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Abstract In this study, polyurethane (PU) was synthesized
using 4.,4,-diphenylmethane diisocyanate (MDI) as a hard seg-
ment, polycaprolactone diol (PCL) as the soft segments and 1,4-
butandiol (1,4-BD) as a chain extender. Nanosilver/graphene
(Ag/G) was added to the PU matrix to prepare Ag/G/PU nano-
composites. EDS, SEM and XRD are used for assaying the
silver content and characterization of Ag/G. TEM, FT-IR,
XRD and EDS were used to characterize the structure and mor-
phology of the Ag/G/PUs nanocomposites. The TEM results
show that Ag/G belongs to sheet structures and is dispersed in
a PU matrix. The SEM showed that the strong interfacial adhe-
sion between the Ag/G and PU is indicated. FT-IR spectra anal-
ysis shows that the functional group of PU is free of obvious
changes by adding a small amount of Ag/G in the PU matrix.
XRD results showed that the main crystalline peak (26°) of Ag/
G became more apparent with increasing content of Ag/G, and
EDS showed that the content of Ag increased with increasing
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content of Ag/G in the Ag/G/PUs nanocomposites. The thermal
stability and mechanical properties of Ag/G/PUs nanocompos-
ites are improved with increasing content of Ag/G. Contact
angle and AFM results showed that the hydrophobicity and
surface roughness increased with increasing content of Ag/G.
Moreover, the Ag/G/PUs nanocomposites exhibit antibacterial
activities toward Staphylococcus aureus as well as Escherichia
coli and their antibacterial rates increase with increasing Ag/G.
In addition, the electrical conductivity measurements showed
that both surface and volume resistance of the Ag/G/PUs nano-
composites decreased as the amount of Ag/G increased.

Keywords Polyurethane - Nanosilver - Graphene - Interfacial
adhesion - Antibacterial activities - Electrical conductivity

Introduction

Polyurethanes (PUs) are a functional elastomer which can be
synthesized from different raw materials. Attributes of PUs
contain abrasion resistance, damping, flexibility, elasticity
and chemical resistance [1]. Due to such characteristics, PUs
have been widely investigated for industrial applications, in-
cluding use in adhesives, paint, medical equipment and textile
industry [2—6].

In recent years, due to rise of environmental consciousness,
many researchers actively work on biodegradable polymers.
Generally speaking, easily hydrolysable soft segments contain
polylactic acid (PLA), polyglycolic acid (PGA),
polycaprolactone (PCL) and polyacrylic acid (PAA) and so
on [7-12]. They all have biocompatibility advantages. PCLs
are soft segments which are usually applied to PU. However,
many research results show that PCL of high content is ben-
eficial to the increase of molecular weight and hydrolytic deg-
radation of PU [13-18].
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Organic/inorganic nanocomposites subject to consider-
able concern in academic and industrial fields. Inorganic
filler contains clay, graphene, fibreglass, carbon and car-
bon black. These reinforcing materials are used for rein-
forcing polymer materials [19, 20]. In which, graphene is a
novel material and subjects to considerable researches in
various fields. Graphene has been proven to be the thinnest
and strongest substance at present. Graphene is hard and
flexible and has superior thermal and electric conduction
[21-23]. The mechanical property of graphene is 100 times
stronger than iron and steel, and the electronic mobility and
thermal conductivity of graphene are the highest among all
materials. These excellent properties of graphene can be
integrated with polymers, and properties of the polymers
will be greatly improved [24-33]. For example, Yadav
et al. prepare high-performance graphene/nanocomposites
by using in situ polymerization. Results exhibit that func-
tionalized graphene leads to good dispersion in a polymer
matrix. When 2 wt% of graphene is added, the elastic mod-
ulus of PU is improved by 10 times by the graphene, and
the thermal stability of PU is improved. The mechanical
property and thermal property of polymers are obviously
improved, and the polymers have outstanding shape recov-
ery [27]. Cai et al. research that graphene oxide achieves
good dispersity in PU, and such a result can improve the
mechanical property and thermal property of PU [28].
When the amount of GO added is 4 wt%, the Young’s
Modulus of PU is improved by seven times. Kuila synthe-
sizes graphene/poly(methyl methacrylate) (PMMA) nano-
composites. DMA, DSC and TGA analyses represents that
the thermal property of PMMA is greatly improved by
adding the graphene [30]. Silver nanoparticles have been
medically known as an antibacterial agents and can serve
as paint for a medical treatment machine [34]. Silver nano-
particles are also used as a biomaterial and are applied to
tissue engineering [35]. Silver nanoparticles have bacteri-
cidal effects on Staphylococcus aureus and Escherichia
coli [36]. In existing researches, silver nanoparticles, silver
oxide and silver salts are added into a polymer matrix, so
as to provide antimicrobial/biocidal activities [37-39].

To sum up, the physical property of polymers can be im-
proved through adding graphene, and the polymers can be
endowed with antibacterial properties by the silver nanoparti-
cles. Therefore, in this study, the graphene is firstly plated with
the silver nanoparticles, so as to form a silver nanoparticle/
graphene material (Ag/G). However, as far as we know, no
published news about biodegradable PCL-based PUs and Ag/
G exists. Therefore, the influence on the mechanical proper-
ties caused by interfacial adhesion between Ag/G and PU will
be researched in this study. The effect of different content of
Ag/G on the structure, morphology, thermal properties, me-
chanical properties, hydrophobicity, antibacterial performance
and electrical resistance of the PU was investigated.
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Experimental
Synthesis of Ag/G/PU nanocomposites

4.4'-Diphenylmethane diisocyanate (MDI), polycaprolactone
diol (PCL, Mn=530) (PCL) and 1,4-butane diol were pur-
chased from Aldrich. N,N-dimethylacetamide (DMAc) was
obtained from Mallinckrodt Chemicals. Ag/G was purchased
from Apex Nanotek Corporation. The specific surface area,
oxygen content and average thickness for graphene were
25 m?/g, <3 wt% and 5 nm, respectively. The average particle
size of nano silver was <100 nm dispersions.

In this experiment, polycaprolactone (PCL) as a soft seg-
ments and 4,4,-diphenylmethane diisocyanate (MDI) used as a
hard segment were dissolved in DMAc. While mixing with a
mechanical mixer at a speed of 300 rpm, the mixture was reacted
for 2 h at 75 °C forming a prepolymer. The chain extender 1,4-
butandiol (1,4-BD) was then added and reacted for another 1 h
to form polyurethane (Scheme 1). The Ag/G/DMACc solution
was then dispersed in an ultrasound oscillator and added to the
freshly synthesized polyurethane solution in the reactor at 75 °C
and stirred by a mechanical mixer. The speed of the mechanical
mixer was increased to 600 rpm to blend the mixture for another
1 h. Ag/G/PUs nanocomposites were finally obtained. The for-
mulation of the soft and hard segments for PU and the propor-
tion of added Ag/G are shown in Table 1. The molecular weight
distribution of PU relative to polystyrene standards was mea-
sured using a gel permeation chromatographer (Jasco model
PU-2080 plus) with tetrahydrofuran as a carrier solvent. The
weight average molecular weight (Mw) of PU was 64,323 g/
mole with a polydispersity index of 1.4.

Gel permeation chromatography (GPC)

A gel permeation chromatograph (Analytical Scientific
Instruments Model 500) with a reflection index (RI) detector
(Schambeck RI12000) and two columns in a series consisting
of a Jordi gel DVB mixed bed and a 10,000 A bed at 30 °C
was used to measure the molecular weight distribution relative
to polystyrene standards. The calibration curve was obtained
using eight standards with molecular weights ranging from
3420 to 2.57 x 10°. Tetrahydrofuran was used as the carrier
solvent at a flow rate of 1 ml/min.

Transmission electron microscopy analysis

A transmission electron microscope (TEM, Hitachi model
H-7500) was used to examine the morphology of the Ag/G/
PUs nanocomposites. The samples for TEM examination were
first prepared by placing the nanocomposite films into epoxy
capsules and curing the epoxy at 70 °C for 24 h in an oven.
The cured epoxies containing Ag/G/PUs nanocomposites were
then microtomed with a diamond knife into 70-90-nm-thick
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Scheme 1 Synthesis formula for
the PU

slices at —100 °C. Finally, a 3-nm-thick carbon layer was depos-
ited on the slices placed on 200-mesh copper grids for TEM
observation.

Morphology analysis

The morphology of the specimens at tensile fracture surfaces
was observed by using a Hitachi scanning electron microscope
(SEM), model SU1510. Specimens of 2 x 2 ecm?” were fixed on a
sample holder using conductive adhesive tape and were subse-
quently coated with a thin layer of gold to improve the image
resolution. The samples were photographed at 1 or 3 K
magnification.

Fourier transform infrared spectroscopy (FT-IR)

FT-IR measurements were performed using a PerkinElmer
spectrometer (model Spectrum One). Spectra of the samples

were obtained by averaging 16 scans with a wavenumber
range of 4000 to 650 cm ' and a resolution of 2 cm .

Energy-dispersive X-ray spectroscopy (EDS)

Elemental compositions of the Ag/G/PUs nanocomposites were
examined using an energy-dispersive X-ray spectroscopy
analyser (Horiba, model 7021-H). Specimens of 2 x 2 cm® were
fixed on a sample holder using conductive adhesive tape and were
then coated with a thin layer of gold to improve the image reso-
lution. The samples were photographed at 1 K magnification.

X-ray diffraction (XRD)

X-ray diffraction was performed using a Rigaku diffractome-
ter (model RU-H3R). The X-ray beam used Ni-filtered CuKa
radiation from a sealed tube operated at 60 kV and 300 mA.
Data were obtained in the 26 range of 10°~70° with a scanning
interval of 0.05°.

Table 1 Formulas of the Ag/G/

PUs nanocomposites Designation MDI (moles) PCL (moles) 1,4-BD (moles) Ag/G (Wt%)
PU 4 3.0 1.0 0
Ag/G/PU-01 4 3.0 1.0 0.05
Ag/G/PU-02 4 3.0 1.0 0.1
Ag/G/PU-03 4 3.0 1.0 0.2
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Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed using a thermo-
gravimetric analyser (PerkinElmer, model Pyris 1). Samples
(5-8 mg) were heated from room temperature to 700 °C under
nitrogen at a rate of 10 °C/min.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry was performed on a
PerkinElmer DSC, model Jade. Samples were sealed in alu-
minium pans with a perforated lid. The scans (=50 to 200 °C)
were performed with a heating rate of 10 °C/min under nitro-
gen purging. The glass transition temperatures (7)) can be
located as the midpoints of sharp descent regions in the re-
corded curves. Samples of approximately 5-8 mg were used
for all tests.

Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis was performed using a SEIKO
analyser (model SII Muse, DMS6100) at 1 Hz with a 5 pum
amplitude over a temperature range of —50 to 40 °C and at a
heating rate of 3 °C/min. DMA was conducted using tension
mode and specimen dimensions of 20 mm x 5 mm X 0.2 mm
(L x W x H). T, was taken as the peak temperature of the glass
transition region in the tan § curve.

Fig. 2 TEM micrographs of the Ag/G/PU-03 nanocomposite
Stress-strain testing

Tensile strength and elongation at break were measured
using a universal testing machine (MTS QTESTS, mod-
el QC505B1). Testing was conducted according to

ASTM D638 specifications. The dimension of the film
specimens was 45 mm X 8 mm X 0.2 mm.

Surface roughness analysis

Atomic force microscopy (AFM) scans were performed

using a CSPM5500 instrument from Being Nano-instru-

ments. Generally, there are two types of imaging modes,

i.e., tapping and contact modes. Tapping mode was used

in this study such that the oscillating probe cantilever

Fig. 1 Characterization of Ag/G: a SEM micrograph; b EDS image; and ¢ XRD diffraction pattern
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causes the tip to make only intermittent contact with the
sample. With respect to the phase of the sine wave
driving the cantilever, the phase of the tip oscillation
is highly sensitive to various sample surface character-
istics. Therefore, the tip can also sense the phase images
of the sample surface in addition to the topography. The
specimens were cut from Ag/G/PUs nanocomposite
films with different clay contents.

Fig. 3 SEM photographs of
fractured section of the Ag/G/PUs
nanocomposites: a PU; b Ag/G/
PU-01; ¢ Ag/G/PU-02; and d Ag/
G/PU-03 at 1000 magnification; e
PU; f Ag/G/PU-01; g Ag/G/PU-
02; and h Ag/G/PU-03 at 3000
magnification

Contact angle

Contact angles between the samples and deionized water were
measured using a Face instrument (model CA-VP150) at room
temperature. Dynamic advancing and receding contact angles
were recorded while water was added to and withdrawn from
the drop, respectively, using a syringe pump. Each reported
contact angle is the average value from 3 to 4 drops.

@ Springer
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Fig. 4 FT-IR spectra of the Ag/G/PUs nanocomposites
Antibacterial evaluation

The antibacterial activity of the Ag/G/PUs nanocomposite
was tested against aerobic bacteria commonly found on burn
wounds: e.g., S. aureus (ATCC 25023) and E. coli. The as-
sessment was conducted based on the disc diffusion method of
the US Clinical and Laboratory Standards Institute (CLSI).
The Ag/G/PUs nanocomposite was cut into circular discs
(15 mm in diameter). Each specimen was placed on the
Difco™ Mueller Hinton agar in a Petri dish, then the microbes
therein were incubated at 37 °C for 24 h. If inhibitory concen-
trations were reached, there would be no growth of the mi-
crobes, which could be seen as a clear zone around the spec-
imen discs. The clear zones were photographed.

Fig. 6 XRD patterns of the Ag/G/PUs nanocomposites

Surface and volume conductivity analysis

An electrical resistance meter (Monroe Electronics, model
272A) was used to measure the surface and volumetric elec-
trical resistances of Ag/G/PUs nanocomposite films at room
temperature. The dimensions of the specimens were approxi-
mately 68 mm in diameter and 0.3 mm in thickness.
Results and discussion

Characterization of Ag/G

Figure 1 exhibits characterization of Ag/G. Referring to
Fig. 1a, a sheet structure of Ag/G can be observed, and white

Fig. 5 EDS images of the Ag/G/PUs nanocomposites: a Ag/G/PU-01; b Ag/G/PU-02; and ¢ Ag/G/PU-03
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Fig. 7 TGA curves of the Ag/G/PUs nanocomposites

spots distributed on graphene nanosheets are silver nanoparti-
cles. In addition, we can analyse from EDS in Fig. 1b that the
silver content of Ag/G nanosheets is 10.72%. Figure 1c is an
XRD spectrum of Ag/G, the sharp peak located at 26.6° for
graphite [40, 41]. The Ag/G exhibits the obvious peaks at
260 =38.2° and 44.3°, which are due to the face-centred cubic
crystalline silver, corresponding to the crystal faces of (111)
and (200) [42, 43]. These results indicate the presence of Ag in
Ag/G that was prepared by the Apex Nanotek Corporation
through a certain nanotechnology.

Structure and morphology of Ag/G/PUs nanocomposites

In this study, Ag/G is mixed into a PU matrix by a solution
dispersion method, so as to form Ag/G/PUs nanocomposites.
Figure 2 shows the TEM micrograph of Ag/G/PU-03 nano-
composites. It is observed that the morphology of Ag/G be-
longs to nanosheet structures. The thickness size is smaller
than 100 nm, and the diameter is of micrometre scale. This
phenomenon means that the interfacial adhesion between Ag/
G and PU is good, and the basic physical properties of PU can
be strengthened.

The tensile fracture surfaces of Ag/G/PUs nanocomposites
are shown in Fig. 3a—f. Mark numbers (a) to (d) are of 1000
magnification, and mark numbers (e) to (h) are of 3000 mag-
nification. Panels a and e of Fig. 3 are fractured surfaces of
PU, exhibiting a few wrinkles. The extruded wrinkles may be

Fig. 8 DSC thermograms of the Ag/G/PUs nanocomposites

the hard segment-rich phases. Panels b and f of Fig. 3 are Ag/
G/PU-01 nanocomposite fracture surface with a small amount
of Ag/G added. It is observed that the wrinkles of the fractured
surfaces of PU become obvious when a small amount of Ag/G
is added. In Fig. 3¢, d, g, h, Ag/G nanosheets are further added
into the PU matrix. It may be found that the wrinkles of the
fractured surfaces of Ag/G/PUs become even more acute
along with the increase of Ag/G contents. In addition, the
Ag/G nanosheets and the PU matrix exhibit good dispersity
and interfacial adhesion. Due to the phenomenon, we expect
that the mechanical property of the PU matrix can be im-
proved by adding the Ag/G.

The FT-IR spectra of the Ag/G/PUs nanocomposites are
shown in Fig. 4. These four polymers exhibit similar function-
al groups and five major peaks, i.e., the NH stretching vibra-
tion peak group at 3314 cm . The stretching vibration peaks
of the alkyl C-H group are at 2942 and 2862 cm ™', and car-
bonyl group (C=0) is nearby 1728. The peaks at 1642 and
1593 ¢cm ™' belong to C=C stretching vibrations. C-O
stretching vibrations peak appears nearby 1217 cm .
Furthermore, in this spectrum, no free NCO group presents
to 2240-2275 cm . These results represent that NCO-
terminated prepolymer fully reacts with 1,4-BD during
synthesis.

Figure 5 shows the results of elemental analysis from the
energy-dispersive X-ray spectra of the Ag/G/PUs nanocom-
posites. The contents of Ag measured in Ag/G/PU-01, Ag/G/

Table 2 Thermal properties of

the Ag/G/PUs nanocomposites Sample TGA DSC DMA
Tonset (°C) Residue at 800 °C T, (°C) Tyq from tand(°C) Tan Opax
PU 320.1 0.3% -9.2 —6.1 0.409
Ag/G/PU-01 3313 1.9% —6.2 -2.7 0.341
Ag/G/PU-02 335.1 6.0% -33 —0.6 0.312
Ag/G/PU-03 341.7 8.6% -2.5 42 0.291
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Fig. 9 Tan § curve of the Ag/G/PUs nanocomposites

PU-02 and Ag/G/PU-03 were 0.31, 0.65 and 1.14%, respec-
tively. The Ag content increases with increasing Ag/G con-
tents as anticipated. The weight percent of Ag is recorded in
Table 5. The mapping suggests that the distribution of elemen-
tal Ag increased with increasing Ag/G contents.

The XRD spectra of the Ag/G/PUs nanocomposites are
shown in Fig. 6. It may be found from a spectrogram that a
weak diffraction peak of PU occurs when 26 = 20°. This broad
diffraction peak is an absorption peak of hard segments of PU
[43]. Furthermore, the XRD patterns belong to an amorphous
polymer for Ag/G/PUs. A single amorphous halo around 20°
[44] for Ag/G/PUs with low hard segments content was ob-
tained [45]. 260 = 20° and 26.6° occurs in Ag/G/PU-01, Ag/G/
PU-02 and Ag/G/PU-03. Among characteristic crystallization
peaks of 20 = 20°, a sharp peak occurs at 20 = 26.6°. In addi-
tion, the peak is increased along with the increase of Ag/G
content. In virtue of that only a small amount of Ag/G was
added to the PU matrix, the characteristic of Ag is not ob-
served in the diffraction pattern of each nanocomposite.
Thus, there are two kinds of morphologies in each Ag/G/

Fig. 10 Tensile properties of the Ag/G/PUs nanocomposites

@ Springer

Table 3  Tensile properties of the Ag/G/PUs nanocomposites

Sample Tensile strengths (MPa) Strain at break (%)
PU 16.9 1118

Ag/G/PU-01 222 1088

Ag/G/PU-02 25.5 944

Ag/G/PU-03 30.8 892

PUs nanocomposites: one crystalline Ag/G and the other
amorphous PU. However, along with the increase of Ag/G
contents, weak diffraction peaks of PU are free of obvious
changes at 26 =20° and are still amorphous.

Thermal properties of Ag/G/PUs nanocomposites

The TGA curves for the Ag/G/PUs nanocomposites are
shown in Fig. 7. A first decomposition temperature is attrib-
uted to decomposition of urethane group. The onset tempera-
tures, i.e., the initial decomposition temperatures of these
polymers, are recorded in Table 2. The onset decomposition
temperatures (7,ne;) for PU, Ag/G/PU-01, Ag/G/PU-02 and
Ag/G/PU-03 are 320.1,331.3,335.1 and 341.7 °C, respective-
ly. Among these polymers, PU is free of any Ag/G nanosheets.
Ag/G/PU-03 has the highest Ag/G nanosheets content. In ad-
dition, along with the increase of Ag/G nanosheets content,
the content of decomposition temperature and residue of PU is
increased at the same time. These results suggest that the ther-
mal stability of PU can be improved along with the increase of
Ag/G nanosheets content.

Figure 8 shows the DSC curves for the Ag/G/PUs nano-
composites. These results are summarized in Table 2. The T},’s
determined from these thermograms for PU, Ag/G/PU-01,
Ag/G/PU-02 and Ag/G/PU-03 are —9.2, —6.2, —3.3 and
—2.5 °C, respectively. This result represents that the T, of
PU is increased at the same time along with the increase of
Ag/G nanosheets content. The fact that Ag/G belongs to rigid
structures hinders the segmental motion of PU. In a DSC
curve, no typical of endothermic and exothermic crystalliza-
tion peaks is observed among all polymers. This represents
that PU is still amorphous by adding Ag/G nanosheets, and
this is consistent with an XRD result.

Figure 9 shows the tan d curves of Ag/G/PUs nanocompos-
ites with different proportions of Ag/G nanosheets. Dynamic
glass transition temperatures (7,q) is defined at the peak of the
tan ¢ curve. The T4 values of PU, Ag/G/PU-01, Ag/G/PU-02
and Ag/G/PU-03 are —6.1,-2.7,—0.6 and 4.2 °C, respectively,
and are summed up in Table 2. As the Ag/G content of the PU

Fig. 11 AFM 3D morphologies and phase images of the Ag/G/PUs P>
nanocomposites with different Ag/G contents. Ag/G content: A, 0 wt
%; B, 0.05 wt%; C, 0.1 wt %; D, 0.2 wt%. 3D morphology: A2, B2,
C2,D2. Phase: Al, B1, C1, DI
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Table 4 Surface

roughness data of the Sample Ra (nm)

Ag/G/PUs

nanocomposites PU 1.09
Ag/G/PU-01 272
Ag/G/PU-02 443
Ag/G/PU-03 6.58

increases, Tyq also increases. This result is consistent with the
discussion on DSC. Meanwhile, through adding the Ag/G
nanosheets, the peak of tan J of PU is lowered at the same
time. The PU with higher Ag/G content behaves more like
elastic solid and less like viscous liquid. Therefore, PU con-
taining the Ag/G nanosheets has a lower loss modulus and a
higher storage modulus.

Mechanical properties of Ag/G/PUs nanocomposites

Figure 10 shows the stress-strain curves for Ag/G/PUs nano-
composites with different proportions of Ag/G nanosheets,
and the results are listed in Table 3. The tensile strengths of
PU, Ag/G/PU-01, Ag/G/PU-02 and Ag/G/PU-03 are 16.9,
22.2,25.5 and 30.8 MPa, respectively. This result represents
that by increasing Ag/G content, the tensile strength is im-
proved at the same time. It can be observed from Fig. 3 that
interfacial adhesion between PU and Ag/G of the Ag/G nano-
sheets is good. This phenomenon can reinforce the interfacial
interaction between Ag/G and the PU matrix. On the other
hand, the elongation at breaks of PU, Ag/G/PU-01, Ag/G/
PU-02 and Ag/G/PU-03 were 1118, 1088, 944 and 892%,
respectively. This result is obtained due to the fact that the

Fig. 12 Surface properties of the
Ag/G/PUs nanocomposites

@ Springer

Ag/G nanosheets belong to rigid structures, are also
unfavourable to the sliding motions between the polymer
chains and further reduce the elongation at break of the
polymer.

Surface properties of Ag/G/PUs nanocomposites

The 3D morphologies and phases for the Ag/G/PUs nanocom-
posites are shown in Fig. 11. It can be observed that the 3D
morphologies and phases change after the Ag/G nanosheets
are added to PU. The 3D morphologies exhibit that after the
Ag/G nano sheets are added, surfaces of Ag/G/PU-01, Ag/G/
PU-02 and Ag/G/PU-03 have obvious irregular projections.
The phase image showed these polymers added Ag/G nano-
sheets. An abundance of isolated small domains has irregular
granular or channel-like morphologies. In the phase image,
continuous dark areas belong to PU soft segments. Bright
areas are attributed to the hard segments. Moreover, the aver-
age roughness of PU, Ag/G/PU-01, Ag/G/PU-02 and Ag/G/
PU-03 nanocomposites are 1.09, 2.72, 4.43 and 6.58 nm, re-
spectively, and is listed in Table 4. These results represent that
the surface roughness of the Ag/G/PUs nanocomposites is
increased along with the increase of Ag/G content.

Figure 12 shows photographs and data of the contact angles
measurements for the Ag/G/PUs nanocomposites. The contact
angles for PU, Ag/G/PU-01, Ag/G/PU-02 and Ag/G/PU-03
are 75.3°, 76.9°, 83.3° and 87.1°, respectively. This result
represents that the contact angle of the Ag/G/PUs nanocom-
posites will be increased by adding the Ag/G nanosheets. This
can be attributed to results of AFM and the surface of PU can
be of protrusions as lotus leaves by adding the Ag/G
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Fig. 13 Inhibition zone of Ag/G/
PUs nanocomposites for
S. aureus

nanosheets. Due to these results, the surface roughness of the
Ag/G/PUs nanocomposites can be increased, and thus, the
hydrophobicity of PU is improved. Therefore, the Ag/G/PUs
nanocomposites can have a high contact angle after the Ag/G
nanosheets are added.

Antibacterial evaluation of Ag/G/PUs nanocomposites

Figure 13 lists the zone of inhibition toward S. aureus for the
Ag/G/PUs nanocomposites. It may be observed that by adding
the Ag/G nanosheets, S. aureus extends outwards from the
edge of PU. The results show that the zone of inhibition

Table 5 Ag content from antibacterial activity of the Ag/G/PUs
nanocomposites

Sample Ag (Wt%) Antibacterial ratio (%)

S. aureus Escherichia coli
PU - Blank Blank
Ag/G/PU-01 0.31 21.2 253
Ag/G/PU-02 0.61 39.0 479
Ag/G/PU-03 1.15 60.1 55.6

increases with increasing Ag/G nanosheets content. This indi-
cates that the Ag/G provides the antibacterial activities for the
Ag/G/PUs nanocomposites. In addition, Table 5 also exhibits
the sterilization or antibacterial rates of Ag/G/PUs nanocom-
posites. For S. aureus, the antibacterial rates of the Ag/G/PU-
01, Ag/G/PU-02, and Ag/G/PU-03 are 21.2, 39.0, and 60.1%
in sequence. For E. coli, the results are similar, that the anti-
bacterial rates of these polymers are 25.3, 47.9 and 55.6%,
respectively. Therefore, Ag/G/PUs nanocomposites have an-
tibacterial activities. The antibacterial rates are increased
along with the increase of Ag/G nanosheets content.

Electrical resistance analysis of Ag/G/PUs nanocomposites

Figures 14 and 15 show the surface and volumetric electrical
resistivity for the Ag/G/PUs nanocomposites. The surface
electrical resistivity measured at 10 V for PU, Ag/G/PU-01,
Ag/G/PU-02 and Ag/G/PU-03 was 3.7-10", 3.5:10'2, 1.7-
10'% and 5.0-10'° Q/cm?, respectively. Those measured at
100 V for these nanocomposites were 3.7-10'3, 3.1-10'2, 2.4-
10" and 1.1-10"° ©/ecm? in sequence. Similarly, the volumet-
ric electrical resistivity for PU, Ag/G/PU-01, Ag/G/PU-02 and
Ag/G/PU-03 was 1.7-10'", 3.7-10'°, 1.5:10'° and 4.3
10° Qecm, respectively. Those measured at 100 V for these
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Fig. 14 Surface electrical resistivities of Ag/G/PUs nanocomposites: at a 10 V; b 100 V

polymers were 1.1-10", 3.6:10'°, 3.4-10° and 1.8:10° Qecm,
correspondingly. These data represent that the surface and vol-
umetric electrical resistivities of the Ag/G/PUs nanocompos-
ites are lowered along with the increase of Ag/G content. In
other words, conductivity is improved along with the increase
of Ag/G contents. This is due to Ag/G nanosheets being slight-
ly conductive materials.

Conclusions

Ag/G/PUs nanocomposites were successfully prepared in this
paper. It can be observed from SEM, EDS and XRD that the
surface of graphene is attached with silver nanoparticles. TEM
analysis exhibits that Ag/G is of a sheet structure and has the
thickness smaller than 100 nm. Tensile fractured surfaces of
Ag/G/PUs nanocomposites can be found, and good interfacial
adhesion, and there exists strong interface interaction between
the Ag/G nanosheets and the PU matrix. FT-IR spectrum rep-
resents that MDI has been completely consumed. The EDS

analysis exhibits that the content of Ag is increased along with
the adding of the Ag/G nanosheets. XRD analysis exhibits
that Ag/G/PUs nanocomposites are still amorphous along
with the increase of Ag/G nanosheets content. Thermal anal-
ysis exhibits that the content of the Ag/G nanosheets is in-
creased along with the increase of initial decomposition tem-
peratures, Ty and T,q of Ag/G/PUs nanocomposites. The ten-
sile strength of the Ag/G/PUs nanocomposites increase with
increasing Ag/G nanosheets content. On the contrary, elonga-
tion at break decreases with increasing Ag/G nanosheets con-
tent. The surface property of the Ag/G/PUs nanocomposites
exhibits that the surface roughness and hydrophobicity
of the Ag/G/PUs nanocomposites are improved along
with the increase of Ag/G nanosheets content. Besides,
the Ag/G/PUs nanocomposites have antibacterial activi-
ties toward S. aureus as well as E. coli and their anti-
bacterial rates increase with increasing Ag/G nanosheets
content. Furthermore, the surface and volumetric electri-
cal resistivity for Ag/G/PUs nanocomposites decreased
with increasing Ag/G nanosheets content.

Fig. 15 Volumetric electrical resistivities of the Ag/G/PUs nanocomposites: at a 10 V; b 100 V
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