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Abstract
Nanostructured materials have the potential to be applied in different areas ranging from electronics to medicine. Techniques 
for preparation of nanomaterials with a high production rate are essential to make them commercially available. In this work, 
complex superconducting  YBa2Cu3O7−x wires were prepared by using the solution blow spinning technique with different 
solution injection rates (SIRs): 60, 80 and 100 μL/min. We show that the diameter of the YBCO wires increases from 258 
to 954 nm for higher SIRs without any trace of secondary phases as investigated by X-ray diffractograms. Nonetheless, 
SIR does not supply the real ceramic production rate, which is 4.7 to 33 times higher than the rates of equivalent ceramics 
produced by Electrospinning. Furthermore, the magnetic properties of the YBCO wires were verified, presenting similar 
superconducting responses.

1 Introduction

The remarkable properties of materials at the nanoscale have 
placed them into the focus of basic and applied research 
[1–3]. To obtain nanomaterials, versatile and controllable 
techniques have been developed to tailor the intended prop-
erties of the specimens, as well as enhance their production 
rate [3, 4]. Non-woven micro- and nanofibers have attracted 
a lot of attention since they can be applied as optical sen-
sors and piezoelectric devices [5–7], once their sensitivity 
increases due to the larger surface area per unit mass. Among 
several methods to produce fibers [8], electrospinning (ES) 
[9–13] and solution blow spinning (SBS) [11, 14–18] have 
recently gained prominence due to their simplicity and low 
cost. To produce ceramic fibers, ES and SBS can be com-
bined with sol–gel processing to prepare nanowires for a 

variety of materials, such as  BaTiO3 [19–21],  TiO2 [15], 
ZnO [22], Mullite [23], and YBCO [18, 24].

The ES process has been known and used for more than a 
century [25] and has presented disadvantages such as a low 
production rate, requiring the application of high voltages, 
and the use of solutions with high dielectric constants [14]. 
Alternatively, SBS is less expensive and does not require 
either solutions with high dielectric constants or a conduct-
ing collector. Additionally, its production rate for the final 
ceramic material can be higher than that of ES, making SBS 
a promising candidate for supplying an increased demand 
for nanofibers.

For both SBS and ES, the ratio between metallic salts 
(MS) and the amount of polymer (PM) is of great impor-
tance in the production and morphology of ceramic materi-
als [14]. However, several papers [11, 17, 18, 24] have not 
considered the ceramic production rate (CPR), reporting 
only the solution injection rate (SIR), which is a polymeric 
fiber productivity metric. Nevertheless, as the same amount 
of precursor solution can have different MS:PM ratios (lower 
or higher quantities of metallic ions), the use of SIR as a 
measurement could create confusion about the productiv-
ity of ceramic. Thus, the adoption of CPR as a production 
metric would lead to more consistent and reliable production 
rate measurement, since it represents the production rate of 
the final ceramic fiber.

Regarding the production of YBCO nanowires, one of the 
most important issues is the preparation of samples which 
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are as small and homogeneous as possible, although large 
enough to admit and maintain the superconducting state 
[25–27]. The threshold sizes for this are typically on the 
order of the superconducting penetration depth which, for 
YBCO, are around 100 nm [28]. The control of the diameter 
of superconducting nanowires and their geometry can guide 
us to new achievements related to their electrical and mag-
netic properties. Besides that, a superconducting nanowire 
can also be used as a sensor to detect single photons [29]. 
Thus, in this work superconducting ceramic nanowires of 
 YBa2Cu3O7−x were produced by SBS. We prepared sam-
ples of the precursor solution with two different values of 
SIR and, consequently, CPR. The crystalline structure and 
morphology of the samples were studied by X-ray diffraction 
(XRD) and scanning electron microscopy (SEM). Tempera-
ture-dependent magnetization curves were obtained in order 
to investigate the superconducting properties of the final 
specimens. Furthermore, parameters such as concentration 
of polymer and acetates, SIR, and CPR, are compared with 
data reported in other studies in literature using SBS and ES.

2  Experimental procedures

In order to produce the precursor solution to be blown, stoi-
chiometric amounts of acetates (Ac) of Y, Ba, and Cu were 
weighed in a molar ratio of 1:2:3. The amount of polyvinyl 
pyrrolidone (PVP) (MW 360,000 g/mol) was calculated 
based on a Ac:PVP weight ratio of 5:1. The final polymer 
solution was chosen to have a 5 wt% PVP concentration 
since in a previous analysis, such concentration resulted in a 
solution whose viscosity generated continuous jets and bead 
free fibrous samples. The acetates and PVP were dissolved 
in a solution of 14% propionic acid, 21% acetic acid, and 
65% methanol [24].

Using the SBS technique, the precursor solution described 
previously was injected in an inner needle with three differ-
ent values of SIR: (1) 60 μL/min (sample S6) (2) 80 μL/
min (sample S8) and (3) 100 μL/min (sample S10). The 
emerging jet was blown on a collector at a working distance 
of 40 cm with an angular velocity of 40 rpm by pressurized 
air released in an outer needle. In order to keep the polymer 
solution jet uniform (without interruptions and droplets), the 
airflow pressure was set to (66 ± 12) kPa, (66 ± 12) kPa, and 
(50 ± 12) kPa for samples S6, S8 and S10, respectively. It is 
important to emphasize that the main parameters that affect 
the morphology of the nanofibers produced by SBS are SIR, 
airflow pressure, working distance, and the viscosity of the 
solution. During this process the working distance was con-
stant, the viscosities were equal, and the air flow pressure 
was consistent; the only adjustable parameter used to control 
the diameters of the nanofibers was the SIR [15, 30].

The collected fibers in the green state were dried over-
night at 100 °C and then heat-treated in two steps. In the 
first one, the samples were calcined at 450 °C for 3 h in an 
electric oven to eliminate organic material. Both heating and 
cooling were performed at 1 °C/min. In the second step, the 
samples were sintered in a tube furnace at 820 °C for 14 h 
and then at 925 °C for 1 h. After that, the samples were 
cooled down to 725 °C for 3 h and then to 450 °C for 12 h. 
The second step was entirely performed under oxygen flux. 
The heating rates from room temperature to 820 °C and from 
820 to 925 °C were of 3 °C/min and 1 °C/min, respectively. 
The cooling rate from 925 to 750 °C was at 1 °C/min, and 
from 750 °C to room temperature (remaining 12 h at 450 °C) 
was 3 °C/min [24].

The influence of SIR on the microstructure of the samples 
was determined by using an EVO LS15 Zeiss SEM operated 
at 20 kV. XRD diffractograms were obtained in a Shimadzu 
XDR-6000 diffractometer with CuKα radiation. Measure-
ments of the magnetization as a function of temperature 
were performed in a Quantum Design SQUID magnetometer 
MPMS-5S. The final ceramic fibers were measured under 
three different protocols: (1) Zero-Field Cooling (ZFC): the 
sample was cooled in a zero magnetic field (H = 0) to the 
lowest temperature before H was applied, (2) Field-Cooled 
Cooling (FCC): the sample was cooled to the supercon-
ducting critical temperature  (Tc) under an applied magnetic 
field, and (3) Thermoremanence (TRM): the specimen was 
cooled to the lowest temperature under H before then the 
magnetic field was set to zero and the measurement was 
done on warming.

3  Results and discussion

Successful nanowire production using SBS is directly related 
to the synthesis of a precursor solution that provides high 
MS solubility in the polymer, resulting in a solution free 
of precipitates. The choice of acetates, the high solubility 
and volatility of the solvents, and the adoption of the PVP 
are of crucial importance. The PVP acts as a stabilizer, as 
its hydroxyl (–OH) limits metallic nanostructure production 
[31]. Its high solubility enables the use of a high rate of 5:1 
for Ac:PVP; this resulted in CPRs of 6.2 mg/min, 8.2 mg/
min, and 10.3 mg/min for samples S6, S8, and S10, respec-
tively (Table 1). By comparison, the ES approach yields 
CPR values which are roughly 3% of those obtained via 
SBS, meaning that SBS can generate a substantially higher 
production of ceramic nanowires.

Representative SEM micrographs and diameter distribu-
tions of the produced polymer fibers (green state), as well 
as of the final ceramics, are shown in Fig. 1. Panels (a), 
(c) and (e) present the usual morphology: cylindrical shape 
and smooth surface with no beads along the green fibers. 
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Statistical analysis of fiber diameters returned an average 
value of (476 ± 92) nm for S6 (panel b), (611 ± 191) nm for 
S8 (panel d) and (1222 ± 242) nm for S10 (panel f). This 
demonstrates, in the range of the covered by this work, that 
the average fiber diameter in the green state increases as the 
injection rate rises.

The green samples were heat-treated at 450 °C to burn 
out the polymer PVP in a slow heating ramp rate to keep 
its cylindrical geometry arranged in a 3D network. Fig-
ure 1i–k show the morphology of the samples S6, S8 and 
S10, respectively, after the heat treatments described above. 
The images demonstrate that the wires are randomly ori-
ented and present a rough appearance due to their multigrain 
structure. It means that there is a directional coalescence of 
neighboring grains with diffusion of atoms through neck 
formation, which is one of the stages of sintering. It has 
been also observed in powder YBCO samples prepared by 
the Pechini Method [32]. Furthermore, the average diam-
eter values for the samples S6, S8, and S10 are (258 ± 52) 
nm (panel h), (562 ± 237) nm (panel j), and (984 ± 204) nm 
(panel l), respectively.

The evolution of the average diameter against the solution 
injection rate for the green and ceramic samples is summa-
rized in Fig. 2. It can be noted that the average diameter of 
both sets of samples—green and ceramic—increases with 
increasing SIR. Besides that, the ceramic samples present a 
smaller diameter as compared to the green ones due to the 
elimination of the organic material.

The final column in Table 1 compares the diameters 
of S6, S8, and S10 with specimens prepared by ES. The 
diameter for S6 is similar to the sample obtained by Duarte 
et al. [18] with the same Ac:PVP ratio, although the produc-
tion rate is 4.5 times larger. By using lower Ac:PVP ratios, 
Duarte et al. [18] and Shen et al. [33] created nanowires 
with smaller diameters as compared to our samples; how-
ever, the CPRs were also lower. It is important to point out 
that the samples prepared in reference 33 are YBCO nano-
tubes with wall thicknesses of 30–40 nm, which is a different 
morphology compared to our samples. As our focus here is 
to show the diameter control by the SIR and introduce the 

CPR parameter, henceforward, we will focus our analysis on 
the extreme SIR samples, i.e., on S6 and S10 ones.

After all heat treatments and morphologic characteriza-
tions were completed, the presence of the YBaCuO super-
conducting phase, and also some secondary phases, was 
verified by XRD measurements. Figure 3 shows similar 
results for both samples, with no trace of spurious phases 
and consistent with the JCPDS-78-2269 card. Using the 
Debye–Scherrer equation, crystallite sizes were estimated 
to be (20.7 ± 1.7) nm for S6 and (22.0 ± 1.4) nm for S10.

Considering the XRD patterns, a superconducting transi-
tion had been expected for both samples. Figure 4 presents 
magnetization versus temperature curves for samples S6 
(panel a) and S10 (panel b). The superconducting critical 
temperature was determined by taking the last measured 
point in the normal state while decreasing the tempera-
ture. The  Tc values for S6 and S10 were 92.1 K and 93.1 K, 
respectively, similar to the value reported in references [31, 
33].

In superconducting specimens, the ZFC protocol is a 
procedure tailored to evaluate the amount of flux excluded 
from the sample, whereas the FCC is capable of sensing how 
much flux is expelled from the specimen. The difference 
between the ZFC and FCC curves is associated with the flux 
trapped in the material defects. Figure 4a and b shows that 
there is more magnetic flux trapped in S10 than in S6; such 
behavior can be associated with a higher density of defects 
in the multigrain wires. Consistently, TRM curves confirm 
such behavior since they are a direct measurement of the flux 
trapped inside the samples.

4  Conclusion

SBS is a versatile and efficient technique for preparing 
complex ceramic wires. The average diameters of the 
YBCO fibers reached 258 nm, 562 nm and 984 nm with 
solution injection rates of 60  µL/min, 80  µL/min and 
100 µL/min respectively, since small diameters increase 
the surface area, it was showed that SIR is an important 

Table 1  Comparison of the 
solution injection rate (SIR), the 
ceramic production rate (CPR), 
and the diameter of the YBCO 
wire for the produced samples 
and data published in other 
studies

*This range refers to the external diameter of YBCO nanotubes with a wall thickness of 30–40 nm

Sample Ratio [Ac:PVP] SIR (μL/min) CPR (mg/min) YBCO wire 
diameter range 
(nm)

S6 5:1 60 6.2 206–310
S8 5:1 80 8.2 200–1300
S10 5:1 100 10.3 780–1188
Duarte et al. [17] 5:1 13.3 1.4 240–550
Duarte et al. [17] 1:1 13.3 0.3 120–300
Shen et al. [28] 1:1.6 50 2.2 110–150*
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Fig. 1  SEM micrograph of 
green samples S6 (a), S8 (c) 
and S10 (e) and their diam-
eter distribution with aver-
age values of (476 ± 92) nm 
(b), 611 ± 191 nm (d) and 
(1222 ± 242) nm (f), respec-
tively. The SEM images of the 
fired fibers S6, S8 and S10 and 
their diameter distributions are 
shown in panels (g) through (l). 
The average diameter values 
were (258 ± 52) nm for S6 (h), 
(562 ± 237) nm for S8 (j) and 
(984 ± 204) nm for S10 (l)



9049Journal of Materials Science: Materials in Electronics (2019) 30:9045–9050 

1 3

parameter to obtain samples with the desirable sizes. 
Although SIR is the common parameter used to monitor 
the morphology of the fibers, the ceramic production rate 
is the most appropriate metric for such processes since it 
represents a reliable measurement of the real ceramic pro-
ductivity. In our case, the CPR was 6.2 mg/min, 8.2 mg/
min, and 10.3 mg/min for samples S6, S8, and S10, respec-
tively, reaching values around 30 times greater than simi-
lar samples produced by the ES technique. Therefore, we 
suggest the term Ceramic Production Rate to refer to the 
production rate of ceramic structures by means of Spin-
ning techniques.
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