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self-cleaning waterborne
polyurethane-acrylate with cationic TiO2/reduced
graphene oxide†
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and Qiang Zhao *

UV curable waterborne polyurethane acrylate (WPUA) with surfactant-modified TiO2/reduced graphene

oxide (TiO2/rGO) nanocomposites were prepared and analyzed to improve their mechanical

performance and self-cleaning ability. TiO2/rGO nanocomposites were prepared by a simple

hydrothermal method with nano-TiO2 and graphene oxide, and modified with cationic surfactant (CTAB)

to obtain a cationic TiO2/rGO (C-TiO2/rGO). Then, the obtained C-TiO2/rGO was incorporated into

anionic waterborne polyurethane acrylate by in situ fabrication to obtain a composite emulsion (C-TiO2/

rGO-WPUA). The results of Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and

scanning electron microscopy (SEM) showed that CTAB was successfully intercalated into TiO2/rGO, and

TiO2 nanoparticles were evenly distributed on graphene sheets with good dispersibility. Compared to

UV-cured neat WPUA and C-TiO2/rGO-WPUA, the mechanical properties and thermal stability of the

composites were significantly improved. When the content of C-TiO2/rGO was 0.5%, the UV-cured

composites had overall excellent performance. In particular, the WPUA composites exhibited good self-

cleaning ability in photocatalysis. The photocatalytic degradation rate of methyl orange in 0.5% C-TiO2/

rGO-WPUA reached 88.3% under 6 h visible light irradiation.
1. Introduction

The design and preparation of eco-friendly polymer materials
that exhibit high performance are still a grand challenge for
researchers worldwide. In recent years, waterborne poly-
urethane (WPU) has wide applications in coatings, adhesives,
primers, coating additives, textiles and biomaterials due to its
environmental friendliness and excellent properties.1–4

However, compared with traditional solvent-based poly-
urethanes, waterborne polyurethanes still have shortcomings in
their properties, such as poor water resistance and generally low
mechanical properties.5 UV light curing technology could be an
effective way to improve the performance of waterborne poly-
urethane. The polyurethane prepolymer can be cured under
ultraviolet light by introducing ultraviolet reactive monomers
into the molecule chains. Aer treatment with UV radiation at
room temperature, the mechanical properties of waterborne
polyurethane acrylate (WPUA) are effectively improved.6–9

Although the performance of the waterborne polyurethane has
a certain improvement aer UV-curing, it still cannot meet the
expected requirements. In this case, the above problem can be
iversity, Chengdu, Sichuan, 610065, P. R.

tion (ESI) available. See DOI:

2

effectively improved by introducing a nanoller into the
waterborne polyurethane system. At present, nanoller-polymer
composites have shown great potential for application in elec-
trocatalysts, biomaterials, and high performance materials.10–12

Nano-TiO2 is a highly efficient photocatalyst. Since nano-
TiO2 was rst used for photocatalytic decomposition of water in
1972, it has been widely used in the elds of photocatalysis,
photolysis of water and solar cells in the past few decades due to
its low cost, non-toxicity and high stability.13–16 As a widely used
inorganic ller, nano-TiO2 has also attracted much attention in
the compounding with polymers. However, TiO2 can only
absorb ultraviolet light with wavelength less than 380 nm, and it
has high recombination rate of the hole/electron pairs, result-
ing in limitation of practical application of TiO2.17 The
construction of heterostructure nanocomposites between TiO2

and other materials is considered to be a typical strategy to
improve the separation efficiency of photogenerated holes/
electrons pairs.18 Graphene has hexagonal honeycomb lattice
structure consisting of carbon atoms with sp2 hybrid, which has
excellent optical, electrical, mechanical properties and thermal
stability.19–21 Graphene and its derivatives make them ideal
platforms for various nanocomposites due to their unique
planar structure and excellent electron transport properties.
Graphene oxide (GO) is one of the important derivatives of
graphene, which maintains the layered structure of graphene
and has a large number of easily modied oxygen-containing
This journal is © The Royal Society of Chemistry 2019
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groups.22,23 Combining graphene-based materials with TiO2

without causing defects in the energy band gap of TiO2 expand
spectral sensitivity range and improve photocatalytic
activity.24–26 In addition, by incorporating graphene and TiO2

into the WPUA matrix, the excellent mechanical properties and
thermal stability of the graphene itself can further enhance
performance of WPU. More importantly, the nanoller-WPUA
composites can overcome the shortcomings of the mechanical
properties of the conventional water-based polyurethane
meanwhile exhibit excellent environmental self-cleaning ability
under visible light.

The properties of nanoller-polymer composites largely
depend on the dispersion of nanoller and the interfacial
interaction between nanoller and polymer matrix.27 However,
both graphene and TiO2 nanoparticles are poorly dispersible in
most polymer matrix and tend to aggregate. Various methods
were reported to improve the dispersibility in polymer matrix
via changing the surface properties of nanoller.28–31 Non-
covalent modication of nanoller is a simple and effective
method to promote the combination of nanoller-polymer
composites. Among non-covalent modication methods, elec-
trostatic attraction between nanoller and polymer matrix is
also an efficient approach to combine nanoller–polymer
nanocomposites. For instance, Wei et al. prepared polyacrylate/
surfactant-modied reduced graphene oxide (PA/LAS-rGO) to
investigate their tribological behaviors on exible leather
substrates. Due to the good compatibility and amphiphilicity of
LAS-rGO in polyacrylate latex, polyacrylate/LAS-rGO exhibits
good mechanical and tribological properties.32 Luo et al.
provided a facile approach for fabrication of a nanocomposite
epoxy coating with superior corrosion protection performance
by incorporating a cationic reduced graphene oxide (RGO-
ID+).33

In this work, we provided a novel and eco-friendly approach
for fabrication of nanocomposites-WPUA with excellent
mechanical properties and self-cleaning performance in pho-
tocatalysis by incorporating a cationic modied TiO2/reduced
graphene oxide (C-TiO2/rGO) to anionic WPUA. The cationic
surfactant hexadecyl trimethyl ammonium bromide (CTAB) was
intercalated into TiO2/rGO to improve the dispersibility of TiO2/
rGO nanocomposites in polymer matrix. The C-TiO2/rGO
composite WPUA (C-TiO2/rGO-WPUA) was prepared by
combining cationic TiO2/rGO with anionic waterborne poly-
urethane acrylate by electrostatic attraction. It is expected that
C-TiO2/rGO-WPUA could exhibit great performance improve-
ment in thermal stability, mechanical properties and environ-
mental self-cleaning ability.

2. Experimental section
2.1 Materials

Nano-TiO2 (99.8% metals basis), 2-hydroxy-40-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, photo-
initiator), hexadecyl trimethyl ammonium bromide (CTAB, AR),
N,N-dimethylformamide (DMF, AR), isophorone diisocyanate
(IPDI, 99%), polytetramethylene ether glycol (PTMEG, Mn ¼
1000 g mol�1), 2,2-dimethylolbutyric acid (DMBA, 98%),
This journal is © The Royal Society of Chemistry 2019
triethylamine (TEA, 99%) and dibutyltin dilaurate (DBTDL,
98%), acetone (AR) were purchased from Aladdin Biological
Technology Co., Ltd. (Shanghai, China). 1,4-Butanediol (BDO,
98%), hydroxyethyl methacrylate (HEMA), sulfuric acid (H2SO4,
98%), phosphoric acid (H3PO4, 85%), potassium permanganate
(KMnO4), hydrogen peroxide (H2O2, 30%), and hydrochloric
acid (HCl, 37%), methyl orange powder were obtained from
Kelong chemical Co., Ltd. (Chengdu, China). Graphite powder
was purchased from HuaYuan Chemical Industry Co., Ltd.
(Shanghai, China).

2.2 Preparation of GO

GO was prepared by the modied Hummers' method.34,35 1 g of
graphite powder was placed in a beaker. 135 ml of H2SO4 and
15ml of phosphoric acid were then added, and stirred under ice
bath for 5–10 min. 6 g of KMnO4 was slowly added to the
uniformly stirred black graphite solution under ice bath for 30
minutes, and the color of the solution gradually turned dark
green. The mixture was stirred for 12 h at room temperature.
Then, a certain amount of ice water was slowly added into the
mixture under ice bath. H2O2 was then added until no bubbles
generated, meantime the solution turned from dark green to
dark yellow. Finally, the obtained mixture was ltered through
a sand core funnel, washed with 3% HCl and deionized water
until the pH reached neutral, and then freeze-dried to obtain
brown GO.

2.3 Preparation of C-TiO2/rGO nanocomposites

C-TiO2/rGO nanocomposites were synthesized by a two-step
method.36,37 Firstly, the TiO2/rGO nanocomposites were
prepared by hydrothermal method. A homogeneous TiO2/GO
suspension was obtained by dispersing 0.1 g of TiO2 and 0.1 g of
GO in 50 ml of water and 25 ml of absolute ethanol in an
ultrasonic bath for 30 minutes. Aer stirring for 2 h, the mixture
was transferred to a 100 ml Teon-lined autoclave and heated at
180 �C for 12 h. The hydrothermal process would partially
reduce GO to rGO. The resulting suspension was separated and
washed repeatedly with distilled water and absolute ethanol,
and nally dried at 50 �C for 6 hours to prepare TiO2/rGO
nanocomposites.

Then, the TiO2/rGO nanocomposites (0.1 g) obtained in the
previous step was dispersed in DMF (10ml) and sonicated for 30
minutes to form a uniform suspension. DMF solution of CTAB
(0.2 g CTAB in 200 ml DMF) was slowly added into the above
suspension. The mixture was sonicated for 8 h and stirred for
24 h, then ltered, washed several times with distilled water and
absolute ethanol, and dried in an oven at 50 �C to obtain C-TiO2/
rGO. The preparation process of C-TiO2/rGO nanocomposites
was shown in Scheme 1.

2.4 Preparation of C-TiO2/rGO-WPUA nanocomposites

0.01 mol of PTMEG, 0.045 mol of IPDI and DBTDL as catalyst
(0.25 weight percent of total solids) were charged to a 250 ml
three-necked round bottom ask equipped with a nitrogen
inlet, condenser, oil bath and mechanical stirrer. The reaction
was carried out at 85 �C for 2 hours with stirring at 200 rpm. An
RSC Adv., 2019, 9, 18652–18662 | 18653
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Scheme 1 Preparation process of C-TiO2/rGO nanocomposites.

Scheme 2 Preparation process of C-TiO2/rGO-WPUA hybrid
emulsion.
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additional chain extension reaction was carried out with
0.01 mol DMBA (dissolved in 15 ml acetone) at a temperature of
70 �C to form an NCO-terminated PU prepolymer for an addi-
tional 2.5 hours. Then, an appropriate amount of BDO was
added to the reaction mixture at 70 �C for 1 hour. The reaction
18654 | RSC Adv., 2019, 9, 18652–18662
was then cooled to 60 �C, HEMA (1.393 g) was added to the
system and allowed to react at 60 �C for 5 hours. When the
temperature was cooled to 40 �C, TEA (DMPA equivalent) was
added to neutralize the acidic groups for 30 minutes.

Then, the prepared C-TiO2/rGO was rstly dispersed in
deionized water, ultrasonically obtained for one hour to obtain
a homogeneous dispersion solution, and the dispersion was
added to the reaction system under vigorous stirring for 30
minutes. Finally, acetone was removed using a rotary evaporator
at 45 �C. The solid content of the resulting dispersion was
30 wt%. The preparation process of C-TiO2/rGO-WPUA hybrid
emulsion was shown in Scheme 2.

2.5 Preparation of C-TiO2/rGO-WPUA composites lms

The lms were obtained by pouring the C-TiO2/rGO-WPUA
emulsions with 3 wt% Irgacure 2959 photoinitiator onto
a smooth and clean glass plate to dry at room temperature for 5
days. The dried lm was cured by using a UV lamp (8 W cm�1,
wavelength 356 nm, Valley Photoelectric Technology Co., Ltd)
for 3 min. For comparison, the lms of TiO2/rGO-WPUA, rGO-
WPUA and TiO2/rGO-WPUA were also prepared by using the
same procedure. The composites lms with C-TiO2/rGO
contents (with respect to the WPUA solid content) of 0.1, 0.5,
and 1.0 wt% were denoted as 0.1% C-TiO2/rGO-WPUA, 0.5% C-
TiO2/rGO-WPUA and 1.0% C-TiO2/rGO-WPUA, respectively. The
composites lms with TiO2/rGO contents of 0.1, 0.5, and
1.0 wt% were denoted as 0.1% TiO2/rGO-WPUA, 0.5% TiO2/rGO-
WPUA and 1.0% TiO2/rGO-WPUA, respectively. The composites
lms with only rGO or TiO2 contents of 0.5 wt% were denoted as
0.5% rGO-WPUA and 0.5% TiO2-WPUA.

2.6 Characterization

UV-Vis absorption spectrum was recorded with a Purkinje
TU1901 UV-Vis spectrophotometer at room temperature. High-
resolution transmission electron microscopy (HRTEM) image
was detected with FEI Tecnai GF20S-TWIN equipment. XRD
measurements were performed at Panalytical X'Pert Pro MPD
instrument with Cu Ka radiation. All samples were scanned in
2q range from 5� to 80�. Fourier transform infrared (FTIR)
spectra were recorded with a Nicolet NEXUS 670 FTIR spec-
trometer at room temperature. The spectra were recorded in the
range of 4000–400 cm�1 at a resolution of 4 cm�1. Raman
spectra of GO, TiO2/rGO, C-TiO2/rGO were obtained on Raman
spectrometer (HORIBA LabRAM HR) with laser of wavelength
532 nm from 100 to 3300 cm�1. Thermogravimetric analysis
(TGA) was performed by using a METTLER TOLEDO TGA/DSC
2/1600-ThermoStar from 30 �C to 600 �C under nitrogen at
a rate of 10 �Cmin�1 for characterizing the inorganic llers and
WPUA composites, respectively. Field Emission Scanning Elec-
tron Microscopy (JEOL JSM-7500 F) was used to observe
morphological features of GO, TiO2/rGO, C-TiO2/rGO and frac-
tured surface of WPUA composites. Tensile strength and elon-
gation at break of the WPUA composites were measured using
a RGT-SX-10 electronic universal material testing machine
(Shenzhen Reger Instrument Co., Ltd) at room temperature,
with a cross head speed of 100 mm min�1.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) FTIR spectra of GO, TiO2, TiO2/rGO and C-TiO2/rGO, (b) Raman spectra of spectra of GO, TiO2/rGO and C-TiO2/rGO, (c) X-ray
diffraction patterns of GO, TiO2, TiO2/rGO and C-TiO2/rGO and (d) TGA thermograms of the GO, TiO2, TiO2/rGO and C-TiO2/rGO.
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The self-cleaning properties of the WPUA were evaluated by
photocatalytic degradation of the methyl orange (MO) under
300 W Xe lamp (420 nm < l < 780 nm). In a typical test, the
Fig. 2 FESEM images of (a) GO, (b) TiO2/rGO and (c) C-TiO2/rGO, and T

This journal is © The Royal Society of Chemistry 2019
WPUA lms (average weight 0.6–0.8 g) were cut into small
pieces (almost 5 � 5 mm2 in size), and these chopped WPUA
lms were immersed in 80mL of a 20 ppmMO. Themixture was
EM images of (d) GO, (e and g) TiO2/rGO and (f and h) C-TiO2/rGO.

RSC Adv., 2019, 9, 18652–18662 | 18655
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Fig. 3 FTIR spectra of WPUA and C-TiO2/rGO-WPUA with various
nanocomposites loadings.

Fig. 4 Thermogravimetric analysis (TGA) curves for WPUA, (a) TiO2/
rGO-WPUA and (b) C-TiO2/rGO-WPUA with various nanocomposites
loadings (internal magnified images of local parts were inserted for
better observation).

Table 1 Main decomposition temperature of for WPUA, TiO2/rGO-
WPUA and C-TiO2/rGO-WPUA with various nanocomposites
loadingsa

Composites T95% (�C) T90% (�C) T50% (�C) Wpre (%)

Neat WPUA 206.4 263.9 354.1 0.8
0.5% rGO-WPUA 233.1 272.1 361.7 0.5
0.5% TiO2-WPUA 217.3 268.4 358.0 0.4
0.1% TiO2/rGO-WPUA 225.9 267.7 359.9 0.4
0.5% TiO2/rGO-WPUA 228.4 269.6 359.8 0.4
1.0% TiO2/rGO-WPUA 228.9 269.5 355.9 0.2
0.1% C-TiO2/rGO-WPUA 224.2 268.9 355.3 2.6
0.5% C-TiO2/rGO-WPUA 234.5 269.9 355.8 1.0
1.0% C-TiO2/rGO-WPUA 235.6 273.0 362.7 0.3

a T95%: temperature at 90% mass loss; T90%: temperature at 90% mass
loss; T50%: temperature at 50% mass loss; Wpre: percentage of residue
remained at the end (600 �C).

18656 | RSC Adv., 2019, 9, 18652–18662
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then placed in the dark and stirred for 0.5 h to achieve
adsorption equilibrium. The MO solution was then photo-
degraded under visible light illumination. The change in
concentration of MO was monitored by measuring the charac-
teristic methyl orange peak (465 nm) at specic illumination
time intervals.
3. Results and discussion
3.1 Characterization of the nanocomposites

The FTIR spectra of GO, TiO2, TiO2/rGO and C-TiO2/rGO were
shown in Fig. 1(a). From the GO spectrum curve, it could be
observed that –OH stretching vibration peak appeared near
3437 cm�1, C]O stretching vibration peak appeared at
1726 cm�1, C–OH bending vibration peak appeared at
1630 cm�1, C–O stretching vibration peak of carboxyl appeared
at 1400 cm�1 and C–O–C vibration absorption peak of epoxy
group appeared at 1052 cm�1. For TiO2, a broad absorption
peak at 3000–3600 cm�1 and a peak at 1632 cm�1 could be
attributed to the vibration of OH groups of adsorbed water and
the Ti–OH group. The absorption peak around 500–700 cm�1

was assigned to the signal of Ti–O–Ti bond.38 The disappear-
ance of the C]O peak at 1726 cm�1 and the C–O stretching
vibration peak at 1400 cm�1 and the weakening of the OH
stretching vibration peak at 3412 cm�1 indicated that GO was
partially reduced to rGO in the nanocomposites.39 Also, the
presence of the Ti–O stretching vibration peak at 472 cm�1

indicated the presence of TiO2 nanoparticles in the nano-
composites. New peaks at 2915 cm�1 and 2843 cm�1 for C-TiO2/
rGO could be ascribed to the asymmetric and symmetrical
stretching vibration of C-H in the alkyl chain of cationic
surfactant CTAB, which was an evidence of the successful
intercalation of TiO2/rGO with CTAB.40

Raman spectroscopy is an effective tool for characterizing
graphene materials, indicating the quality and defects of gra-
phene materials through the D band and G band.41 Fig. 1(b)
showed the Raman spectra of GO, TiO2/rGO and C-TiO2/rGO,
both of which mainly dominated by the D band located at
�1349 cm�1 and G band located at �1598 cm�1, attributed to
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Fracture surface SEM images of (a) and (b) neat WPUA, (c) and (d) 0.5% TiO2/rGO-WPUA, and (e) and (f) 0.5% C-TiO2/rGO-WPUA.
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sp3 defect and graphitic sp2 carbons, respectively.42 The inten-
sity ratio (ID/IG) between G band and D band indicates the
disorder degree of graphene structure. The ID/IG intensity ratio
of TiO2/rGO and C-TiO2/rGO were calculated to be 1.06 and 1.04,
respectively. The increased ID/IG intensity ratio compared with
that of GO (1.01) could be one of the indicators for GO reduction
because the reduction of GO easily introduced more defects at
the edge of the graphitic sheets.43 In addition, the ID/IG ratio of
TiO2/rGO modied by CTAB decreased from 1.06 to 1.04, indi-
cating a decrease in defect density in TiO2/rGO nano-
composites. The appearance of the 2D peak in the Raman
spectra of TiO2/rGO and C-TiO2/rGO at 2692 cm�1 indicated the
presence of multilayer graphene sheets in nanocomposites.44

GO did not show this particular band. This phenomenon was
due to the fact that GO prepared by the modied Hummers'
method contained a large number of defects and heavy oxida-
tion of its basal plane, which affected the scattering of
secondary phonons, resulting in weak or no 2D and D + G bands
in Raman spectroscopy of GO. Nevertheless, Raman spectrum
of TiO2/rGO and C-TiO2/rGO showed the typical mode of
anatase TiO2 (�148, �201, �393, �512 and �635 cm�1), indi-
cating the presence of anatase TiO2 in C-TiO2/rGO and TiO2/
rGO.

The XRD patterns of GO, TiO2, TiO2/rGO and C-TiO2/rGO
nanocomposites were shown in Fig. 1(c). GO exhibited a reec-
tion peak at 10.1� corresponding to the interlayer distance of
0.87 nm. The peaks of 2q values at 25.3�, 37.8�, 48.0�, 53.9�,
55.1�, and 62.7� were assigned to the (101), (004), (200), (105),
(211) and (204) planes of anatase TiO2, respectively.45 The XRD
peak positions and peak shapes of C-TiO2/rGO and TiO2/rGO
were almost the same as those of pure TiO2, indicating the
This journal is © The Royal Society of Chemistry 2019
presence of TiO2 in C-TiO2/rGO and TiO2/rGO. Similar positions
and shapes of their XRD peaks may be due to the fact that the
crystallinity of TiO2 was too much stronger than that of rGO,
and the weak characteristic peak of the reduced graphene was
totally masked by the main peak of anatase TiO2 at 25.3�.46,47

Moreover, the specic number of graphene layers could be
calculated from the XRD data. Take GO as an example:

Firstly, the (001) XRD diffraction peak of GO was tted to
obtain FWHM (full width at half maximum) ¼ 0.881� and 2q ¼
10.17�. According to the Bragg equation and Scherrer equation:

2d sin q ¼ nl (1)

D ¼ Kl

B cos q
(2)

where d was the interplanar spacing, l was the X-ray wavelength
(l¼ 0.154056 nm), n was the diffraction order (n¼ 1), D was the
average thickness of the grains perpendicular to the crystal
plane, K was the Scherrer constant (K ¼ 0.89) and B was the
diffraction order (FWHM of measured sample). Substituting the
equation, the graphene sheet spacing in GO was 0.87 nm and D
value of GO was 8.96 nm. It could be calculated that the L value
(number of graphene layers) of about 11 layers in GO by the
ratio of D and d. Similarly, it was calculated that L(TiO2/rGO) ¼
20.77 (about 21 layers) and L(C-TiO2/rGO) ¼ 16.57 (about 17
layers). Comparing the graphene layers of GO, TiO2/rGO and C-
TiO2/rGO, the results showed that the interlayer spacing
between graphene sheets were reduced aer the thermal
reduction of GO, and the graphene sheets had a certain aggre-
gation resulting in an increase in the number of graphene
layers. Aer modication by CTAB, CTAB was embedded into
RSC Adv., 2019, 9, 18652–18662 | 18657
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Fig. 6 (a) Tensile stress–strain curves of the TiO2/rGO-WPUA and C-
TiO2/rGO-WPUA with various nanocomposites loadings. (b) Summary
of the tensile modulus data of the (I) neat WPUA, (II) 0.5% rGO-WPUA,
(III) 0.5% TiO2-WPUA, (IV) 0.1% TiO2/rGO-WPUA, (V) 0.5% TiO2/rGO-
WPUA, (VI) 1.0% TiO2/rGO-WPUA, (VII) 0.1% C-TiO2/rGO-WPUA, (VIII)
0.5% C-TiO2/rGO-WPUA and (IX) 1.0% C-TiO2/rGO-WPUA.
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graphene sheets through the intercalation reaction, partially
alleviating the aggregation between graphene sheets.

TGA thermograms of GO, TiO2, TiO2/rGO and C-TiO2/rGO
were shown in Fig. 1(d). TiO2 remained thermally stable up to
600 �C under nitrogen atmosphere, and a small part of weight
loss was due to desorption of water molecules adsorbed on the
surface of TiO2. In contrast, GO was thermally unstable, with
a weight loss of up to 60.1% at 600 �C, which was related to the
pyrolysis of a large number of unstable oxygen functional
groups such as hydroxyl, carboxyl and carbonyl on its surface.48

At 600 �C, the weight loss of TiO2/rGO and C-TiO2/rGO were
10.5% and 11.6%, respectively. This weight loss was due to the
decomposition of oxygenated groups, reduced graphene and
other organic compounds. It was worth noting that the weight
loss of C-TiO2/rGO was higher than that of TiO2/rGO due to the
decomposition of CTAB molecules in C-TiO2/rGO.

3.2 Morphology of the nanocomposites

The FESEM images showed the surface morphological charac-
teristics of GO, TiO2/rGO and C-TiO2/rGO. It can be seen from
18658 | RSC Adv., 2019, 9, 18652–18662
Fig. 2(a) that the microstructure of the GO had obvious wrinkles
with sheet structure. Comparing the FESEM images of TiO2/rGO
(Fig. 2(b)) with C-TiO2/rGO (Fig. 2(c)), it could be seen that TiO2

nanoparticles were both successfully loaded on the rGO sheets,
and the sizes of TiO2 nanoparticles were distributed between
15 nm and 30 nm by scale analysis with soware ImageJ.
Moreover, it could be clearly seen from the FESEM images that
the TiO2 nanoparticles in TiO2/rGO had large amount of
agglomeration on the rGO sheets with poor dispersion.
Compare with TiO2/rGO, TiO2 nanoparticles in C-TiO2/rGO were
relatively well-distributed on the rGO sheets without large
aggregation. This was probably because the dispersion of the
TiO2 nanoparticles on the graphene sheet is effectively
improved by the modication of the surfactant CTAB.

The TEM images of GO (d), TiO2/rGO (e and g) and C-TiO2/
rGO (f and h) were shown in Fig. 2. Compared with the clean
surface of bare GO sheets (Fig. 2(d)), tiny nanoparticles were
observed on the rGO sheets (Fig. 2(e–h)). The TEM images of the
TiO2/rGO and C-TiO2/rGO demonstrated that TiO2 nano-
particles were both successfully loaded on the rGO sheets. In
addition, it could be seen that the sizes of the TiO2 nano-
particles were between 15 nm and 30 nm, and the results were
consistent with the above SEM results. Similarly, the TiO2

nanoparticles in TiO2/rGO had uneven aggregation on the rGO
sheets and showed poor dispersion, while the distribution of
TiO2 nanoparticles in C-TiO2/rGO was relatively uniform
without obvious large aggregation.

3.3 Characterization of the WPUA and its composites

The FTIR spectra of WPUA and C-TiO2/rGO-WPUA with various
nanocomposites loadings were shown in Fig. 3, all of which
showed nearly similar absorption curves. This should be due to
the fact that the addition of small amount of C-TiO2/rGO had
low inuence on the FTIR spectrum of the WPUA.49 As illus-
trated, the stretching vibration peak of N–H at �3400 cm�1 and
the stretching vibration peak of C]O at �1713 cm�1 indicated
that the urethane bonds were formed by the reaction of iso-
cyanato group of IPDI and the hydroxyl group of PTMEG. The
peaks appeared at �2962 cm�1 and �2870 cm�1 represented
C–H stretching and CH2 stretching absorption peak. The
absorption peak at �1094 cm�1 was attributed to the stretching
vibration of the C–O–C of the polyether. The disappearance of
the stretching vibration peak of the NCO group at 2270 cm�1

conrmed that complete reaction of –NCO.50 Moreover, a small
band of�1649 cm�1 attributed to the C]C stretching vibration
peak in acrylic was observed.51

3.4 Thermal properties

TGA was used to characterize the thermal stability of WPUA and
its composites. The TGA curves for neat WPUA, TiO2/rGO-WPUA
and C-TiO2-rGO/WPUA under N2 atmosphere were shown in
Fig. 4, and the main decomposition temperature corresponding
to different weight loss was summarized in Table 1. All ther-
mograms demonstrated two step degradation proles for the
presence of so and hard segments in WPUA. The TGA curves
showed that the TiO2/rGO-WPUA and C-TiO2/rGO-WPUA were
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Degradation curves of the methyl orange aqueous solution by TiO2/rGO-WPUA composites under visible light illumination, (b)
degradation curves of themethyl orange aqueous solution by C-TiO2/rGO-WPUA composites under visible light illumination, (c) first order fitting
kinetic curves of C-TiO2/rGO-WPUA composites, (d) photocatalytic degradation of methyl orange by C-TiO2/rGO-WPUA with different loading
of three cycle times.
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shied toward a higher temperature compared with that of neat
WPUA. From Table 1, the T95% of the TiO2/rGO-WPUA and C-
TiO2/rGO-WPUA at 1.0 wt% nanocomposites content were
about 22.5 �C and 29.2 �C higher than neat WPUA, respectively.
The results showed that the addition of nanocomposites
improved the thermal stability of TiO2/rGO-WPUA and C-TiO2/
rGO-WPUA. The increased thermal stability was due to the
presence of inorganic components with additional heat insu-
lating capacity, which stabilized WPUA composites against
thermal decomposition. Moreover, the presence of strong non-
covalent interactions between nanocomposites and WPUA
matrix enhanced the thermal stability of the composites.

3.5 Fracture surface morphology

The dispersion of the nanocomposites in the polymer matrix
strongly inuences the properties of the composites.52 To
investigate the dispersibility and compatibility of the nano-
composites in the WPUA matrix, the microscopic morphology
of the fracture surface of the WPUA and its composites were
observed by SEM.

Fracture surface SEM images of neat WPUA and its
composites were shown in Fig. 5. All WPUA and its composites
were pre-immersed in liquid nitrogen for a few hours and then
This journal is © The Royal Society of Chemistry 2019
chopped, and the dispersion of the llers in the polymer matrix
were observed by SEM. From Fig. 5, all WPUA lms had similar
fracture morphology with some ridges, while the fracture
surface of the WPUA composites were relatively rough than that
of neat WPUA. In addition, the fracture surface of the 0.5%
TiO2/rGO-WPUA (Fig. 5(c) and (d)) was not uniformly dispersed,
and obvious exposed nanocomposites were observed on the
fractured surface, which suggested that the aggregation
occurred. In comparison to 0.5% TiO2/rGO-WPUA, the fractured
surface of the 0.5% C-TiO2/rGO-WPUA (Fig. 5(e) and (f)) was
obviously more homogenous due to the relatively strong ionic
interaction between C-TiO2/rGO and the WPUA matrix.

3.6 Mechanical properties

It is of great guiding signicance to investigate the mechanical
properties of WPUA for its practical application. Fig. 6(a) and (b)
showed the tensile stress–strain curves and tensile modulus of
WPUA and its composites. It could be seen from Fig. 6(a) that
the overall performance of most composites were higher than
that of neat WPUA. The C-TiO2/rGO-WPUA exhibited better
mechanical properties than TiO2/rGO-WPUA or neat WPUA.
With the increase of the amount of nanollers, the mechanical
properties of TiO2/rGO-WPUA or C-TiO2/rGO-WPUA increased
RSC Adv., 2019, 9, 18652–18662 | 18659
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rstly and then signicantly decreased. This might due to the
aggregation of the nanollers in theWPUAmatrix with a further
addition (1.0%) of nanocomposites. Greater performance
improvement of C-TiO2/rGO-WPUA could be attributed to good
compatibility and strong interfacial interaction of the nano-
composites with the WPUA matrix. Specically, the C-TiO2/rGO-
WPUA with 0.5% nanocomposites content produced
a maximum tensile strength of 31.4 MPa, elongation at break of
357.2% and Young's modulus of 80.5 MPa, which meant 51.5%,
60.6% and 78.5% enhancement comparing with neat WPUA,
respectively. It should be noted that the performance of the
WPUA composites were greatly improved when only rGO was
added. 0.5% rGO-WPUA produced tensile strength of 29.7 MPa,
elongation at break of 335.6% and Young's modulus of
61.1 MPa. However, this phenomenon did not occur when only
TiO2 was added, indicating that rGO played a more important
role in improving the mechanical properties of the WPUA
composites. This may be because rGO had stronger strength
and stiffness than TiO2. Moreover, compared with TiO2 nano-
particles, the larger layered structure of rGO had a larger surface
area, and the incorporation of rGO could effectively increase the
compactness of the WPUA composite lm, thereby better
improving mechanical properties.
3.7 Photocatalytic properties

In this study of photocatalytic properties, methyl orange (MO)
was selected as the model dirt for testing the self-cleaning
properties of the prepared composite lms. The photocatalytic
degradation of the dye was investigated by immersing chopped
pieces of the composite lms into the solution of MO under
visible light illumination. Degradation curves were shown in
Fig. 7(a) and (b).

It is well known that TiO2/graphene nanocomposites exhibit
enhanced photocatalytic activity compared to pure TiO2 nano-
particles.53 Therefore, when TiO2/rGO-WPUA and C-TiO2/rGO-
WPUA composites were used as photocatalysts, photocatalytic
degradation of MO solution resulted in a signicant decrease in
MO concentration. From Fig. 7(a) and (b), all of the composites
exhibited predictable photocatalytic degradation ability. The
highest efficiency of the dye degradation was recorded in the
presence of the sample of 0.5% C-TiO2/rGO-WPUA, where
88.3% of MO was decomposed aer 6 hours under visible light
illumination (time-dependent UV absorption spectra and image
showing the degradation of MO at different times were shown
in Fig. s1 and s2†). The 0.5% C-TiO2/rGO-WPUA sample had the
highest efficiency for degrading MO dyes because 0.5% C-TiO2/
rGO could be well dispersed in the WPUA matrix (this could be
reected in the fracture surface SEM images). Moreover, with
CTAB modication in C-TiO2/rGO, the TiO2 nanoparticles were
more uniformly dispersed on the reduced graphene sheets, the
composites had a higher absorption light area and a higher
surface area in the photocatalysis, resulting in higher photo-
catalytic performance. In comparison, neat WPUA had a degra-
dation efficiency of only 8.7%. 0.5% rGO-WPUA and 0.5% TiO2-
WPUA had certain degradation ability of 40.9% and 20.4%. In
addition, a blank test without WPUA was also carried out, and
18660 | RSC Adv., 2019, 9, 18652–18662
almost no MO concentration changes were found aer 6 hours
under visible light illumination. The photocatalytic perfor-
mance of C-TiO2/rGO-WPUA composites were slightly better
than that of TiO2/rGO-WPUA, which was attributable to better
dispersibility of C-TiO2/rGO in WPUA matrix and better dis-
persibility of TiO2 nanoparticles on rGO sheets. Moreover, the
photocatalytic performance of TiO2/rGO-WPUA and C-TiO2/
rGO-WPUA composites were both signicantly decreased with
a further addition (1.0%) of nanocomposites. It may be attrib-
uted to the accumulation of excess nanocomposites in the
WPUA matrix. The uneven dispersion affected the absorption of
visible light by the composites, resulting in a decrease in pho-
tocatalytic performance. Fig. 7(c) depicted the corresponding
kinetic curves tted with a rst order kinetic equation:

ln(C/C0) ¼ �kt

where C was the concentration of MO at any time, C0 was the
initial concentration (at t¼ 0) of the MO and k was the apparent
reaction rate constant. The tting plots of ln(C/C0) versus time
demonstrated that the degradation of the MO was well
described by rst order kinetics with the tting coefficients over
0.98, indicating a regular photo-degradation behavior.54 The
photocatalytic recyclability of C-TiO2/rGO-WPUA with different
loadings also had been investigated. From Fig. 7(d), all of the C-
TiO2/rGO-WPUA composites showed stable photocatalytic
ability aer three cycles of degradation of MO.
4. Conclusions

A series of C-TiO2/rGO-WPUA composites were prepared via
incorporation of cationic TiO2/rGO with WPUA. The cationic
surfactant CTAB was intercalated into the TiO2/rGO nano-
composites, which effectively improved the dispersibility of
TiO2 on the reduced graphene sheets and the dispersibility of
TiO2/rGO nanocomposites in the polymer matrix. The C-TiO2/
rGO nanocomposites were efficiently assembled with the WPUA
matrix by ionic interaction and exhibited excellent dispersibility
in the WPUA matrix. By introducing cationic surfactant-
modied TiO2/rGO nanocomposites into WPUA, the thermal
properties, mechanical properties and photocatalytic properties
of WPUA composites were signicantly improved. The
mechanical properties of WPUA composites largely depended
on the dispersion of TiO2/rGO in WPUA matrix. With the
increase of the amount of nanocomposites, the mechanical
properties of WPUA composite increased rstly and then
signicantly decreased. Compared with neat WPUA, the elon-
gation at break, tensile strength and elastic modulus of 0.5 wt%
C-TiO2/rGO-WPUA composites increased signicantly by 49.9%,
43.0% and 78.5%, respectively. The composites also exhibited
good self-cleaning ability in photocatalysis. Interestingly, the
photocatalytic performance of WPUA composites were mainly
related to the content of nanocomposites other than the
dispersion of nanocomposites. The highest efficiency of the dye
degradation (88.3%) was recorded in the presence of the sample
of 0.5% C-TiO2/rGO-WPUA aer 6 hours visible light illumina-
tion. In summary, a novel approach for fabrication of
This journal is © The Royal Society of Chemistry 2019
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a nanocomposites-WPUA with high performance and self-
cleaning ability was introduced by incorporating C-TiO2/rGO
to anionic WPUA. C-TiO2/rGO-WPUA composites may be used
as a new environment-friendly waterborne polyurethane mate-
rial for self-cleaning coating.
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L. Irusta, Prog. Org. Coat., 2016, 99, 437–442.

52 T. Kuilla, S. Bhadra, D. Yao, N. H. Kim, S. Bose and J. H. Lee,
Prog. Polym. Sci., 2010, 35, 1350–1375.

53 Y. Zhang, Z. R. Tang, X. Fu and Y. J. Xu, ACS Nano, 2010, 4,
7303–7314.

54 R. Duarah and N. Karak, New J. Chem., 2018, 42, 2167–2179.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03250a

	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a

	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a

	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a
	Improvement of self-cleaning waterborne polyurethane-acrylate with cationic TiO2/reduced graphene oxideElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03250a


