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Abstract

Ag-C nanofibers membranes were fabricated using electrospinning method by combing with pre-
oxidation and carbonization processes, the structures, morphologies and electrical performances
were characterized by X-ray diffraction, scanning electron microscopy and four probe instrument.
And the influence of carbonization process with different carbonized temperatures on the structures,
morphologies and electrical performances of Ag-C nanofibers membranes was investigated. It
was found that the sample prepared with the carbonized temperature of 1000°C exhibited a high
electrical conductivity of 6.28x10?* S/cm.

Keywords: Ag-C nanofibers membranes; Electrospinning; Carbonization process

Introduction

Carbon-based nanomaterials (carbon nanotubes and carbon nanofibers, etc.) have captured
extensive attention, largely because theirs physic-chemical properties are important for many
applications, including solar cells [1,2], capacitors [3,4], lithium batteries [5,6], and electron devices
[7,8]. Specially, much effort has been devoted to the study of carbon nanofibers, depending on
their unique nanostructures. Carbon nanofibers are fibrous carbon materials formed by multilayer
graphite sheets, exhibiting excellent physic-chemical properties [9-12] such as good chemical
stability, low density, high electrical conductivity, and high temperature resistance. Furthermore,
the achievement of large-scale production lines of carbon nanofibers leads to a high level of carbon
nanofibers yields [13-15].

With the development of the study of carbon nanofibers, the metals decorated carbon nanofibers
technology has aroused great interest in research. The metals decorated carbon nanofibers technology
has combined the advantages of intrinsic characteristics of metals and carbon nanofibers, making
the metals decorated carbon nanofibers have some fancy properties that are not available for the
only presence of metals or carbon nanofibers. More prominently, much effort has devoted to the
exploiting of the metals decorated carbon nanofibers with various nano-synthesized methods, and
some achievements have been made [16-20].

It is noted that the metals decorated carbon nanofibers membranes synthesized using
electrospinning method by combing with pre-oxidation and carbonization processes have been
gradually implemented since electrospinning method has advantages of low cost, simplicity and
controllability, etc. Furthermore, the reported literatures have identified that the metals decorated
carbon nanofibers membranes synthesized using electrospinning method by combing with pre-
oxidation and carbonization processes under some special conditions have superior properties
[21,22]. For example, Liu et al. [21] obtained the 8% Ni-decorated carbon nanofibers membrane
using electrospinning method by combing with pre-oxidation and carbonization processes, which
exhibited a relatively high catalytic activity for hydrogen evolution reaction due to its hierarchical
nanostructures. Ahn et al. [22] fabricated core-shell-structured carbon/metal hybrid mesh films
using electrospinning method by combing with pre-oxidation, carbonization processes and
electroplating. Such films displayed superior optoelectrical, mechanical, and thermal properties.

Nevertheless, to the best of our knowledge, the metals decorated carbon nanofibers membranes
are currently synthesized using eletrospinning method by combing with pre-oxidation and
carbonization processes mainly focusing on the synthetics process or the properties only. The
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Figure 1: XRD patterns of Ag-C nanofibers membranes samples carbonized
at different temperatures in the range of 700°C-1000°C.

Figure 2: SEM micrographs for Ag-C nanofibers membranes samples
carbonized at different temperatures in the range of 700°C-1000°C: (a)
700°C; (b) 800°C; (c) 900°C; (d) 1000°C.

studies relative to the relationship or influence between the synthetics
process and the properties for the metals decorated carbon nanofiber
membranes synthesized using eletrospinning method by combing
with pre-oxidation and carbonization processes have been neglected.
Thus, in this work, we fabricated Ag-C nanofibers membranes
via electrospinning method by combing with pre-oxidation and
carbonization processes. Herein the effect of carbonization process
on the structures, morphologies and electrical performances of Ag-C
nanofibers membranes was studied.

Experimental

Preparation of Ag*/PAN solution

2.1g polyacrylonitrile (PAN) was dissolved into 15mL N,N-
dimethylformamide (DMF) at 60°C water bath under magnetic
stirring for 3h. After dissolving completely, 0.5g AgNO, was added
into this solution slowly. Ag*/PAN precursor solution was formed
after stirring at room temperature for 20h.

Synthesis of Ag-C nanofibers membranes

The as-prepared Ag'/PAN precursor solution was transferred
into a hypodermic syringe and spun under applied voltage of 25kV.
The distance between the needle tip and the collector was 14cm. The

Drying

it

Ag'/PAN
nanofibers

Figure 3: Diagrammatic sketch of formation procedure of Ag*/PAN nanofibers
membrane.
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Figure 4: SEM micrographs and pictures of (a): Ag*/PAN nanofibers, inset of
(a): Ag*/PAN nanofibers membrane and (b): Ag*/PAN nanofibers, inset of (b):
Ag*/PAN nanofibers membrane after preoxidation process.
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Figure 5: Diagrammatic sketch of formation procedure of Ag/C nanofibers
membrane from Ag*/PAN nanofibers membrane.

flow rate of the solution was 0.4mm/min. The as-spun composite
fibers were dried at 60°C for 24h. Subsequently, the dried fibers
were pre-oxidized at 300°C for 2h and then carbonized at different
temperatures (700°C, 800°C, 900°C, and 1000°C) for 2h in N,. Ag-C
nanofibers membranes were obtained.

Characterization of samples

X-ray diffraction (XRD) patterns were recorded with the D8/
Advance (Bruker) equipped with a source of CuKa, radiation
operating at 40kV and 40mA. Scanning electron microscopy (SEM)
images were taken with S-4800I, Hitachi. Electrical conductivity was
measured by RTS-9 type four-probe instrument.

Results and Discussion
XRD and SEM analysis

XRD patterns of Ag-C nanofibers membranes samples carbonized
at different temperatures in the range of 700°C -1000°C are shown
in Figure 1. From Figure 1, it can be seen that all diffraction peaks
for Ag-C nanofibers membranes samples can be indexed as either
the graphitic phase (crystal plane: *(002), [23]) or the face-centered
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Table 1: The resistivity, conductivity and resistance of Ag/C nanofibers membranes with different carbonized temperatures from 700°C to 1000°C.

Four Probe Test Ag/C nanofibers membrane Ag/C nanofibers membrane Ag/C nanofibers membrane Ag/C nanofibers membrane
1000°C 900°C 800°C 700°C
resistivity (Q-cm) 15.925 23.544 147.375 2420
conductivity (S/cm) 6.28E7 4.34 E? 7.13E7 4.09E*
resistance (Q) 324.375 531.889 2753.75 48600

cubic Ag (crystal planes: (111), (200), (220), (311), (222), [24]) with
no obvious other peaks for impurity, despite of different carbonized
temperatures. SEM micrographs for Ag-C nanofibers membranes
samples carbonized at different temperatures in the range of 700°C-
1000°C are shown in Figure 2a-2d. From the SEM images, it can
be observed that the morphologies of Ag-C nanofibers membranes
samples are varied due to different carbonization temperatures.
At carbonization temperature of 700°C (Figure 2a), the surface of
carbon fibers is relatively coarse. Furthermore, Ag nanoparticles are
distributed on the surface of carbon fibers and the diameter of carbon
fibers is about 350-400 nm. When the carbonization temperature
increases to 800°C (Figure 2b), the morphology is almost unchanged
besides the surface of carbon fibers becomes smoother than that of
700°C. However, by further increase in temperature, the particle
size of Ag nanoparticles at 900°C (Figure 2c) is larger than that of
Ag nanoparticles at 700°C or 800°C (Figure 2a and 2b), which could
be attributed to higher carbonization temperature, resulting in the
growth of Ag naoparticles. Interestingly, when the carbonization
temperature increases to 1000°C (Figure 2d), it is found that Ag
nanoparticles are not distributed on the surface of carbon fibers,
but mainly embedded inside the carbon fibers. The reason may be
because this carbonization temperature approaches or exceeds the
melting point of Ag, causing Ag nanoparticles to melt and embed
inside the carbon fibers. The change of such morphologies is one
of the key factors to the different electrical performances of Ag-C
nanofibers membranes samples carbonized at different temperatures.

Formation mechanism of Ag-C nanofibers membranes

Diagrammatic sketch of formation procedures of Ag-C nanofibers
membranes are depicted in Figure 3 and Figure 5. By electrospinning
process, the Ag*/PAN nanofibers with some residual solvent were
obtained. After drying process, the residual solvent was removed
and the Ag*/PAN nanofibers were obtained, as shown in Figure 3. It
can be observed that the Ag*/PAN nanofibers were relatively flat and
theirs surfaces are smooth, indicating that these precursor solutions
have good spinnability, as shown in Figure 4a. Subsequently, during
the preoxidation and carbonized processes, PAN nanofibers were
converted into carbon nanofibers, and Ag* ions were converted into
Ag naoparticles, as shown in Figure 5. On the one hand, after the
preoxidation and carbonized processes, the Ag'/PAN nanofibers
were converted into the Ag/C Nanofiber, as shown in Figure 4b
and Figure 2a-2d. On the other hand, due to different carbonization
temperatures, Ag nanoparticles exist primarily in two ways: one is
distributed on the surface of carbon fibers or another is embedded
inside the carbon fibers, as shown in Figure 2a-2d. Furthermore, the
surface morphology of carbon nanofibers also was different, as shown
in Figure 2a-2d. Thus, the carbonization temperatures have a decisive
influence on the surface morphology of Ag-C nanofibers membranes
and the way in which Ag-C nanofibers membranes are constructed.

Electrical performances

Electrical performances of Ag-C nanofibers membranes

samples carbonized at different temperatures in the range of 700°C

-1000°C are listed in Table 1. From Table 1, on the one hand, we
can observe that the conductivity of Ag-C nanofibers membranes
samples increases gradually with an order of magnitude from 700°C
to 900°C. On the other hand, by further increasing carbonization
temperature to 1000°C, the increase of conductivity of Ag-C
nanofibers membranes samples is not with an order of magnitude,
but slight relatively. For Ag-C nanofibers membranes samples, such
electrical performances changes might be correlated with theirs
morphologies mainly (Figure 2a-2d). Firstly, the smoother surfaces
of carbon fibers cause Ag-C nanofiber membrane carbonized at
800°C to have higher conductivity than Ag-C nanofiber membrane
carbonized at 700°C (Table 1, Figure 2a,2b); secondly, from 800°C to
900°C, the further increasing of conductivity is due to the growth of
Ag nanoparticles, which could afford more stable contacts between
the carbon fibers and Ag nanoparticles, being favorable for electron
transportation (Table 1, Figure 2b,2¢). Thus, in the carbonization
temperatures of 700°C-900°C, the varieties of carbon fibers surfaces
or contacted with Ag nanoparticles have important contribution to
the electrical performances changes (Table 1, Figure 2a-2c). While
the carbonized temperature goes to 1000°C, the morphology with Ag
nanoparticles embedded in carbon fibers leads no significant increase
in the conductivity of Ag-C nanofiber membrane, which is a focus of
further work to elaborate the mechanism of this phenomenon (Table
1, Figure 2d).

Conclusions

(1) In our paper, using electrospinning method by combing
with pre-oxidation and carbonization processes, Ag-C nanofibers
membranes have been successfully fabricated. (2) The carbonized
temperature plays an important role in subtle differences formation
of the nanostructures of Ag-C nanofibers membranes, which is closely
linked to the electrical property of Ag-C nanofibers membranes. (3)
Within different carbonized temperatures from 700°C to 1000°C,
Ag-C nanofiber membrane with carbonized temperature of 1000°C
exhibited a high electrical conductivity of 6.28x1025/cm.
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