and diammonium hydrogen phosphate via 

precipitation method. The reaction mechanism involved in the 

formation of the hydroxyapatite precipitate is as follows.24 

10 Ca(OH)2                               Ca10(PO4)6(OH)2 

+ 6(NH4) 2HPO4                 + 6H2O + 12 NH4OH          (2)                                                           

 

 

Fig. 2 FE-SEM image of TPU nanofiber membrane (inset: histogram showing fiber 

diameter) 
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Fig. 3 FESEM image of C-HAp  

The morphology, size and form of the HAp nanomaterial 

synthesised were determined using FE-SEM (Fig. 3). Figure 3 

shows the SEM images of the C-HAp nanoparticles after 

pyrolysis. The C-HAp particles were found to be irregular, 

agglomerated and stacked one over the other with particle size 

ranging between 0.5 to 1.0 µm. Such agglomeration is due to 

pyrolysis which ultimately leads to decrease in surface area and 

porosity through particle coalescence and increase in density.26 

When nanofibers were introduced as template at the beginning 

of the HAp precipitation protocol, sequential accumulation of 

cations (calcium) and anions (phosphate) resulting in HAp 

synthesis onto and in between the surface was expected. On 

further pyrolysis of the HAp-TPU nanofibers mixture, the 

pyrolysis process induces complete weight loss and degradation 

of the TPU at 800 °C resulting in formation of pores. The 

literature on thermal stability of the TPU was used as an index 

for temperature selection to achieve near 100% weight 

loss/thermal degradation of TPU present in between the formed 

HAp. The temperature for template removal was kept double 

the final degradation temperature (�end-400.4 °C)).27 Bajsic et 

al.27 reported 0.7% residual TPU at �end of 700 °C using thermo 

gravimetric analysis. Hence it is evident that the residual TPU 

present in the HAp-TPU nanofiber mixture will be very less 

after pyrolysis at 800 °C.  A uniform removal of TPU from the 

HAp-TPU nanofiber mixture without much variation in the 

HAp morphology was expected at increasing dosage of TPU 

nanofibers. However the morphology of the HAp nanoparticles 

varied largely with respect to the template dosage and the 

structure used during the HAp synthesis (Fig. 4).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 FESEM image of various TPU templated HAp (a) ~1mm
2
 TPU template, (b) 0.5 cm

2
 TPU template, (c) 1.0 cm

2
 TPU template, (d) 2.0 cm

2
 TPU template (Insets: High 

magnification image 
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When finely chopped nanofiber (~1.0 mm2) was used as 

template, two different HAp morphologies were obtained. Few 

particles were irregular, porous, agglomerated and submicron in 

size. Along with agglomerates, a highly ordered, nanoporous 

architecture of HAp was found with uniform size and 

dimensions (Fig. 4a). The pores were found to be placed at 

regular intervals in that porous structure with average external 

diameter of 248±34 nm and internal diameter of 178±18 nm. 

The pores were found to extend like regular channels with an 

average length of 534±46 nm (Fig. 4a and inset). When 

varying length of nanofiber sheets were introduced as template, 

the morphology of HAp was totally different.  With 0.5 cm2 

nanofiber template, porous, coral reef like HAp morphology 

was formed (Fig. 4b). The pores were clearly distinct and were 

irregular in nature when visualised at higher magnification 

(Fig. 4b inset). The particles were found to be fused with each 

other to form a network that looks similar to a sieve. When the 

sheet size was extended to 1.0 cm2, the HAp appeared like 

flakes (Fig. 4c). The HAp took the morphology of the nanofiber 

after pyrolysis and was closely packed (Fig. 4c inset and 

Supplementary Fig. S1). The number of pores were found to 

be very few when compared to other materials synthesised 

during the study. As the size of the nanofiber sheet was further 

extended to 2.0 cm2, the HAp morphology resembled of a 

typical nanofiber morphology (Fig. 4d). The average diameter 

of the individual fiber shaped HAp particle was 0.25 ± 0.02 µm 

(Fig. 4 d inset). The elemental composition confirmed the 

presence of Ca, P, C and O in the synthesised nanoporous HAp 

when studied using EDS (Supplementary Fig. S2). The 

presence of carbon in the matrix might be contributed by the 

sacrificial TPU nanofibers template. XRD analysis was used to 

confirm the crystalline phase formation, degree of crystallinity 

and crystallite size of the synthesized HAp materials (Fig. 5).  

The X-ray diffraction profiles of C-HAp nanoparticles showed 

hexagonal crystal structure with unit cell parameters of a= 

9.424 Å, b= 6.879 Å and space group P63/m (176) and were in 

correlation with JCPDS data base (card no: 74-0566).28 The 

crystalline peaks at 2θ = 28.92⁰ (211), 30.95⁰ (211), 32.20⁰ 

(112), 34.20⁰ (202), 38.70⁰ (220), 40.09⁰ (221), 44.75⁰ (400), 

49.26⁰ (213), 52.30⁰ (303) and 56.7⁰ (500) and the 

corresponding ‘hkl’ valves, confirmed the formation of 

hydroxyapatite structure. The C-HAp nanoparticles were highly 

crystalline as a result of pyrolysis.29 There were slight shifts in 

the peaks observed when the TPU was incorporated into the 

HAp indicating possible modification in the HAp structure. 

However, all the templated 

 

 

 

 

 

 

 

 

 

 

Fig. 5 XRD spectra of various TPU templated HAp ((a) C-HAp, (b) ~1mm
2
 TPU template, 

(c) 0.5 cm
2
 TPU template, (d) 1.0 cm

2
 TPU template, (e) 2.0 cm

2
 TPU template). 

HAps also had hexagonal crystal structure having cell 

parameters a= 9.424 Å, b= 6.879 Å and space group P63/m 

(176) as reported in the JCPDS data (card no: 74-0566).28 The 

crystalline peaks and the corresponding ‘hkl’ values of HAp 

found in the TPU template HAp confirmed the formation of 

HAp structure. Along with the HAp crystalline peaks, few 

additional peaks were found in the TPU template HAp. The 

templated materials were all crystalline and phase pure due to 

high pyrolysis temperature. The surface functional groups 

present in TPU nanofibers, C-HAp and the TPU templated HAp 

were analysed using FTIR spectroscopy (Fig. 6). The TPU 

nanofibers showed peaks at 1072 cm-1, 1699 cm-1, 2861 cm-1 

and 2942 cm-1 indicating the presence of C-O-C stretching, 

C=O urethane, asymmetric and symmetric stretching of  CH2 

group respectively (Fig. 6 a).30,23a The FTIR spectra of the C-

HAp (Fig. 6 b) had a band at 3495 cm-1 indicating stretching 

vibrations of hydroxyl group. The band at 563.21 cm-1 

belonged to the bending vibration of the –OH and 1026.13 cm-1 

and 910.40 cm-1 bands are characteristics of the phosphate 

stretching vibration. The bands corresponding to the phosphate 

bending vibrations31 were observed at 732.95 cm-1 and 524.46 

cm-1, whereas the doublet at 563 and 524 cm-1 corresponds to 

the O-P-O bending mode. The peak at 1381.03 cm-1 

corresponds to the carbonate group in the HAp structure. TPU 

templated HAp synthesized using varying dimensions of 

nanofibers had the IR pattern similar to control Hap (Fig. 6c-f). 
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Fig. 6 FTIR spectra of control and TPU templated Hap ((a) TPU nanofiber, (b) C-HAp, (c) ~1mm
2
 TPU 

template, (d) 0.5 cm
2
 TPU template, (e) 1.0 cm

2
 TPU template, (f) 2.0 cm

2
 TPU template). 

 

 

 

 

 

 
 

 

 

 

 

 

Fig. 7 XPS spectra of control and TPU templated HAp ((a) C-HAp, (b) 2.0 cm
2
 TPU 

template). 

The TPU templated HAp had a new peak, formed at 3572.17 

cm-1 corresponding to the –OH bands.32 The peak position at 

1435.03 cm-1 corresponding to CO3
2- group appeared to be 

intense in TPU template HAp. Peak broadening was observed 

in the regions between 1103.28 and 1018.41 cm-1 which is the 

characteristic band for the phosphate stretching vibration. The 

band at 632.65 cm-1, 601.79 cm-1 and 570.93 cm-1 corresponds 

to the P-O bending mode.33 Thus the change in the intensity of 

the peaks and the peak broadening were observed in case of the 

nanoporous HAp synthesized through TPU templating. XPS 

analysis was carried out to analyze the surface composition of 

selected representative materials (C-HAp and 2.0 cm2 TPU 

template HAp) (Fig. 7) based on the FTIR and XRD pattern. 

The general XPS scan revealed the presence of pure HAp 

without any traces of metallic and other impurities. The major 

peaks, found in the XPS spectra, were in good agreement with 

the reported literature34,35 and were attributed to the chemical 

state of Ca, P and O elements in the HAp matrix.36 The 

photoelectron lines of control HAp (Fig. 7a) has a binding 

energy of about 285, 534, 346, 437, 134 and 190 eV attributed 

to C 1s, O 1s, Ca 2p, Ca 2s, P 2p 1/2 and P 2s, respectively. The 

elemental ratio of Ca/P in HAp was 1.63, which is in 

reasonable agreement with the standard value of HAp (1.67). 

The XPS narrow scan reveals one peak, located at binding 

energy of 346 eV and 350 eV attributed to Ca 2p3/2 and Ca 

2p1/2, respectively. The O1s peak near 532 eV is due to oxygen 

associated with phosphate group in HAp and adsorbed water. 

The spectrum includes peaks labelled O KLL at 752 eV, and 

represents the energy of the electrons ejected from the atoms 

due to the filling of the O 1s state (K shell) by an electron from 

the L shell coupled with the ejection of an electron from an L 

shell.37 For the polymeric templated HAp nanoparticle, the peak 

positions and the binding energy of the Ca, P and O were 

similar to the calcined native HAp sample. The polymeric 

templated samples had carbon peaks, with a binding energy of 

284 eV attributed to C 1s. Carbonate-type carbon were 

observed in the C (1s) region for all the samples (Fig. 7b). 

Quantifying the elements observed in the survey scans, Ca/P 

ratio has been determined by taking the area under the 

characteristic peaks of Ca 2p and P 2p. The synthesised HAp 

materials exhibited Ca/P elemental ratio of 1.63. C-HAp and 

2.0 cm2 TPU templated HAp samples were subjected to 

degradation studies using 0.05M tris-HCl at 7.4 pH. The study 

showed that there was no statistically significant weight change 

observed after 3 days of exposure. However the materials 

started degrading as the incubation time was  extended. The C-

HAp possessed 3.93 ± 0.2 % degradation after an exposure time 

of 15 days. Pyrolysis was found to greatly inhibit the 

degradability of the HAp. The weight loss was further 

attributed to the loss of calcium ion, which resulted in an 

increase in pH of the buffer medium from 7.4 to to 8.32. 2.0 

cm2 TPU templated HAp samples showed increased 

degradation rate (4.14 ± 0.9 %) when compared to C-HAp after 

15 days of incubation. Singh (2012)25 has reported 5 % 

degradability with calcined HAp after an exposure time of 15 

days to tris-HCL buffer. The increased degradation rate with 

templated HAp may be attributed to the porosity. Increased 

porosity results in an increase in the surface area of the 

material, thereby providing more space for the biodegradation 

of the material by increasing the interaction between the TPU 

templated HAp and the aqueous medium38. Thus the 

degradation occurs more quickly in porous than non-porous 

HAp materials. 

 

Mechanism of change in HAp morphology 

When the precipitation of hydroxyapatite occurs on the surface 

of the TPU nanofibers, a strong gel like mass was formed 

through the electrostatic interaction of the calcium phosphate 

with nanofibers. Such gels lead to the formation of organised 

structures, keeping the nanofibers intact within the HAp gel 

system. When they get solidified, the structure of the nanofiber 

added is immobilised within the formed HAp matrix. During 

pyrolysis process, the template decomposes into gases, such as 

CO2 and HO, and leads to formation of pores.39 Since the 

melting temperature of TPU is high (195-205 °C), gradual 

increase in pyrolysis temperatures allows gradual 

decomposition and diffusion of the polymeric material into the 
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HAp matrix without any pressure build-up.40 However the rate 

of decomposition is dependent on the concentration of the TPU 

immobilised between a unit area of HAp matrix which 

ultimately decides the extent of diffusion into the HAp in that 

unit area. The elastomeric property of the TPU during heating 

and cooling also contributes to the template structures of HAp 

matrix. The hard domains in TPU can act as physical 

crosslinker, playing a role similar to chemical crosslinks, 

imparting elastomeric behavior to material. These hard domains 

can also occupy significant volume of material as effective 

nano-scale fillers before degradation at elevated temperature41. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Possible mechanism of synthesis of various morphologies of HAp using TPU 

nanofibers as template (NF- nanofiber; (a) ~1mm
2
 TPU template, (b) 0.5 cm

2
 TPU 

template, (c) 1.0 cm
2
 TPU template, (d) 2.0 cm

2
 TPU template)  

In the present study, the amount and orientation of immobilised 

nanofibers within a unit area of HAp could possibly control the 

change in morphology of the HAp formed after pyrolysis as 

described in the scheme (Fig. 8). In the first set of experiment, 

~1mm2 chopped TPU nanofibers were used as template for 

HAp deposition on surface followed by precipitation and 

pyrolysis. During the mixing process, finely chopped TPU 

nanofibers get disentangled due to the lower entanglement 

density because of smaller size of TPU nanofiber mat and few 

become aligned to each other in the HAp matrix, followed by 

gradual evaporation of template leaving a defined regular TPU 

fiber morphology behind (Fig. 4a inset). However, in the 

places where this aligned nanofibrous templates are not 

available and where the other disentangled nanofibers arranged 

at random, they form irregular, porous, submicron sized HAp 

nanoparticles (Fig. 4a). During the mixing process, the 

nanofibrous mats would try to lay in two dimensions which 

would be strongly influenced by the size of nanofibrous mats. 

With the increase in size, they will gradually shift to two 

dimensional laying arrangements from complete 3D 

distribution i.e. the big nanofibrous mats will try to settle at the 

bottom of the mixing plate giving the complete impression of 

the nanofibrous mat upon pyrolysis as in case of Figure 4 d. 

Figures 4 b and c are the intermediate steps between these two 

extremities i.e. partially arranged towards 2D with increase in 

chopped mat size.    

During subsequent set of processing, the orientation of the 

nanofiber remain fixed and the amount of nanofiber per unit 

area of HAp was increased by adding 0.5 cm2 TPU nanofibers. 

Due to such an arrangement, the unit area available for HAp 

matrix formation within the TPU template is reduced to an 

extent, ultimately leading to more availability of template. As 

the template area was further increased to 1.0 cm2 and 2.0 cm2, 

the availability of nanofiber was more than the available HAp 

matrix in a unit area resulting in the reversal of diffusion. 

During the pyrolysis process, higher concentration of template 

acts like a binder of HAp with the nanofiber morphology in the 

available orientation. On subsequent cooling of the mixture, the 

1.0 cm2 and 2.0 cm2 template HAp mixtures yield fibrous 

tightly packed sheet like and typical nanofiber like 

morphologies respectively (Fig. 4c and d insets). Since the 

HAp morphology with respect to addition of increased template 

area is leading to the formation of fiber like morphology, 

further increase in nanofiber size beyond 2.0 cm2 is expected to 

result in similar type of HAp with distinct fiber morphology. 

However, further experiments are needed to confirm the 

possibility. The diffusion of the TPU polymeric template into 

the matrix leads to a small change in the surface functional 

group (Fig. 6) and the crystal structure of HAp (Figure 5) 

while maintaining the Ca:P ratio of 1:63 (Fig. 5 and 

Supplementary Fig. S2). The polymer and HAp interaction 

can also be correlated with respect to the formation of possible 

intermolecular bonds, polymer crosslinking during the 

calcination process and polymer percolation during the 

structure formation.42,43 Hence with a single type of TPU 

nanofibrous template, we have shown that four different 

morphologies of HAp can be achieved. 

Conclusion 

The control and TPU templated HAp nanoparticles were 

synthesized using wet chemical precipitation method. TPU 

nanofibers prepared by electrospinning process having a 

diameter of 350 nm ± 71nm was used as template. Nanofibrous 

mats of dimensions of ~1.0 mm2, 0.5 cm2, 1.0 cm2 and 2.0 

cm2were used as templating material with same reaction 

conditions. The templated TPU-HAp precipitates were 

pyrolysed at 800°C and cooled to room temperature. The 

resultant HAp materials were characterised using appropriate 

techniques. The FESEM characterization confirmed the 

morphological variations in the templated nanostructures. 

Various 3D structures such as distinctly placed cylindrically 

porous, coral reef like, tightly packed fibrous sheet like and 
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nanofiber like HAp morphologies were achieved. The 

characterization studies like XRD, FTIR and XPS confirmed 

the elemental composition, crystallinity and phase purity of the 

HAp nanostructures. The TPU templated HAp nanostructures 

were comparatively more biodegradable than control HAp. 
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