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Abstract

The Sr-based fiber was prepared by electrospinning process. The effect of electric field, precursor viscosity, and calcination temperature (Tcal)

was investigated at required conditions. Then the Sr-based fiber was characterized by TGA, nitrogen adsorption, SEM, TEM, and XRD to elucidate

thermal transition, specific surface area, morphology, crystal structure, and crystalline phase of the samples, respectively. The result showed that

the smooth fiber sample could be spun at electric field of 1.5 kV cm�1 with the suitable viscosity of ca. 5 Pa s. Finally the crystalline phase could be

controlled by properly adjusting Tcal, i.e. when the Tcal was risen from 400 to 1000 8C, the crystalline phase was transformed from SrCO3 to

Sr(OH)2H2O, and eventually to SrO.
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1. Introduction

Strontium belongs to a group of elements known as the alkali

earth metals. By chemical reaction, strontium is more active

than calcium or magnesium and easily reacts with both air and

water [1]. Mostly, strontium has made compound materials

(e.g. SrO, SrCO3, and Sr(OH)2) that are applied to fuel

production catalysts [2,3], paint additives [4], and television

tubes [5–7]. Recently, the micro and nano-size of strontium

compound have been required in chemical and electronic

industry [8]. Comparing with large particles (several micron),

the small strontium compound particles (nano to sub-micron)

have exhibited significantly unusual physical and chemical

properties because of their extremely small size and large

specific surface area [9]. Therefore the size of particles has been

controlled by the synthesis method such as precipitation

[10,11], hydrothermal [12,13], solvothermal [14,15], ultrasonic

[6] and so on. The best of our knowledge, a fiber-shaped

strontium compound has never been synthesized by any

techniques before. By electrospinning which is one of the

famous techniques to fabricate micro- or nano-fibrous ceramic

structure, the electrospun metal compound fibers have been

prepared by simply mixing the prior obtained metal salt (e.g.
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Ag-, Ru-, Co-, Pd-, Rh-, and Pt-salts) with viscous spinning

solution of polymer carriers, for example, poly(ethylene oxide)

(PEO), poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA),

and poly(vinylpyrrolidone) (PVP), have been much focused

because of their variety of applications, such as textiles, filters,

and catalyst [15–18].

In this work, the synthesis of Sr-based fiber via electro-

spinning technique was proposed. The effect of water ratio (i.e.

viscosity) and calcination temperature was discussed on the

degradation temperature, morphology, specific surface area,

and crystalline phase.

2. Experimental

2.1. Material and electrospinning preparation

Strontium nitrate (Sr(NO3)2) and poly(vinylpyrrolidone)

(PVP, K90, MW = 3,600,000) was purchased from Himedia

Laboratories Pvt. Ltd. and Fluka Analytical, respectively. The

precursor was prepared by mixing of 2g-Sr(NO3)2 and 2g-PVP

into 6–10 mL water. The mixture was stirred at 30 8C for 8 h or

until cleared solution was achieved. Then the precursor was

loaded into a 20 mL glass-syringe attached with syringe needle,

22-gauge stainless steel, 12 in. long (Sigma–Aldrich, Z116157).

The electrospinning technique was employed by high voltage

power which was set at 15 kV. The electric laid between the

needle and target (aluminium foil, sized 7 cm � 7 cm) was
d.
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Fig. 1. SEM images of Sr-based fibers spun with electric field of 1.5 kV cm�1

from precursor having (a) m = 4.63 Pa s, (b) m = 0.98 Pa s, and (c)

m = 0.41 Pa s.
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pinched and manipulated at the electric field of 1.5 kV cm�1.

Thereafter the liquid flow rate was controlled by syringe pump at

1 mL h�1. Finally, the Sr-based fiber was collected and calcined

(holding time 5 h) under atmosphere at required temperature

(400–1000 8C) with a heating rate of 10 8C min�1.

2.2. Material characterization

The viscosity of each precursor was measured by Rotational

Rheometer (Gemini 200 HR Nano, Malvern, UK). The Sr-

based fiber was analyzed by thermo-gravimetric/differential

thermal analyzer (TGA/SDTA 851e, Mettler Toledo, Switzer-

land) under air flow condition with a ramping rate of

10 8C min�1 to find out thermal transition of the samples.

The crystalline phases of calcined samples were analyzed by

X-ray diffraction (JDX-3530, JEOL, Japan) coupled with Cu

Ka radiation source and accelerated at 30 mA and 40 kV. The

Sr-based fibers before and after calcination were characterized

by scanning electron microscope (SEM, S-3400, HITACHI,

Japan), transmission electron microscope (TEM, JEOL JEM-

2010, Japan) and nitrogen adsorption (BELSORP-max, BEL,

Japan) to observe their morphology, crystal structure and BET

(Brunauer–Emmett–Teller) surface area (SBET), respectively.

3. Results and discussion

3.1. Preliminary experimental

The preliminary study of this work was provided with the

investigation of type of solvent (ethanol and water), electric field

(1–2.5 kV cm�1), and spinning direction (vertical and horizon).

According to the type of solvent, as general knowledge, the

polymer (PVP) is well dissolved in ethanol, while strontium

nitrate is well dissolved in water. However, strontium nitrate

could not be dissolved in ethanol or ethanol aqueous solution (i.e.

the precipitation occurred when the ethanol solution was

introduced). Therefore, the problem was solved by using water

as the solution and spending longer time for dissolving the

mixture. For the electric field effect, the Sr-based fiber could not

be spun, at low electric field (<1 kV cm�1), i.e. the cone-shape

jet of solution at the syringe tip did not occur. On the other hand,

at the electric field above 2 kV cm�1, the cone-shape jet could

not also be maintained at the needle tip; namely most of the

products were agglomerated at the tip due to the high electric

force pulling. On the effect of the spinning direction, the obtained

fibers of both vertical and horizontal conditions were nearly

similar, except that there were some solution drops on the target

during the electrospinning process on vertical direction. It could

be remarked that the cleared precursor could be prepared in water

solvent and spun by applying the electric field of 1.5 kV cm�1

with the horizontal direction as the optimal conditions which will

be employed for the next study.

3.2. Effect of water amount (viscosity)

The precursor viscosity (m) as prepared in the preliminary

section for the electrospinning process was measured by
Rotational Rheometer. The water amount was varied from 6

to 10 mL, corresponding with viscosity of the precursor denoted

as m6 to m10, respectively. By viscosity comparison, the

Newtonian region, i.e. the region that viscosity is independent

of shear rate, was found out by plotting the logarithm of viscosity

to logarithm of shear rate of each precursor [19,20]. Then the

viscosity of all precursors was calculated (viscosity = shear
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stress/shear rate) at the same shear rate of 2 s�1 in the Newtonian

region. The increase of water amount strongly affected the

viscosity which is descending shown as follows: m6 = 4.63,

m8 = 0.98, m10 = 0.41 Pa s.

Regarding the viscosity effect, the result of Sr-based fiber

formation was shown in the SEM image (Fig. 1). By the

viscosity of 4.63 Pa s (m6), the cone-shape jet of mixture

could withstand during the electrospinning process and

thus the formation of Sr-based fiber with the diameter around

100–600 nm was stably attained On the other hand, the cone-

shape jet did not keep stable at the low viscosity (m8 and m10).

Moreover, the decrease in viscosity resulted in the increase in

bead formation with a size bigger than 5 mm (for m8) and

shapeless (scale-like) sample (for m10) as shown in Fig. 1b

and c, respectively.
Fig. 2. SEM (a–d) and TEM (e–g) images of calcined Sr-based samples: calcinatio

1000 8C. Electrospinning condition: electric field of 1.5 kV cm�1 from precursor h
3.3. Effect of calcination temperature

The investigation of calcination temperature (Tcal) was

focused on the selected condition (strontium nitrate:PVP:wa-

ter = 2 g:2 g:6 mL, electric field of 1.5 kV cm�1) which formed

the smooth electrospun fiber. Then the Sr-based fiber calcined

under atmosphere at 400–1000 8C was characterized to find out

BET surface area (SBET), morphology, crystal structure, and

crystalline phase as revealed in Table 1 and Figs. 2 and 3,

respectively. The SBET of the sample increased from 0.4 (as-

synthesized) to 5–6 m2 g�1 (calcined) because the polymer

matrix was removed. It was confirmed by TG-DTA analysis that

the polymer weight dramatically decreased at ca. 390 8C (data

not show) suggesting its decomposition temperature. When the

Tcal was raised over 400 8C, the SBET of sample decreased due to
n temperature of (a) 400 8C, (b and e) 600 8C, (c and f) 800 8C, and (d and g)

aving m = 4.63 Pa s.



Table 1

BET surface area of calcined Sr-based sample spun with electric field of

1.5 kV cm�1 from precursor having m = 4.63 Pa s at required calcination

temperature.

Before

calcined

400 8C 600 8C 800 8C 1000 8C

SrO fiber (m2 g�1) 0.4 6.8 6.0 5.2 Trace

6050403020

In
te

ns
ity

 [a
.u

.]

2θ

Fig. 3. XRD patterns of calcined Sr-based samples: calcination temperature of

(a) 400 8C, (b) 600 8C, (c) 800 8C, and (d) 1000 8C. Electrospinning condition:

electric field of 1.5 kV cm�1 from precursor having m = 4.63 Pa s.
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the sintering of crystal grain as shown in Fig. 2. At Tcal of 400 8C,

the sponge-like fiber was produced while it still contained some

polymer residues. When the polymer in sponge-like fiber was

brunt at the Tcal of 600 8C, the Sr-based particles were

agglomerated and formed the porous fiber. The diameter of

the fiber ranged from 0.2 to 2 mm, while size of the particles

agglomerated to the fibers was in the range of 150–300 nm as

shown in Fig. 2b and e, When the Tcal was higher than 600 8C, the

porous fiber (or particle inside the fiber) was sintered and become

dense particle and cluster (Fig. 2c, d and f, g). Furthermore, the

crystalline phase of the samples was consecutively changed

when the calcination temperature increased as illustrated in

Fig. 3. Only SrCO3 phase occurred at 400–600 8C. Sr(OH)2H2O

started to occur at 800 8C, and the mix phases of SrO, SrCO3, and

Sr(OH)2H2O occurred at 1000 8C.

4. Conclusions

The synthesis of Sr-based fiber via electrospinning techniques

was proposed. The effects of synthesis parameters, including

electric field of the electrospinning (1.0–2.5 kV cm�1), water

amount of the starting material (6–10 mL; viscosity ranged from

4.63 to 0.41 Pa s), and calcination temperature of the as-spun

samples, on the fiber formation were systematically studied. The

optimal synthesis condition of the Sr-based fiber was observed at

electric field of 1.5 kV cm�1 and viscosity of 4.63 Pa s while the

spinning direction was set horizontal. The electrospun fibers

provided BET surface areas in the range of 5–6 m2 g�1 and
diameter of 200 nm to 2 mm when they were calcined in the

temperature range of 600–800 8C. The crystalline phase was

sequentially transformed from SrCO3 to the mixture of SrCO3

and Sr(OH)2H2O (800 8C) and to the mixture of SrCO3,

Sr(OH)2H2O and SrO (1000 8C).
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