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A novel ZrO2/SiC ultrafine fiber with radially gradient composition was prepared by a simple 
electrospinning technique combined with subsequent thermal treatment. The as-prepared ZrO2/SiC fibers 
were analyzed by a combination of characterizations. It was found that the content of Zr was gradually 
degressive from the surface to the inside of the ZrO2/SiC fiber. The gradient composition was in situ 
formed during maturation rather than subsequent pyrolysis process. The gradient compositional ZrO2/SiC 10 

fibers with different crystalline structures were obtained by pyrolysis in Ar at different temperatures. The 
gradient ZrO2 composition endows the fabricated fibers with better high-temperature stability (> 1800 °C) 
and much superior erosion resistance over normal SiC fibers and ZrO2/SiC composite fibers without 
gradient composition. Combining the low thermal conductance of ZrO2 with the excellent infrared heat 
radiation interference ability of SiC, the radially gradient fibers may have potential applications in 15 

thermal insulation systems and some other rigorous environments. 

Introduction 

Owing to easy processability, tailored composition and structure, 
polymer-derived ceramics (PDCs) routes present distinct 
advantages over other techniques in preparing all kinds of 20 

complicated non-oxide ceramics such as SiC,1 SiCN,2,3 SiBCN,4 

BN5-7 and so on. It is worth mentioning that SiC has recently 
attracted more and more attentions not only due to its high- 
temperature stability, good corrosion resistance and excellent 
thermal conductivity,8,9 but also because of its semiconductor 25 

property as photoelectric devices showing wide applications in 
harsh environments.10-12 
  However, when used in high temperature condition, polymer-
derived SiC fiber could be oxidized with an amorphous SiOx or 
SiOxCy outer layer, resulting in low performance of the fiber.13,14 

30 

Generally, the adoption of surface coating is an effective way to 
prevent the damage of matrix,15,16 prepared using complicated 
and expensive methods such as chemical vapor deposition 
(CVD),17 atomic layer deposition (ALD)18 and so on. 
Unfortunately, the obvious interface could induce weak junction 35 

under harsh environments, such as high temperature, strong 
corrosion, etc. Thus in situ formation of functional surface layers 
seems to be particularly interesting and meaningful.19,20 It is 
noteworthy that controlling thermal treatment before calcination 
induces a maturation process in which low-molecular-mass 40 

additives bleed out from the bulk material. Subsequent 
calcination generates a gradient inorganic structure towards the 
surface without obvious interface. In a similar method, Yu et al. 
fabricated the TiO2/SiO2 composite fiber with smooth surface 
using polycarbosilane (PCS) and tetrabutyl titanate as raw 45 

materials.21 

  In the past decade, the electrospinning technique has been 
proved to be a low-cost, simple and continuous process for large-
scalely fabricating of sub-micrometer and nano-meter fibers with 
controllable diameters, composition and well-defined 50 

morphologies.22-26 However, investigations based on the 
combination of electrospinning and PDCs are limited,27-30 not to 
mention the ceramic fibers with radially gradient composition.   
  In our present work, we illustrate the fabrication of a novel 
gradient compositional ZrO2/SiC fiber via electrospinning of the 55 

precursor containing zirconium n-butoxide (Zr(OC4H9)4) as low-
molecular-mass additives and PCS as SiC precursor, followed by 
maturation and subsequent pyrolysis. During maturation, the as-
prepared fibers exhibited a gradient structure from the surface 
towards the inside center. The gradient compositional ZrO2/SiC 60 

fibers with ZrO2 surface have much better high-temperature 
stability and erosion resistance over normal SiC fibers and 
ZrO2/SiC composite fibers. 

Experimental 

Materials: PCS was obtained from National University of 65 

Defense Technology, China. Zr(OC4H9)4 was purchased from 
Shanghai Shengzhong Co.Ltd., China. All organic solvents were 
purchased from Changsha Huihong Co.Ltd., China, and used 
without purification. High purity argon was purchased from 
Changsha Jingxiang Co.Ltd., China. 70 

Electrospinning: The preparation of large-scale as-spun fibers is 
schematically illustrated in Fig. 1. The spinnable solution (PCSZ) 
was prepared via mixing PCS, Zr(OC4H9)4 and xylene, followed 
by vigorously stirring for 6 h. After sonicating for another 1 h, the 
homogenous solution was loaded in several 10 mL plastic 75 

syringes and subsequently placed into our self-designed multi- 
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Fig. 1 Schematic illustration of large-scale electrospinning process. 

needle electrospinning setup. A high voltage of 20 kV was 
applied between the stainless steel nozzle and rotating mental 5 

collector with a distance of 20 cm. The as-spun Zr(OC4H9)4/PCS 
fibers  were collected on an aluminium foil.  
Preparation of radially gradient compositional ZrO2/SiC fibers: 

The as-spun fibers were maturated in 120 °C for 100 h to make 
Zr(OC4H9)4 bleed out from the fibers. After that, the maturated 10 

fibers mat was cured at 200 °C for 1 h in air (0.5 °C/min) and 
then pyrolysed in a tubular furnace at different temperatures for 2 
h under argon atmosphere. After cooling to ambient temperature, 
the radially gradient compositional ZrO2/SiC ultrafine fibers 
(denoted as GZS fibers) was obtained. As comparative 15 

experiments, ZrO2/SiC composite fibers and SiC fibers (denoted 
as ZS fibers and S fibers, respectively) were also fabricated in a 
similar way as described above, but without maturation treatment. 
Characterization: FTIR spectra were collected on a Nicolet 
Avatar 360 (USA) instrument on samples pressed as KBr pellets. 20 

X-ray diffraction (XRD) was conducted using Siemens D-5005 
(Germany) with Cu Kα radiation. The x-ray photoelectron 
spectroscopy (XPS) analysis was recorded in a VG ESCALAB 
MKII instrument (USA) with Al Kα excitation. The 

morphological features and chemical compositions were analyzed 25 

with a field-emission scanning electron microscope (FE-SEM, 
JEOL-6360LV, Japan) equipped with an energy dispersive 
spectrometer (EDS). High-resolution transmission electron 
microscope (HRTEM) images were obtained using a Philips 
CM200 (Netherlands) operating at 200 kV. Depth profiles of 30 

GZS ultrafine fibers were measured by Auger electron 
spectroscope (AES) with a PHI-700 analyzer. The high-
temperature stability was investigated by annealing the mat at 
1800 °C in Ar atmosphere. The erosion resistance was 
investigated by soaking in NaOH aqueous solution (1 M, 30 min). 35 

Results and Discussion 

In order to understand the nature of the precursor solution, FTIR 
spectra of PCS, Zr(OC4H9)4 and PCSZ were recorded (Fig. S1). 
There existed no covalent bond between Zr(OC4H9)4 and PCS in 
ambient conditions. Only when the quantity of Zr(OC4H9)4 in the 40 

precursor was fixed at 20 wt%, good spinnability of the polymer 
blend can be obtained. More Zr(OC4H9)4 will lead to difficulty in 
electrospinning such as the incidental block of the syringe needle 
or the unevenness of spun fibers. The as-spun fibers mat with 
large area (30 × 60 cm2) fabricated by our self-designed multi-45 

needle electrospinning setup is given in Fig. S2. Fig. 2a shows a 
typical SEM image of the as-spun ultrafine fibers mat. The fibers 
are relatively uniform with a diameter of 3~4 µm. The diameter 
can be controlled by adjusting electrospinning parameters such as 
solution concentration, accelerating voltage, nozzle-collector 50 

distance and solution feeding rate. The surface of the gradient 
fiber (Fig. 2b) is very smooth, without any noticeable flaws. The 
XRD patterns of ZrO2/SiC ultrafine fibers pyrolysed under 
different temperatures are shown in Fig. 2c. Both the crystal sizes 
of SiC and ZrO2 became larger when temperature rose from 1400 55 

to 1800 °C. And we adopt the composite fibers obtained at 1400 
°C as the object of study below.  

 
Fig.2 Typical SEM image of (a) the as-spun ultrafine fibers-based mat and (b) magnified SEM image of a single GZS fiber, (c) XRD patterns of samples 
pyrolysed under different temperatures and (d) XPS spectra of GSZ ultrafine fibers. The inset of (d) is high-resolution XPS spectrum of Zr3d. 60 
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Fig. 3 Optical images of GZS fibers mat under different bending stages: (a) folded, (b) rolled up and (c) recovered after above treatments.  

 

 
Fig. 4 HRTEM images of GZS fibers: (a) cross-section near the surface, (b) inside a single fiber and (c) AES depth profiles of C, Si, O, Zr near the surface 5 

of GZS fiber. The insets of (a, b) are corresponding crystalline diffraction rings in the SAED patterns.

To further clarify the chemical state of ZrO2 in as-obtained 
fibers, XPS was performed (Fig. 2d). The Zr, O, Si and C 
elements were detected. The inset in Fig. 2d provides the high-
resolution XPS spectrum of Zr3d, appearing at a binding energy of 10 

182.2 eV. The splitting of the Zr3d doublet is about 2.4 eV, in 
good agreement with the literature value of the Zr4+ state in 
stoichiometric ZrO2.

31 
The flexibility of the fibers mat is illustrated by the digital 

photographs of our scissored GZS fibers mat under different 15 

stages (Fig. 3). The fibers mat exhibited good flexibility after 
being folded and rolled up. The main factors contributed to such 
flexibility are that the fibers are individual and have a small 
diameter (Fig. 2a). Hence, they can slide against each other to 
lower stress concentration during bending.30 The mat with good 20 

flexibility facilitates its practical use in sophisticated devices.  
To investigate the radially gradient composition of Zr element 

in the prepared GSZ fibers, HRTEM and AES were recorded. 
The radially gradient composition is confirmed by a HRTEM 
image of the cross-section near the surface of an ultrafine GZS 25 

fiber (Fig. 4a). The ZrO2 nanocrystals intensively exist in the 
surface layer of the fiber, indicating the direct production of a 
gradient composition of ZrO2 towards the surface. Fig. 4b shows 
the typical microstructure of a single GZS ultrafine fiber. The 
highly crystalline SiC arrayed in a broad area. The corresponding 30 

(101), (111) crystal planes shown in the selected area electron 

diffraction (SAED) pattern (Fig. 4b inset) confirmed the 
formation of β-SiC phase in ultrafine GZS fibers.32 The typical 
crystal of ZrO2 is not obvious in Fig. 4b, probably because of the 
relatively low content of ZrO2 inside the fiber. AES depth 35 

analysis of the fiber surface in Fig. 4c illustrates that the content 
of Zr near the surface decreased from 32 to 10 wt% towards the 
inside in 100nm. The result is consistent with the TEM analysis 
near the surface layer of GZS ultrafine fiber, demonstrating the 
radially gradient composition construction in GZS ultrafine fibers 40 

In order to better understand the growing mechanism of the 
radially gradient compositional ZrO2 during maturation, we have 
prepared GZS fibers mat under different maturing conditions. 
The SEM and EDS of surface and cross-section regions of GZS 
ultrafine fibers are presented in Fig. 5. Sample a and b were 45 

prepared by maturing spun ultrafine fibers under 100 °C for 30 h 
and 120 °C for 100 h. Number 1 and 2 indicate the measured 
spots of cross-section and surface, respectively. 

As shown in Fig. 5a1 and a2, the content of Zr element in 
surface region and cross-section content is almost the same. The 50 

gradient construction is not obvious. In Fig. 5b1 and b2, the as- 
spun ultrafine fiber maturated under higher temperature and 
longer time, the Zr content in the surface and inside the ZrO2/SiC 
fibers changed to be 18.85 and 9.48 wt%, respectively. These 
results confirm that the bleeding out of additive happened in 55 

maturing process rather than subsequent pyrolysing process. A 
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Fig.5 SEM and EDS images of GZS fibers with different maturing 
conditions: the spinning solution containing 20 wt% Zr(OC4H9)4 and the 5 

maturing process was performed at (a) 120 °C, 100 h; (b) 100 °C, 30 h. 
Insets are element contents in cross section region (inside) (a1, b1) and 
surface region (a2, b2) of the GSZ fiber. 

suitable maturing condition before curing of the as-spun ultrafine 
fibers plays a key role in the formation of gradient structure. 10 

The tentative formation mechanism of radially gradient 
compositional ZrO2/SiC fibers is schematically illustrated in Fig. 
6. Controlled maturation of the as-spun fibers induced phase 
separation of Zr(OC4H9)4 from PCS bulk. There are two ways 
that could transform Zr(OC4H9)4 into ZrO2 crystalline in 15 

subsequent curing and pyrolysis process, stabilizing the 
compositionally changed surface area. One way is that, the H2O 
generated from the oxidation of Si-H bonds in PCS (eq.1) during 
curing induced the hydrolyzation of Zr(OC4H9)4 into Zr-OH- 

(eq.2) and subsequent pyrolysis formed crystallized ZrO2 (eq.3).  20 

 
2	Si � H �	O	

										

�� 	Si � O � Si �	H	O                    (1) 

(2) 

Zr � OH� �	 HO � Zr		
�

																			

������ 	Zr � O � Zr �	H	O								(3) 

The other way is that, when pyrolysed at high temperature, 25 

Zr(OC4H9)4 could be directly transformed into ZrO2 (eq.4) : 

Zr�OC�H���
														

���� Zr � O � Zr � volatiles																							(4) 

We suppose that the force of phase separation in maturing 

  

 30 

Fig. 6 Schematic illustration for the conversion of as-spun fiber into GZS 
fiber. 

process came from the trend to reduce the free energy of 
mixing.33 When maturation was performed under an appropriate 
temperature, phase separation happened to reduce the free energy 35 

of the blending system,34 just like the normally outward loss of 
additives components from some plastics.19,35 Thus the zirconium 
compound diffused to the surface region. Diffusion is a time-
consuming process, and diffusion distance depends on the 
temperature and time. Hence, to form gradient composition, it is 40 

necessary that the as-spun fibers be kept for enough time at 
appropriate temperature to make low-molecular-mass additives 
bleed out of the bulk fibers. The radially gradient composition 
could then be controlled by varying the maturing conditions 
through changing the temperature and holding time.  45 

For a better understanding of the properties of as-prepared 
GZS fibers, the high temperature stability and erosion resistance 
were tested. Comparative studies were carried out using GZS 
fibers, ZS fibers (without maturation), and S fibers. The fractured 
surface of the tested fiber was recorded using SEM (Fig. 7).  50 

As seen in Fig. 7a, after being annealed at 1800°C in Ar for 1 
h, S fibers (a1) are easily crashed into pieces while GZS fibers 
(a2) remain intact. The erosion resistance was investigated by 
immersing the fibers mat (after being calcinated at 700 °C in air 
for 10 h) in NaOH solution (1 M, 30 min). In Fig. 7b, ZS fibers 55 

(b1) have been extensively oxidized and bonded together whereas 
the morphology of the GZS fibers (b2) have rarely been 
damaged. All these results suggest that GZS fibers with surface 
ZrO2 layer have much better high-temperature stability and 
erosion resistance over S fibers and ZS fibers. It is important to 60 

point out that, due to the synergetic effect between SiC and metal 
oxide, such heterogeneous phase fibers mat with good flexibility 
provides great potential in thermal insulator, energy,36 
catalysts,37,38 sensors,39 filtration,40 and many other applications.  

Conclusions 65 

We have demonstrated a strategy for the fabrication of large-
scale, flexible ZrO2/SiC ultrafine fibers with radially gradient 
composition via electrospinning of Zr(OC4H9)4 and PCS, 
followed by maturation and subsequent high-temperature 
pyrolysis. The gradient compositional ZrO2 construction was in 70 

situ formed and suitable maturing played a key role in the 
fabrication of gradient construction. With a ZrO2 surface layer, 

+Zr
O-

-O-O

O-

H3C(H2C)3

(CH2)3CH3

(CH2)3CH3

H3C(H2C)3 H OH4 Zr
O-

-O-O

O-

H

H

H

H HO (CH2)3CH3+ 4
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Fig.7 SEM images of fibers treated under different conditions: (a1) S and 
(a2) GZS after being annealed in air (1800°C, 1 h); (b1) ZS and (b2) GZS 
micrographs, which had been calcinated in air (700 °C, 10 h) and 5 

subsequently immersed in NaOH solution (1 M, 30 min). S, ZS and GZS 
represent SiC fiber, ZrO2/SiC fiber (without maturation) and gradient 
compositional ZrO2/SiC fiber, respectively. 

the GZS ultrafine fibers show much better high-temperature 
stability and erosion resistance. We believed that, because of the 10 

synergetic effect between SiC and the metal oxides, this type of 
ultrafine fibers mat should have potential application in the field 
of thermal insulators, catalysts, gas sensors in harsh conditions 
such as corrosive and high temperature environments, etc. 
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I: AES depth profiles of C, Si, O, Zr near the surface of as-prepared ZrO2/SiC fiber with radially 

gradient composition.  

II: SEM images of fibers treated under different conditions: (a1) S and (a2) GZS after being 

annealed in air (1800°C, 1 h); (b1) ZS and (b2) GZS micrographs, which had been calcinated in 

air (700 °C, 10 h) and subsequently immersed in NaOH solution (1 M, 30 min). S, ZS and GZS 

represent SiC fiber, ZrO2/SiC fiber (without maturation) and gradient compositional ZrO2/SiC 

fiber, respectively. 
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