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een microstructure and properties
of graphene oxide/waterborne polyurethane
composites investigated by positron annihilation
spectroscopy

Xiaobing Han, Jie Gao, * Zhiyuan Chen, Xiuqin Tang, Yuan Zhao and Tao Chen*

A quantitative description of microstructure is highly desirable for the precise construction of high

performance graphene based polymer composites. In this paper, the effects of doping graphene oxide

(GO) on the microstructure, thermal and mechanical properties of the obtained graphene oxide/

waterborne polyurethane (GO/WPU) composites were systematically investigated. In order to give

a deep insight into the microstructure of GO/WPU composites, especially for the relative free volume

fraction (fr) and interfacial interaction intensity (b), positron annihilation lifetime spectroscopy (PALS) was

employed for its quantitative characterization. With the increase of GO content, the fr decreased first and

then increased, the lowest value was observed for the composites containing 0.5 wt% GO. This can be

ascribed to the change in the dispersed state of GO and interfacial interactions, which agree well with

the results of SEM. The correlation between microstructure and properties was established with the PALS

results, the values of fr and b give a good explanation of the variation in glass transition temperature and

tensile strength, respectively.
Introduction

Much attention has been focused on waterborne polyurethane
(WPU) materials, because of their nontoxic, excellent elasticity,
exibility, abrasion resistance, and non-ammable properties
and anticorrosion performance.1 However, WPU possesses
inferior mechanical properties, thermal stability, and barrier
properties, compared to solvent-based polyurethane.2 To over-
come these problems, many kinds of nanollers (such as silica,
metal oxides, carbon nanotube, graphene, graphene oxide, etc.)
have been incorporated within WPU matrices.3 As an important
derivative of graphene, graphene oxide (GO) possesses excellent
water dispersibility, relatively good barrier properties and
mechanical properties, and has been widly used in the
construction of GO/WPU nanocomposites.4

One of the most important factors that inuence the proper-
ties of graphene/polymer composites is the interfacial interaction
between the nanosheets and polymer chain, because it deter-
mines both the dispersion of the nanosheets and the free volume
of the obtained nanocomposites.5,6 Thus, interfacial interaction
enhancement has to be considered rst in the construction of
high-performance graphene/polymer nanocomposites.7,8 Since
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there are many kinds of oxygen-containing groups (hydroxyl,
carboxyl, ether) and aromatic regions on GO, synergistic inter-
facial interactions (hydrogen bond, electrostatic attraction and
p–p stacking) can be precisely constructed between GO and
different polymers.9–12 These synergistic interfacial interactions
can serve as sacricial bonds to improve the mechanical prop-
erties, thermal stability, and barrier properties of GO/WPU.13,14

Although signicant progress has been made in the developing
of GO/WPU composites,15–20 and synergistic interfacial interac-
tions were constructed in the fabrication procedure, yet there are
few reports about the interfacial interaction intensity, free
volume fraction, and the correlation between these parameters
and properties for GO/WPU nanocomposites.

The positron annihilation lifetime spectroscopy (PALS) is
a helpful tool to probe the atomic scale defects, free volume and
relative free volume fraction (fr) for a wide variety of polymer
nanocomposites.21,22 The positron originate from a radioactive
22Na are injected into polymer matrix, and get thermalized
rapidly by losing energy. Then, the thermalized positron diffuse
in the polymer, annihilating directly with electrons or indirectly
by forming positronium (Ps, a bound state of e+ and e�). The Ps
exists in two spin states: para-positronium (p-Ps) spins are anti-
parallel and ortho-positronium (o-Ps) spins are parallel. Ps are
preferentially localized in free volume cavity in polymers, the
pick-off annihilation lifetime of o-Ps (s3) is well correlated to the
free volume size, according to the free volume model. While the
size of the free volume cavity increases, the electron density seen
This journal is © The Royal Society of Chemistry 2020
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by o-Ps decreases, thus o-Ps lives a longer lifetime.23,24 Zhou et al.
reported the application of PALS in the structure transition
investigation of epoxy-multiwalled carbon nanotubes (MWNT),
the results of free volume cavity size under temperature revealed
that the MWNT llers can enhance the structure transition
temperatures of the composites.25 The free volume nanoholes of
phenol–formaldehyde–MWNT composites has been reported by
the group of Pujari,26 the free volume has a nonlinear variation
withMWTN concentration, which indicated the agglomeration of
MWTN in the matrix at higher concentration. In the work re-
ported by Xue et al.,27 the PALS technique was used to investigate
the free volume of rGO/PVA composites. The smallest free
volume was observed at 0.5 wt% rGO sample, which can be
ascribed to the interfacial interaction between rGO and PVA. The
inuence of rGO on the free volume and conductivity of poly-
carbonate composites were systemically studied by PALS in
Zhong group,28 the results of PALS indicate the properties of free
volumes uctuate around the conductive percolation threshold.

Nowadays, the PALS technique not only can reveal the char-
acter about free volume, but also can explore the intensity of
interfacial interaction. The intermediate lifetime s2 is assigned to
the annihilation of positron trapped in various vacancies.24 The
variation of the intermediate lifetime intensity (I2) can be used to
characterize the interfacial interaction in the polymer compos-
ites. If there are no interaction between polymer matrix and
nanoller, I2 only comes from positron annihilation in matrix
and nanoller according to the simple mixture rule. At this
condition, I2 increases linearly with the increase of ller weight
fraction. Actually, interfacial interaction exists in polymer
composites in most cases, thus positive or negative deviations
occurred between the experimental results and the calculated
results.25,26 The interaction parameter b (an intuitionistic char-
acterization of the interaction) was then introduced to charac-
terize the interfacial interaction between polymer matrix and
nanoller,27,28 which provide new methods for the correlation
between microstructure and properties, while the utilization of
PALS in GO/WPU system has rarely been reported.

In the present work, the WPUs doped with different loadings
of graphene oxide were prepared. Firstly, the microstructure of
the obtained GO/WPU composites was qualitative characterized
with traditional scanning electron microscopy and Fourier
transform infrared. For further information about the micro-
structure, then the PALS was used to reveal the free volume
properties and interfacial interaction of GO/WPU composites.
The results of relative free volume fraction and interfacial inter-
action parameter gives a good explanation of the variation in
glass transition temperature and tensile strength, respectively.

Results and discussion
Morphology of GO, WPU and GO/WPU composites

Scanning electron microscopy (SEM) is an effective method to
direct probe the microstructure of graphene oxide (GO) based
polymer composites. As shown in Fig. 1a, the SEM images reveal
that the exfoliated GO sheets presenting layered structures. The
wrinkled and folded surface resulted in the GO having a large
aspect ratio and specic area, which is benet for the adhesion
This journal is © The Royal Society of Chemistry 2020
of polymer.29 Consequently, strong interfacial interaction can
be construct between GO and polar polymer, resulting in
improved mechanical property through sacricial bonds
(hydrogen bond, p–p stacking, electrostatic attraction, etc).30,31

It is accessible to investigate the exfoliation state of GO using
transmission electron microscopy (TEM) by dropping a small
quantity of the dispersion onto the carbon grids. As shown in
Fig. 1b, the TEM image show that graphene oxide was fully
exfoliated into individual sheets in water by ultrasonic treat-
ment, presenting at yet wrinkled nanosheets shape. The fully
exfoliation of GO can be ascribed to the hydrophilicity of
oxygen-containing groups, electrostatic repulsion and steric
repulsion between adjacent GO sheets.32

The dispersion condition of nanoller in polymer matrix is
a key factor for the properties of obtained composites. The
compatibility of GO in WPU was evaluated via SEM observation of
the fracture surface of neat WPU and GO/WPU composites. As
shown in Fig. 1c, the pure WPU displays a relatively loose and at
surface. The morphology changed dramatically aer the intro-
duction of GO. For the composites containing 0.25 and 0.5 wt%
GO (Fig. 1d and e), GO was well-dispersed into the WPU matrix,
a dense and layer by layer stacking surface can be observed. This
may be attributed to the strong interfacial interaction between GO
and WPU, which will improve the mechanical properties of the
composites.33 For the composites containing 1 and 2 wt% GO
(Fig. 1f and g), a rough and relative loose surface can be observed.
This may be ascribed to the agglomerates increase of GO, which is
not benet for the dissipation of stress.34 Although the dispersity
of GO and the compaction of composites can be direct observed
from the SEM images, yet the information about interfacial
interaction intensity and free volume fraction can not obtained.

Interfacial interaction between of GO and WPU

To verify the chemical structure of prepared GO and WPU, and
elucidate the interfacial interaction between GO and WPU, the
FTIR spectra of GO, WPU, and 0.5 wt%GO/WPU composites
were measured and shown in Fig. 2a. The FTIR spectrum of GO
clearly marked the presence of GO as evident from the observed
bands at 3400 cm�1 (O–H stretching), 1730 cm�1 (C]O
stretching), 1410 cm�1 (O–H bending), 1050 cm�1 (C–O
bending).29,35 In the spectrum of WPU, the peak at 3346, 1734,
1539 cm�1 are due to N–H, C]O, C–N stretching in the carba-
mate group. The symmetric and asymmetric C–H vibrations of
–CH2– observed at 2861 and 2942 cm-1 can be attributed to the
polyurethane chains.33,34 As for the FTIR spectrum of 0.5 wt%
GO/WPU, the peak of N–H and C]O stretching shi to 3325
and 1712 cm�1, which demonstrates the hydrogen bond inter-
actions between GO and WPU.36–38 According to the result of
FITR analysis, illustration of the hydrogen bond interactions is
provided in Fig. 2b. However, only the type of interfacial inter-
action can be determined through FTIR spectra, the intensity of
interfacial interactions can not provided.

Positron annihilation lifetime spectroscopy

In order to quantitative study the effects of GO on the micro-
structure of composites, the positron annihilation lifetime
RSC Adv., 2020, 10, 32436–32442 | 32437

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05872f


Fig. 1 (a) SEM images and (b) TEM images of GO. (c–g) SEM images of fracture surface for pure WPU, 0.25, 0.5, 1.0, 2.0 wt% composites.
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spectroscopy (PALS) were carried out. Positron annihilation
lifetime spectroscopy was carried out by a conventional fast–fast
coincidence spectrometer at room temperature. The positron
source 22Na was sandwiched between two samples with
a thickness over 1 mm. One million counts were recorded for
each spectrum, which was resolved into three components by
a commonly used positron annihilation tting program. The
third lifetime component s3 (1.4–2.6 ns) is used to calculated
the volume of free volume cavity (Vf) according to the follow
equations:

s3 ¼ 1

2

�
1� R

Rþ DR
þ 1

2p
sin

�
2pR

Rþ DR

���1
(1)

Vf ¼ 4

3
pR3 (2)

where R is the radius of the free volume cavity, DR ¼ 1.656 Å.27

The formation probability of o-Ps (I3), is correlated with the
intensity of the free volume. The free volume fraction was
evaluated as

f ¼ CVfI3. (3)
Fig. 2 (a) FTIR spectra of GO, WPU and 0.5 wt% GO/WPU. (b) Hydrogen

32438 | RSC Adv., 2020, 10, 32436–32442
For convenience, C could be approximately regarded as
a constant,21 and we dened a relative free volume fraction (fr)
as

fr ¼ VfI3. (4)

The o-Ps lifetime (s3), free volume size (Vf), the intensity of o-
Ps lifetime (I3) and the relative free volume fraction (fr) as
a function of GO content were shown in Fig. 3a–c respectively.
As shown in Fig. 3a, the decrease in s3 suggests the decrease in
mean size of polymer free volume cavities, the smallest s3 and Vf
were observed for the composite contain 0.5 wt% GO.6,21 This is
due to the fully exfoliated of GO at low loading level, in which
large surface area provided by GO is benet for the formation of
hydrogen bond (Fig. 2b), limiting the mobility of WPU chains
and resulting in decease of s3 and Vf.27,36 In addition, s3 and Vf
showed a continuous increase with further increase of GO
loading, this can be ascribed to the agglomeration of GO
nanosheets, where weak interfacial interaction between stacked
GO and WPU chains has little restriction on the chain move-
ment, leading to a larger s3 and Vf.27,36 Compared with the pure
polymer matrix (WPU), lager s3 and Vf were observed for the
bond interactions between GO and WPU.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) o-Ps lifetime s3 and free volume size Vf, (b) o-Ps lifetime intensity I3, (c) fractional free volume fr, (d) interfacial interaction b of the GO/
WPU composites.
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composite with high ller load level (2 wt% GO), which is
different from the PVA/rGO composites.25 This maybe explained
as that the WPU chain has a lower crystalline ability than PVA,
which can not effectively restrict the increase of the mean size of
cavity caused by agglomeration of GO nanosheets.13,22

As show in Fig. 3b, I3 decrease with increasing GO content,
indicating a decrease in concentration of free volume in the
composites, which is similar to the results of PC/RGO
composites reported by Zhong and co-workers.28 This may be
interpreted as the reason that the introduction of GO nano-
sheets with large surface in WPU matrix results in a high-
density interfacial region and decrease the concentration of
free volume holes.28

The relative free volume fraction (fr) is plotted in Fig. 3c
showing that the composites have lower fr as compared to pure
WPU. It is seen that fr decreases as a function of GO loading at
low concentration (#0.5 wt%) and increases at high loading,
but still lower than that in pureWPU. The fr decreased at low GO
loading is due to the effective restriction of chain movement,
beneting from the fully exfoliated state and strong interfacial
interaction. The fr increased at high GO loading is due to the
little restriction of chain movement, causing by the agglomer-
ation and weak interfacial interaction.28,36 This results quanti-
tative conrmed the results of SEM (Fig. 1c–g), where dense
fracture surface was observed for the composite with low load
level and loose fracture surface was observed for the composite
with high load level.

The interfacial interaction plays an important role in deter-
mining the microstructure and properties of the composites.9,10

In the aspect of probe the interfacial interaction, PALS is more
powerful than that of FTIR. The intensity of interfacial inter-
action can be calculated from the results of PALS, but the FTIR
This journal is © The Royal Society of Chemistry 2020
can only determine the type of interfacial interaction.27

According to the previous work in the literature,25–28 part of
positrons annihilation in the interfacial layers, and the main
difference between polymer and nanoller/polymer composites
is the new formed interfacial layer, thus the variation of the
second lifetime intensity (I2) can be used to characterize the
interfacial interaction in the composites. If there is no interac-
tion between GO and WPU matrix, according to the simple
mixture rule, I2 only comes from positron annihilation in GO
and WPU, and it should be linear correlation with the GO
weight fraction. Actually, the interfacial interaction always
exists in the composites, and its intensity changes with the
change of ller content. Thus, the interaction parameter b was
introduced to probe the interaction intensity between GO ller
and WPU matrix, which can be calculated according the
following equation:27

I2 ¼ IG2 W þ IP2 ð1�W Þ þ bIG2 WIP2 ð1�W Þ (5)

where the superscripts G and P refer to GO and WPU, respec-
tively, and W is the weight fraction of GO, I2 here is 78.44%.37

The interaction parameter b as a function of the GO content is
shown in Fig. 3d. It is seen that b increases as a function of GO
loading at low concentration (#0.5 wt%) and decreases at high
loading. The composites contain 0.5 wt% GO has the largest b,
indicating the strongest interfacial interaction. The change in
b is not dramatically in composites with high load level, which
may be ascribed to the aggregation and poor dispersion of
GO.27,28 This is consistent with the variation of fr with GO
content (Fig. 3c), where strong interfacial interaction exists in
the composite with low load level and weak interfacial interac-
tion exists in the composite with high load level.
RSC Adv., 2020, 10, 32436–32442 | 32439
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Quantitative description of microstructure (relative free
volume fraction and interfacial interaction intensity) was real-
ized for GO/WPU composites with PALS technique in this work,
which will benet for the correlation between microstructure
and properties of the GO/WPU composites.
Fig. 5 TG curves of GO, WPU and different GO/WPU composites.
Thermal properties of GO/WPU composites

Glass transition temperature (Tg) is the temperature from
glassy state to elastomeric state, which is one of the most
important properties of polymer and polymer composites.
Differential scanning calorimeter (DSC) was used for the Tg

characterization of pure WPU and GO/WPU composite (Fig.
4). As WPU is an amorphous polymer, low Tg was observed for
the pure WPU sample (�57.9 �C).38 The incorporation of GO
nanosheets to WPU matrix caused the increase of Tg. It is
seen that Tg increases as a function of GO loading at low
concentration (#0.5 wt%) and decreases at high loading, but
still higher than that of pure WPU.39 This is consistent with
the variation of fr with GO content (Fig. 3c), because the Tg is
inherently determined by the free volume fraction of the
polymer. With a low GO load level, the decrease of fr meaning
GO nanosheets decrease the moving space of WPU chain,
leading to the increase of Tg. When the loading concentration
exceed 0.5 wt%, the increase of fr leading to the decrease of
Tg.27,28 The correlation between free volume fraction and Tg

was realized by PALS technique, which will benet the
precise regulation of Tg for graphene oxide based polymer
composites.

The TG proles for GO, WPU and GO/WPU composites
under nitrogen atmosphere are shown in Fig. 5. GO is ther-
mally unstable and starts to lose weight from 90 �C, which is
ascribed to the release of absorbed water. The major mass
loss occurred at 220 �C, mainly assigning to the decomposi-
tion of the oxygen-contained group such as epoxy and
hydroxyl.12,35

As for the GO/WPU composites, the incorporation of GO
enhances the thermal stability of WPU. The 50% weight loss
was observed at 344 �C for pure WPU, as the increase of GO
concentration, the temperature of 50% weight loss increased
Fig. 4 DSC curves of WPU and different GO/WPU composites.

32440 | RSC Adv., 2020, 10, 32436–32442
by 7, 10, 15 and 25 �C for the composites. This improvement
in thermal stability could be attributed to the so-called
tortuous path effect of GO, which delays the escape of vola-
tile degradation product.40,41
Mechanical properties of GO/WPU composites

The representative stress–strain curves of pure WPU and
GO/WPU composites were depicted in Fig. 6, which appar-
ently demonstrates the improvements in the mechanical
performance of the GO/WPU. Generally, the incorporation
of nanoller into polymer restricts the mobility of polymer
chain and consequently decrease the strain of the
composites.42 Interestingly, compared with pure WPU, low
GO content (#0.5 wt%) leads to an increase in the stain of
the composites, then the strain shown a consistently
decrease with further increased GO content. The possible
reason is that the interfacial interaction (Fig. 2b) between
GO and WPU is in favor of enhancing the exibility of the
composites.31 As reported in the literature,30 the hydrogen
bond can served as sacricial bond to dissipate energy,
leading to the increase of strain at low loading level
(#0.5 wt%).

Compared with the pure WPU, the tensile strength of the
composite containing 0.5 wt% GO is increased by 48% from 8.5
to 12.6 MPa. Then the tensile strength is consistently decrease
with further increased GO content, but still higher than that of
pure WPU. This can be ascribed to the different dispersed state
of GO in WPU matrix, GO was fully exfoliated at low loading
level leading to the effective dissipation of stress. On the
contrary, the aggregation of GO at relative high loading level
(>0.5 wt%) leading to a poor dissipation of stress.30,31 This
results is consistent with the variation of interaction parameter
b with GO content (Fig. 3d), because the tensile strength is
related to the interfacial interaction, which can transfer the
stress from so polymer matrix to hard nanoller. The corre-
lation between interaction parameter and tensile strength was
realized by PALS technique, which will benet the precise
regulation of tensile strength for graphene oxide based polymer
composites.43
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Stress–strain curves (a) and mechanical properties (b) of WPU and different GO/WPU composites.
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Conclusions

In summary, GO/WPU composites was prepared with a simple
casting method, the microstructure of the obtained GO/WPU
composites was revealed simultaneously by using qualitative
(SEM and FTIR) and quantitative (PALS) method. Quantitative
description of microstructure (relative free volume fraction and
interfacial interaction intensity) was realized for GO/WPU
composites with PALS technique, and correlation between
microstructure and properties (glass transition temperature
and tensile strength) was established with the PALS results. The
variation of glass transition temperature with GO content agree
well with the results of fr, and the results of interaction
parameter b gives a good explanation of the variation in tensile
strength. These results lays a good foundation on the precise
regulation of physical properties for high performance gra-
phene based polymer composites. Future work will focused on
the quantitative relationship construction between micro-
structure and properties of the graphene based polymer
composites.
Experimental section
Materials

Natural ake graphite, sodium nitrate, concentration sulfuric
acid, potassium permanganate, hydrogen peroxide, and
acetone were purchased from Sinopharm Chemical Reagent
Co., Ltd. Poly(butylene adipate) (PBA) diol (1000 g mol�1) was
purchased from Qingdao Yutian Chemical Co., Ltd and dried at
120 �C under vacuum for 2 h. Isophorone diisocyanate (IPDI),
butylene glycol (BG), dimethylol propionic acid (DMPA), trie-
thylamine (TEA) were purchased from Aladdin Chemical
Reagent Co., Ltd.
Preparation of WPU dispersion

The WPU dispersion was prepared in a four-necked round-
bottom ask, equipped with a mechanical stirrer, dropping
funnel, condenser, under a dry nitrogen atmosphere. In
a typical procedure, 40.00 g PBA (40 mmol), 1.26 g BG (14
mmol), 18.9 g IPDI (85 mmol) were added to the ask and
reacted at 75 �C for 4 h. 2.14 g DMPA (16 mmol) dissolved in
15 mL acetone was added and reacted for another hour. Then,
This journal is © The Royal Society of Chemistry 2020
1.6 g TEA (16 mmol) was added to neutralize the carboxyl
group of the prepolymer, 136 g deionized water was dropwised
into the ask to obtain a emulsion. Finally, the emulsion was
stirred at 40 �C for chain extension reaction within 1 h, WPU
dispersion was obtained with remove acetone under vacuum
for 30 min, the resulting product with a solid content of
30 wt%.
Preparation of GO/WPU composites

The graphene oxide was prepared from a modied Hummers
method, which has been reported in our previous work.29,35,44

The obtained GO was redispersed into deionized water to
prepare GO dispersion (2 mg mL�1) with ultrasound. An
appropriate amount of GO dispersion was added into 8 g WPU
dispersion, the mixture of the dispersion was stirred for 2 h.
The obtained mixture was poured and dried on a polytetra-
uoroethylene plate at 40 �C for 48 h, then dried in a vacuum
oven at 60 �C for 12 h to fabricate GO/WPU nanocomposite
lm.
Characterization

Scanning electronmicroscopy (SEM, VEGA3 TESCAN) were used
to examine the morphology of the obtained composites.
Transmission electron microscopy (TEM, Philips TECNAI)
samples were prepared by dropping the dispersion onto carbon
grids. Fourier transform infrared (FTIR) spectra were recorded
on an Avatar 360 Nicolet instrument by direct measuring
ultrathin lm of different sample. The DSC curves were recor-
ded as second heating curves from �100 to 100 �C at a heating
rate of 10 �C min�1 and a cooling rate of 10 �C min�1. Ther-
mogravimeter (TG) analysis was performed with a TG-209-F3
(PerkinElmer) under the nitrogen atmosphere at a heating
rate of 10 �C min�1 from 30 to 750 �C. The tensile properties of
GO/WPU composites were measured by a universal testing
machine (Shimadzu AG-IC), at least ve samples were tested to
obtain average values.
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