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ABSTRACT: One dimensional silver nanowires (AgNWs) were grown on carbon fiber (CF) by a facile polyol method. Fourier trans-

form infrared spectrometer (FTIR), laser Raman spectrometer (Raman), field-emission scanning electron microscopy (FESEM), X ray

diffraction instrument (XRD), energy dispersive spectrometer (EDS), and X-ray photoelectron spectrometer (XPS) were carried out

to reveal the structure, morphology, and formation mechanism of the CF-AgNWs. It was found that AgNO3 concentration of

1.5 mM, reaction temperature of 1608C, and reaction time of 120 min were appropriate conditions for growth of AgNWs on CF.

Moreover, a mechanism was suggested that the cysteamine on CF acted as nucleation centers for growth of silver nanoparticles and

then small sized silver nanoparticles reduced from silver nitrate were grown on CF via the silver bonding to sulfur. Through an Ost-

wald ripening process, small sized silver nanoparticles were grown into larger particles. With the assistance of polyvinylpyrolidone

(PVP), these larger particles were directed to grow in a definite direction to form nanowires. It was found that the resistance of CF-

AgNWs was decreased to 19.5 X, compared with that of CF (102.6 X) with the same quality. Thus, the CF-AgNWs was added into

waterborne polyurethane (WPU) to improve the electrical and dielectric properties of WPU. Results showed the WPU/CF-AgNWs

composite presented a lower percolation threshold than WPU/CF composite. When the content was 2.5 wt %, the volume resistivity

of the WPU/CF-AgNWs (1.90 3 104 X cm21) was lower by approximately three orders of magnitude than that of WPU/CF (4.19 3

107 X cm21). When the content was 2.5 wt %, the dielectric constant and dielectric loss of the WPU/CF-AgNWs were improved to

15.24 and 0.21, which were 34.5 and 40.8% higher than that of WPU/CF. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43056.
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INTRODUCTION

One dimensional (1D) silver nanowires (AgNWs) were promis-

ing nanomaterials due to their unique size-dependent optical

properties,1–3 dominant electrical conductivity,4–6 and thermal

properties.7 It have been attractive for vast applications in nano-

scale electronic devices,8,9 such as Raman scattering (SERS),10

biological sensors,11,12 and transparent conducting electro-

des.13–16 Recently, significant interest has been directed toward

the design of AgNWs composite in order to extend their range

of applications.17,18 In this case, carbon systems such as multi-

walled carbon nanotubes and graphene have been composited

with AgNWs to improve the electrical properties of the carbon

systems.19–22 For example, Samantara et al.12 synthesized

reduced graphene oxide (rGO)/AgNWs nanocomposite by drop-

ping rGO to the system of AgNWs. The turn on field required

to draw an emission current density of 1 lA cm22 for the

rGO–AgNWs (2.40 V mm21) was lower than that of the

AgNWs (5.00 V mm21) and rGO (3.92 V mm21). Hsiao

et al.23 deposited AgNWs, which were modified with thiophe-

nol, on graphene nanosheets (GNs) films to produce GNs/

AgNWs hybrid nanomaterial films. The GN/AgNWs hybrid

nanomaterial films exhibited a sheet resistance of 71 X sq21.

Tien et al.24 prepared graphene nanosheet (GN)/AgNWs hybrid

nanomaterials. AgNWs, modified by cysteamine, were directly

grafted on the surface of graphene oxide (GO) and then GO

was reduced to GN. The AgNWs–GN hybrid nanomaterial films

showed a sheet resistance of 86 X sq21. According to the above

researches, AgNWs were produced first and then grafted on

other carbon systems. So in order to simplify the preparation

process, Cui et al.25 fabricated a novel composite which was

constructed by in situ growth of AgNWs on multi-walled car-

bon nanotubes (MWCNT) via the polyol method. The reduced

platinum (Pt) nanoparticles were attached to the thioglycolic-

treated MWCNT via Pt bonding to sulfur to act as the seeds for
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AgNWs and then MWCNT/AgNWs composite was produced.

The MWCNT/AgNWs nanomaterial films exhibited a sheet

resistance of 47.8 X sq21. From the above results, we concluded

that grafting the AgNWs on carbon system could improve elec-

trical properties. However, the carbon systems were all MWCNT

and GN from the above researches. Thus, CF was selected

instead of MWCNT and GN to prepare CF-AgNWs in terms of

cost. To the best of our knowledge, there was still no literature

reporting a preparation system about CF-AgNWs. Furthermore,

the preparation process in the above research was complex and

it could be simplified by directly growing AgNWs on CF with-

out other metal nanoparticles.

Recently, there were some researches about growing nanowires

on CF. But to the best of our knowledge, there was still no

research about growing AgNWs on CF. Jun et al.26 prepared

cupric oxide-nanowire-covered carbon fibers by annealing the

copper-coated carbon fiber (Cu/CF) in air. However, the anneal-

ing temperature was as high as 4008C, which was not safe and

wasted much energy. Liao et al.27 synthesized ZnO NWs/CF

using the hydrothermal growth approach. The carbon fibers

were covered with a seed of ZnO and then the ZnO NWs were

grown on ZnO seed-coated carbon fibers via a hydrothermal

method. The reaction condition was mild and it didn’t need

any after-treatment with high temperature. Furthermore, the

AgNWs’ conductivity was better than ZnO NWs’. Thus CF-

AgNWs could be as fillers to greatly improve polymers’ electri-

cal property. In our research, the silver nanowires were directly

grown on CF by a facile polyol method. The reaction conditions

were also mild.

Waterborne polyurethane (WPU) with high electrical conduc-

tivity are critical for applications ranging from electrostatic

automotive painting and electromagnetic shielding for mobile

electronics.28 However, WPU was an insulating material and its

electrical property was poor, which limited the development of

its application. To further improve the electrical properties of

WPU, one of the most efficient methods was to add various

kinds of fibers into the matrix. Kwon et al.29 prepared a series

of WPU/MWCNT composites by in situ polymerization. It was

found that the electrical conductivity of the WPU/MWCNT

containing 1.5 wt % CNTs (8.0 3 1024 S cm21) were nearly

eight orders of magnitude higher than that of WPU (2.5 3

10212 S cm21). However CF was selected to fill into the WPU

to improve the electrical properties in order to save costs. Lu

et al.30 used CF to reinforce polyurethane. At only 10 vol % of

CF, the electrical conductivity was found to reach 1028 S cm21

at that CF content. Above all, although the addition of CF was

helpful for saving costs, the electrical properties of WPU/CF

was poor. Thus, CF-AgNWs was prepared instead of CF. CF-

AgNWs was more easily to form conductive network due to the

high aspect ratio of AgNWs. So it could enhance the electrical

properties of composites with a low content. In conclusion, it

may help achieve not only cost savings, but also desirable elec-

trical property.

Herein, the CF-AgNWs was prepared by a simple and straight-

forward synthetic route and its structure, morphology, and for-

mation mechanism were studied. To optimize process, a

systematic study was carried out including the effect of the

AgNO3 concentration, reaction temperature and reaction time

Figure 1. (a) FTIR spectra of cysteamine, untreated CF, acetone-treated

CF and cysteamine-treated CF. (b) Raman spectra of cysteamine, acetone-

treated CF and cysteamine-treated CF. Inset (a) shows the FESEM images

of: untreated CF, acetone-treated CF and cysteamine-treated CF. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Table I. Detailed Conditions of all Experiments in this Study

Sample

AgNO3

concentration
(mM)

Temperature
(8C)

Time
(min)

C1 3.0 160 120

C2 1.5 160 120

C3 0.75 160 120

C4 0.5 160 120

T1 1.5 140 120

T2 1.5 150 120

T3 1.5 160 120

T4 1.5 170 120

t1 1.5 160 15

t2 1.5 160 30

t3 1.5 160 60

t4 1.5 160 120

Notice: C2, T3, and t4 are the same sample; C represents the concentra-
tion, T represents the temperature, t represents the time.
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on morphology of CF-AgNWs. Formation mechanism of

growth of AgNWs on CF was further discussed. The CF-

AgNWs was filled into WPU to improve the electrical proper-

ties. Moreover, the electrical properties, dielectric properties and

mechanical properties of WPU filled with CF-AgNWs were

investigated. CF-AgNWs could be as a filler to improve the

materials’ electrical property and was a potential candidate for

EMI shielding applications.

EXPERIMENTAL

Materials

CF (T700) was purchased from Yancheng Ailiwei Fiber, China.

AgNO3 (�99.0% purity), NaCl (�99.5% purity), cysteamine

(�99.0% purity), ethanol, acetone, and deionized water were all

supplied by Beijing Finechem, China. Ethylene glycol (EG)

(�99.5% purity) and PVP (Mw � 40,000, �99.0% purity) were

purchased from Xilong Chemical Industry Incorporated, China.

WPU were purchased from Beijing Shengshi, China. All chemi-

cals were of analytical grade and used without further

purification.

Surface Treatment of CF

The CF was treated with cysteamine according to the previous

study.24 CF was cut into 2 mm first and then Soxhlet extracted

with acetone for 20 h. Next, CF (20 mg), cysteamine (71.2 mg)

and RO water (40 mL) were added to a 250 mL volume flask

and stirred at room temperature for 24 h. Then, the suspension

was washed properly with DI water and centrifuged two times

at 6000 rpm to separate CF from the suspension. The separated

CF was dried immediately at 1008C for 1 h and 1208C for 2 h,

and then stored for future use.

Preparation of CF-AgNWs

The CF-AgNWs was synthesized following a polyol method

according to previous study.31 In a typical procedure, 10 mg

cysteamine-treated CF and 34 mL 6.0 mM PVP solution in EG

were added to a 250-mL flask and stirred at room temperature

for 1 h. Then the mixture was heated to 1608C by oil bath heat-

ing until the temperature was steady. Afterward, 40 lL of a

0.75 mM NaCl solution in EG was injected into the heated

flask. After 5 min, 6 mL 3.0 mM AgNO3 solution in EG was

added into the dropping funnel and then added dropwise into

the flask. AgNO3 solution in EG was dripping slowly until the

Figure 2. FESEM images of growth of AgNWs on: (a) untreated CF, (b) acetone-treated CF, (c) cysteamine-treated CF. Inset (c) shows the EDS of the

selected area of the sample. (d) XRD pattern of acetone-treated CF and the CF-AgNWs. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4305643056 (3 of 14)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


solution became purple, then all of the remaining AgNO3 solu-

tion was added into the flask at once. The ratio of AgNO3 to

PVP was constant. Then obtained mixture was stirred at 1608C

for 2 h and cooled down to room temperature naturally, then

the suspension was centrifuged with ethanol three times at

6000 rpm for 20 min. The CF-AgNWs sample was dispersed in

ethanol and stored for future use.

To investigate the effect of AgNO3 concentration, reaction tem-

perature, and reaction time on the morphology of CF-AgNWs,

a series of samples were prepared as shown in Table I.

Preparation of WPU/CF-AgNWs Composites

The pristine CF and CF-AgNWs were respectively added into

the WPU and stirred until homogenously distribution. The

resulting composite was further cured under vacuum at 408C,

5 h. A series of WPU/CF composites were prepared with the CF

loadings varied between 0.5 and 2.5 wt %. These samples were

expressed as WPU/CF0.5, WPU/CF1.0, WPU/CF1.5, WPU/

CF2.0, and WPU/CF2.5 whose contents of CF were 0.5, 1.0, 1.5,

2.0, and 2.5 wt %, respectively. For comparison studies, the

same content of CF-AgNWs was filled in the WPU. These sam-

ples were expressed as WPU/CF-AgNWs0.5, WPU/CF-

AgNWs1.0, WPU/CF-AgNWs1.5, WPU/CF-AgNWs2.0, and

WPU/CF-AgNWs2.5, respectively.

Characterization

Fourier-transform infrared spectroscopy (FTIR) was obtained

on a Nexus-470 spectrometer with a spectral resolution of

6 cm21 in the scan range from 400 to 4000 cm21 to character-

ize the structures of the products. Laser Raman spectra (HR

800UV) were recorded from 100 to 2500 cm21 with the laser

wavelength of 633 nm to characterize the structures of the

products. Field-emission scanning electron microscopy (FESEM,

JSM 7500) was used to characterize the morphologies of the

products at an accelerating voltage of 5 kV. Energy dispersive

spectrometer (EDS) coupled to Field-emission scanning electron

microscopy (FESEM) was used to analyze the composition of

samples. X-ray diffraction instrument (XRD, D/max 2200 PC)

was operated at a voltage of 40 kV and a current of 40 mA with

Cu Ka radiation (k 5 0.15406 nm) with a scanning rate of

0.028 s21 ranging from 208 to 808. X-ray photoelectron spectros-

copy (XPS, ESCALAB 250) was carried out using a mono-

chromatized Al Ka X-ray source at a constant rate with 200 eV

for survey and 30 eV for high resolution scans. The volume

resistivity of WPU/CF composite and WPU/CF-AgNWs com-

posite were measured using a digital multimeter (mastech

ms8217). The dielectric properties were measured with an

impedance analyzer (Agilent 4991A) in the frequency range of

106 to 107 Hz. Tensile properties were conducted on the univer-

sal testing machine (HY-0350) with a stretching rate of 2

Figure 3. FESEM images of the CF-AgNWs with different AgNO3 concentrations: (C1) 3.0 mM, (C2) 1.5 mM, (C3) 0.75 mM, (C4) 0.5 mM.
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mm min21. The samples were cut into dumb-bell specimens for

mechanical testing according to the Chinese national standard

GB/T 1040-2006. The reported results were the averages with

standard deviations of five tested samples for each composite.

RESULTS AND DISCUSSION

The Surface Treatment of CF

Figure 1(a) showed the FT-IR spectra of cysteamine, pristine

CF, acetone-treated CF, and cysteamine-treated CF. The broad

bands at 3434 cm21 were assigned to the OAH stretching

vibration of OH groups on the surface of CF.32,33 The strong

bands at 1631 cm21 were attributed to the C@O stretching

vibrations on the surface of CF.34 The strong bands at 1261 and

802 cm21 were attributed to the CAOAC stretching vibrations

in epoxy group,35,36 and the strong bands at 1095 and

1022 cm21 were assigned to the CAO stretching vibrations.37–39

These indicated that there was epoxy sizing agent on CF. As

shown in FESEM images of untreated CF and acetone-treated

CF, CF became smooth after treated by acetone. It indicated

that impurities on CF were removed by acetone. From the FT-

IR spectra of cysteamine, the strong bands at 3428 and

1603 cm21 were assigned to the ANH stretching and bending

vibrations.40,41 The strong band at 2502 cm21 was assigned to

the ASH stretching vibration,42–44 the strong bands at

2920 cm21 was attributed to CAH stretching vibration45,46 and

a broad band at 1099 cm21 was attributed to CAN stretching

peak.36 From the FT-IR spectra of cysteamine-treated CF, the

strong bands at 3434 cm21 was assigned to the OAH stretching

vibration. However, because that ANH stretching vibrations

was observed at 3428 cm21, the strong bands at 3434 cm21 also

was attributed to the ANH stretching vibrations. Compared the

FT-IR spectrum pattern of cysteamine-treated CF with that of

cysteamine, a broad CAN stretching vibration peak was

observed at 1099 cm21. That may cover the peaks at 1261 and

802 cm21, which can’t accurately indicate whether the epoxy

groups on CF reacted with the amino groups of cysteamine or

not. Also there was no stretching vibrations peak at 2502 cm21,

it may be because the content was so low that ASH was not

easy to be tested by FT-IR. Moreover, as FESEM image of

cysteamine-treated CF showed, there were a layer of materials

coated on CF. Therefore, in order to further characterize the

chemical interaction between epoxy sizing agent and cyste-

amine, laser Raman spectroscopy was surveyed.

Furthermore, Raman analysis of the samples was carried out to

verify the efficient reactions between epoxy sizing agent of CF

and cysteamine [Figure 1(b)]. In the Raman spectra of acetone-

treated CF, two prominent peaks appeared clearly at 1590 cm21

(a tangential G-band) and 1335 cm21 (a disorder-induced D-

Figure 4. FESEM images of the CF-AgNWs with different reaction temperatures: (T1) 1408C, (T2) 1508C, (T3) 1608C, (T4) 1708C.
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band). The G-band and D-band peaks of cysteamine-treated CF

shifted to 1476 and 1300 cm21, suggesting the successful reac-

tion between epoxy sizing agent of CF and cysteamine. The

intensity ratio of the D and G bands (ID/IG) was found to be

increased from acetone-treated CF (1.19) to cysteamine-treated

CF (1.28), representing the successfully introduction of ANH.

In the Raman spectra of cysteamine, the SAC peaks for cis con-

formers and trans conformers were seen at 665 and 765 cm21

respectively.47 By comparison, the SAC peak of the cysteamine-

treated CF shifted to lower wavenumbers of 649 and 714 cm21,

which related to a withdrawal of electron density from the CAS

bond resulting from the bonding between the amino and the

epoxy.

Characterization of CF-AgNWs

Effects of Different Surface Treatments. Figure 2 showed the

effects of different surface treatments on the morphology of

products. Figure 2(d) showed XRD patterns of acetone-treated

CF and the CF-AgNWs. There were no AgNWs on untreated

CF and acetone-treated CF [Figure 2(a,b)]. While AgNWs were

grown on cysteamine-treated CF successfully as shown in Figure

2(c), which indicated that the cysteamine promoted the growth

of Ag nanowires on the surface of CF. Furthermore, the pres-

ence of C and Ag in EDS spectra indicated that silver nanowire

was on CF. XRD analysis of the samples was carried out to ver-

ify the formation of the CF-AgNWs [Figure 2(d)]. The acetone-

treated CF and CF-AgNWs pattern both had a strong peak at

22.368 which corresponded to the C (002) reflection of a tur-

bostratic carbon structure of CF.48 The other four peaks at

about 38.228, 44.458, 64.628, and 77.578 for CF-AgNWs repre-

sented the (111), (200), (220), and (311) planes of face centered

cubic Ag, respectively.49 The intensity ratio of the (111) and

(200) peaks was found to be 2.46 (the theoretical ratio was

2.550), representing the enrichment of the (111) crystalline

planes in the AgNWs. This observation further confirmed the

growth of AgNWs on the CF.

Effect of AgNO3 Concentration. FESEM images of CF-AgNWs

with different AgNO3 concentration of 3.0, 1.5, 0.75, and

0.5 mM were shown in Figure 3. As shown in Figure 3(C1,C2),

AgNWs were grown on CF successfully and the most AgNWs

were grown on CF with the AgNO3 concentration of 1.5 mM.

As the concentration of AgNO3 was decreased to 0.75 and

0.5 mM [Figure 3(C3,C4)], no AgNWs was on CF. From the

results, we speculated that with the decrease of AgNO3 concen-

tration, the concentration of PVP was decreased due to the con-

stant ratio of AgNO3 to PVP. Moreover, more part of PVP was

coated on CF. So there were less PVP in solution. A low

Figure 5. FESEM images of the CF-AgNWs with different reaction times: (t1) 15 min, (t2) 30 min, (t3) 60 min, (t4)120 min.
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concentration of PVP caused larger seeds and insufficient passi-

vation of the (100) facets, thus the growth along both (100) fac-

ets and (110) facets appeared, leading to nanorods with larger

diameters.31 Furthermore, there were silver nanoparticles

appeared when the concentration of PVP decreased further.

Thus, there were silver nanorods and silver nanoparticles with

larger diameters grown on CF. However, the most AgNWs were

grown on CF with AgNO3 concentration of 1.5 mM not

3.0 mM. That because more PVP was packed on CF owing to

the constant ratio of AgNO3 to PVP which blocked silver bond-

ing to sulfur. As shown in Figure 3(C1,C2), the length of

AgNWs increased as the AgNO3 concentration varied from 3.0

to 1.5 mM. This resulted from that the diameter and amount of

silver seeds increased with the increase of AgNO3 concentration.

Meanwhile, the number of silver atoms for the growth of nano-

wires decreased leading to decreasing length.

Effect of the Reaction Temperature. FESEM images of the CF-

AgNWs with different reaction temperatures of 140, 150, 160,

and 1708C were shown in Figure 4. When the reaction tempera-

ture was as low as 140 and 1508C, AgNWs were hardly grown

on CF [Figure 4(T1,T2)]. With the increase of temperature,

AgNWs were grown on CF at 160 and 1708C. Moreover, a great

deal of AgNWs was densely grown on CF with the temperature

of 1608C. On the one hand, at low growth temperature (140

and 1508C), the nucleation of silver seeds was occurred in solu-

tion mainly, whereas at higher temperature, the silver seeds

were grown on CF to act as nucleation center. On the other

Figure 6. FESEM images of the CF-AgNWs synthesized with different feeding time: (s1) after slow dropping AgNO3 (1 3 1023 mol), (s2) after rapid

dropping AgNO3 (2 3 1023 mol), (s3) reaction time for 3 min, (s4) reaction time for 10 min. (s5) FESEM image of cysteamine-treated CF mixing with

AgNWs.
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hand, we speculated that as the growth temperature increased,

self-diffusion of Ag atoms to the surface of CF became faster,

contributing to formation of more nucleation centers on CF,

leading to growth of AgNWs on CF. There were fewer AgNWs

on CF at 1708C. It might because the chemical bonds that

formed between amino of cysteamine and epoxy group of CF

were destroyed or epoxy sizing agent was removed from CF, so

less AgNWs were grown on CF.

Effect of Reaction Time. Figure 5 showed the FESEM images

of the CF-AgNWs with different reaction times of 15, 30, 60,

and 120 min. A small quantity of AgNWs was grown on CF as

shown in Figure 5(t1). As the reaction time increased to 30 and

60 min, AgNWs grown on CF were increased gradually. How-

ever, AgNWs were not densely packed on CF as compared to

that produced at a longer reaction time of 120 min [Figure

5(t4)]. We proposed that at the early of the reaction, the silver

nitrate got reduced to form small sized silver nanoparticles,

which reacted with cysteamine on CF, followed by the growth

of larger particles through an Ostwald ripening process.51–53

With the assistance of PVP, which controlled the growth rate of

different faces of the silver by means of surface coordination,

these larger particles were directed to grow in a definite direc-

tion to form nanowires. As the reaction continued, density of

nucleation sites became larger so that the higher-density

AgNWs were grown on CF. Finally a layer of AgNWs were

grown on CF.

Analysis of Formation Mechanism of AgNWs on CF

To reveal the formation process of the AgNWs on the CF, we

carried out time-dependent experiments during which samples

were collected at different time intervals. Figure 6 showed the

FESEM images of the products that were obtained at different

growth stages. At the early stage, as AgNO3 was dropped slowly,

the surfaces of the CF became rougher and was covered by a

great deal of small nanoparticles as shown in Figure 6(s1). The

surface of the CF was not only covered by amount of small sil-

ver nanoparticles, but also a great deal of silver nanorods

[Figure 6(s2)] with dropping AgNO3 rapidly. As observed in

Figure 6(s3), when the reaction time reached 3 min, AgNWs

appeared, but the amount is very low. Prolonging the reaction

time to 10 min, the surface of the CF was packed by more

AgNWs [Figure 6(s4)]. From our experimental results, we pro-

posed that the formation of AgNWs on the CF might be gov-

erned by formation of nucleation centers, growth of nucleus,

followed by the well-known Ostwald ripening mechanism and

growth of AgNWs. The evolution process was illustrated in

Scheme 1. At the first stage, smaller silver nanoparticles that

were reduced by EG, reacted fully with cysteamine to form

nucleation centers. As the AgNO3 was slowly dropped, the gen-

erated silver nanoparticles became larger, resulting in silver

nanoparticle layer assembled on the surface of CF. Then as the

AgNO3 was rapidly dropped, some silver nanoparticles grown

into silver nanorods with PVP that were absorbed on the sur-

face of silver nanoparticles through AgAO coordination.

Because the surface energy of the (100) facets were higher than

that of the (111) facets for silver seeds, the PVP molecules were

tightly absorbed on the (100) planes according to the surface-

energy minimization. That leaded to the rapid anisotropic

growth along the (110) direction. Finally AgNWs were grown

on the surface of CF. To prove that AgNWs were grown on CF,

the studies of mixing AgNWs with cysteamine-treated CF were

carried out. As shown in Figure 6(s5), the structure of AgNWs

was destroyed, and sulfidized Ag nanoparticles were formed

while attaching AgNWs on cysteamine-treated CF.

To further confirm the chemical composition and interaction of

the prepared samples, the CF-AgNWs was further analyzed by

XPS. As shown in Figure 7(a), peaks corresponding to C and O

were both observed in the spectrum of cysteamine-treated CF

and CF-AgNWs, which originated from the epoxy sizing agent

on CF in consistent with the result of FTIR. Figure 7(b) showed

the high resolution XPS spectrum for the C1s peak. The band

located at 284.8 eV was assigned to the CAC bonds.54 In addi-

tion, the bands centered at 285.2 and 285.6 ev were attributed

to the CAS and CAN bonds,55 which originated from cyste-

amine. Also, The bands located at 286.2, 286.9, and 287.9 ev

were assigned to the CAO, CAOAC, and C@O bonds,56 which

were attributed to epoxy sizing agent on CF. This is also con-

sistent with the result of FTIR. Figure 7(c) showed the high

resolution XPS spectrum for the O1s peak. The bands centered

at 531.9, 532.6, and 533.5 ev were attributed to the OAH,

OAC, and O@C bonds,52 which originated from epoxy sizing

agent on CF. Furthermore, Figure 7(c) showed that percentage

of O@C for cysteamine-treated CF (31.0%) was lower than that

for CF-AgNWs (33.5%). It was due to the PVP molecules that

were tightly absorbed on AgNWs. As shown in Figure 7(d), the

splitting of the 3D doublet was 6.0 eV indicating the metallic

Scheme 1. Schematic illustration of the formation mechanism of AgNWs

on CF.
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nature of silver. All of these confirmed that AgNWs were grown

on the CF surface successfully.

Electrical Properties

The growth of AgNWs on CF could improve the electrical prop-

erty of CF. It was found that the resistance of the CF-AgNWs

was reduced to 19.5 X compared with that of the pristine CF

with the same quality (102.6 X). Thus the CF-AgNWs could be

as a filler to improve the electrical property of WPU. Figure 8

showed the volume resistivity of the WPU/CF composites and

WPU/CF-AgNWs composites with different filler loadings.

When the content of the pristine CF was ranged from 0 to 2.0

wt %, the volume resistivity of WPU/CF changed little and the

WPU/CF composite was still insulator. However, the volume

resistivity of WPU/CF composite was decreased significantly

when the content of CF was 2.5 wt %. And the volume resistiv-

ity declined from 7.43 3 109 X cm21, for pure WPU, to 4.19 3

107 X cm21 for the composite containing 2.5 wt % CF, suggest-

ing that the composite was not insulated. As Figure 9(a–e)

showed, CF could not achieve efficient touch due to the low

content. But when the content of CF increased to 2.5 wt %, CF

could contact with others partly as shown in Figure 9(f) and

the connection of CF facilitates electrons transport along the CF

and thereby the volume resistivity of WPU/CF composite

changed evidently.

As Figure 8 showed, it was found that with the same loading,

the volume resistivity of WPU/CF-AgNWs was lower than that

Figure 7. (a) XPS survey spectrum of cysteamine-treated CF and CF-AgNWs. XPS core level spectra of C1s (b), O1s (c), Ag3d (d) for cysteamine-

treated CF and CF-AgNWs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Volume resistivity of WPU/CF composites and WPU/CF-

AgNWs composites with different filler contents. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of WPU/CF. When the content of CF-AgNWs was ranged from

0 to 2.5 wt %, the volume resistivity of WPU/CF-AgNWs

decreased with increasing content of CF-AgNWs. A zigzag drop

in volume resistivity against the content of CF-AgNWs was

observed. Specifically, the volume resistivity of WPU/CF-

AgNWs decreased significantly to 1.06 3 105 X cm21 when the

loading of CF-AgNWs was 2.0 wt %, which was lower by

approximately three orders of magnitude than that of WPU/CF-

AgNWs1.5. It was generally attributed to the percolation phe-

nomenon. It was evident that the percolation threshold of the

composites with CF and CF-AgNWs were very different. For the

composite with CF, the percolation threshold values wasn’t

Figure 9. FESEM images of the net WPU (a) and WPU/CF composites with different contents of CF: 0.5 wt % (b), 1.0 wt % (c), 1.5 wt % (d), 2.0 wt

% (e), and 2.5 wt % (f).
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observed when the content was ranged from 0 to 2.5 wt % and

the higher percolation threshold values could be observed.

Therefore, as a comparison with the WPU/CF-AgNWs compos-

ite, the higher concentrations of CF in their composites were

very necessary to achieve the low volume resistivity at room

temperature. The results were not surprising, because the CF-

AgNWs was more easily to form conductive network in matrix.

Thus they had an influence on the percolation threshold value.

When the content was 2.5 wt %, the volume resistivity of the

WPU/CF-AgNWs (1.90 3 104 X cm21) was lower by approxi-

mately three orders of magnitude than that of WPU/CF (4.19

3 107 X cm21). As Figure 10(a–e) showed, CF-AgNWs could

contact with others partly in matrix with the increasing content

of CF-AgNWs. When the content of CF-AgNWs was 2.5 wt %,

the one-dimensional AgNWs with high aspect ratio could

bridge the CF as shown in Figure 10(f). Moreover, the highly

conductive AgNWs grown on the CF surface could improve the

electrons transformation and decrease the charge transfer resist-

ance of the CF. Therefore, the transportation of electrons was

much easier and the volume resistivity of WPU/CF-AgNWs was

lower than that of WPU/CF.

Dielectric Properties

As Figure 11 showed, all composites showed similar dielectric

stability on frequency, and their dielectric constant and dielec-

tric loss increased with the increase content of filler. Compared

to the pristine CF [Figure 11(a)], CF-AgNWs led to more

improvement in the dielectric constant of WPU, as Figure 11(c)

showed. With the same loading of filler(2.5 wt %), the dielectric

constant of WPU/CF composite increased from 6.3 for pure

WPU to 11.3, while it increased to 15.24 for WPU/CF-AgNWs

composite. Also, the addition of CF and CF-AgNWs influenced

the dielectric loss of WPU. Compared to the pristine CF [Figure

11(b)], CF-AgNWs led to more improvement in the dielectric

loss of WPU. As shown in Figure 11(d), when the content of

filler was 2.5 wt %, the dielectric loss of the WPU/CF-AgNWs

Figure 10. FESEM images of the WPU/CF-AgNWs composites with different contents of CF-AgNWs: 0.5 wt % (a), 1.0 wt % (b), 1.5 wt % (c), 2.0 wt

% (d), and 2.5 wt % (e). (f) High multiple FESEM images of WPU/CF-AgNWs2.5. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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was improved to 0.21, which were 40.8% higher than that of

WPU/CF. It was due to the AgNWs grown on CF improved the

dipole moment, resulting in improved dielectric properties of

WPU.

Mechanical Properties

Mechanical property was one of the most important properties

of the composites. As Table II showed, for the net WPU, the

breaking strength and elongation at break were 0.81 MPa and

237%, respectively. After the addition of pristine CF, the

mechanical properties of WPU increased. When the CF content

was 1.5 wt %, breaking strength of the WPU/CF composite

reached the maximum. It increased from 0.81 to 0.99 MPa (an

increase of 22.2%), which was because that the CF in polymer

matrices play a vital role in load transfer. However, the breaking

strength of the composite was decreased when the CF content

continued to increase. But it was still higher than that of net

WPU. This could be due to the uneven dispersion and regional

agglomeration of the CF in the composite, which limited the

efficiency of reinforcement.

As compared to the pristine CF, CF-AgNWs leads to more pro-

nounced improvement in the mechanical properties of WPU.

When the content was 1.0 wt %, the resultant composites

exhibit 33.3% increases in breaking strength (compared to pure

WPU). And the breaking strength reached the maximum value

(1.08 MPa), which were higher than those of the WPU/CF com-

posites. This probably due to the high aspect ratio of AgNWs

Figure 11. Dielectric constant and loss of WPU/CF composite (a and b) and WPU/CF-AgNWs composite (c and d) with different filler contents. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Tensile Properties of Samples in this Study

Sample
Breaking
strength (MPa)

Elongation
at break (%)

WPU 0.81 6 0.038 237 6 7.31

WPU/CF0.5 0.86 6 0.044 225 6 5.52

WPU/CF1.0 0.88 6 0.040 191 6 5.76

WPU/CF1.5 0.99 6 0.076 174 6 3.96

WPU/CF2.0 0.84 6 0.038 197 6 4.32

WPU/CF2.5 0.89 6 0.035 156 6 6.02

WPU/CF-AgNWs0.5 0.87 6 0.027 191 6 3.65

WPU/CF-AgNWs1.0 1.08 6 0.037 208 6 5.12

WPU/CF-AgNWs1.5 0.92 6 0.023 151 6 5.89

WPU/CF-AgNWs2.0 0.89 6 0.038 141 6 6.60

WPU/CF-AgNWs2.5 0.93 6 0.041 140 6 7.29
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which could increase the surface area of CF. It was well known

that the interface plays an important role in reinforcing the

composites by effectively transferring the stress between the

reinforcement and the matrix.57 Thus compared with pristine

CF, there were more interface between WPU and CF-AgNWs

fillers. And AgNWs on the CF surface provided mechanical

interlocking and it could be embedded in polymer. That

resulted in higher breaking strength for WPU composite filled

with CF-AgNWs. However, further increase of the CF-AgNWs

content didn’t lead to the increase of breaking strength of the

composite. Such a phenomenon was also observed in other

reports.58 It could be due to the agglomeration of CF-AgNWs.

The agglomeration would reduce the amount of interphase

region and creates stress concentration sites which initiate

failure.

As shown in Table II, the elongation values of the WPU/CF-

AgNWs composite and the WPU/CF composite were all lower

than that of net WPU. Moreover, the elongation value of WPU/

CF-AgNWs composite was higher than that of WPU/CF com-

posite. The results indicated that strong interfacial interaction

between CF-AgNWs and WPU, which leaded to difficult defor-

mation of the composites under the tensile loading.

CONCLUSION

In summary, AgNWs was grown on cysteamine-treated CF by a

facile polyol method. The structure and formation mechanism

of CF-AgNWs were studied. The CF-AgNWs was filled into the

WPU to improve the materials’ electrical property. Based on the

experimental results, the following conclusions can be drawn:

1. It was found that appropriate conditions for the growth of

AgNWs on CF were AgNO3 concentration of 1.5 mM, reac-

tion temperature of 1608C and reaction time of 120 min.

2. The impurities on CF were removed with acetone. Cyste-

amine was reacted with epoxy group of CF so that the sur-

face of CF possessed thiol group. The formation of AgNWs

on CF might be governed by formation of nucleation cen-

ters, growth of nucleus and growth of AgNWs. Reduced sil-

ver nanoparticles were attached to the CF via the silver

bonding to sulfur (Ag-S). In the presence of PVP, silver

nanoparticles served as seeds for growth of AgNWs, and

then the CF-AgNWs was produced.

3. The volume resistivity of WPU/CF-AgNWs composite was

decreased with the increase of filler contents. It was found

that the WPU/CF-AgNWs composite presented a lower per-

colation threshold than WPU/CF composite. When the con-

tent was 2.5 wt %, the volume resistivity of the WPU/CF-

AgNWs (1.90 3 104 X cm21) was lower by approximately

three orders of magnitude than that of WPU/CF (4.19 3

107 X cm21).

4. The dielectric constant and dielectric loss of WPU/CF-

AgNWs composite were increased with the increase of filler

contents. When the content was 2.5 wt %, the dielectric

constant and dielectric loss of the WPU/CF-AgNWs were

improved to 15.24 and 0.21, which were 34.5 and 40.8%

higher than that of WPU/CF.

5. The addition of CF-AgNWs improved the mechanical prop-

erties of WPU. When the content of CF-AgNWs was 1.0 wt

%, the resultant composites exhibited 33.3% increases in

breaking strength (compared to pure WPU).

The WPU/CF-AgNWs was regarded as promising materials for

use in electromagnetic shielding. Furthermore, the concept of

using CF-AgNWs as fillers in this study will also be applicable

to a wide range of other polymer composites for use in electro-

magnetic shielding. The research provided a theoretical basis for

our further study.
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