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Abstract Herein, an efficient nano TiO,-functionalized
graphene oxide nanocomposite photocatalyst was read-
ily prepared, using an ordinary solvothermal technique.
It was noted that the as-prepared nanocomposite yielded
a quadruple degradation capacity of the previously re-
ported P25-graphene composite photocatalyst towards
methylene blue (MB). To elucidate this, the Brunauer—
Emmett-Teller (BET)-specific surface area, conductivi-
ty, and water contact angle measurements were all car-
ried out. It was found out that graphene oxide was
endowed with nontrivial photocatalytic activity by in-
creasing its content in the nanocomposite (from 1/100 to
1/9, with respect to the dosage of nano TiO,). Overall,
the nano TiO,-functionalized graphene oxide nanocom-
posite is a promising candidate in applications of envi-
ronment remediation.

Keywords Nano TiO, - Graphene oxide - Photocatalyst -
Environment remediation

1 Introduction

Nowadays, photodegradation of dyes in the effluents
has drawn increasing attention for its wide applica-
bility range, operational simplicity, high cost-
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effectiveness, and green process (Hoffmann et al.
1995; Cheng et al. 2015; Rajeshwar et al. 2008).
Among all photocatalysts, nano TiO,-based catalysts
are most widely exploited. Nevertheless, more re-
searches are needed in many aspects like enhancing
the absorbability, light efficiency, and hydrophilicity
(if in aqueous medium) (Asha et al. 2015; Inagaki
et al. 2005; Kunacheva and Stuckey 2014; Woan
et al. 2009). Graphene oxide (GO) has the same
single-atomic sheet of sp? hybridized hexagonal
skeleton as graphene. But, abundant oxygenic
groups of GO (e.g., hydroxyl, carboxyl, carbonyl,
epoxy, and alkoxy groups) give it better chemical
reactivity and hydrophility, which allows GO to be
easily modified to be versatile (Yuan et al. 2014;
Zhang et al. 2014; Zhu et al. 2010). Hence, recom-
bination of the NT with GO is anticipated to open up
new possibilities for the photocatalysis technology.
Williams et al. (2008) realized the reduction of GO in
ethanol by gaining electrons from ultraviolet (UV)-irra-
diated TiO, suspensions. This methodology offered a
commercioganic reduction technique of GO, but it still
has a long way to go as the use of gold sputtered
terminations. Qiu et al. (2014) reported a simple one-
step hydrothermal method towards in situ growth of
ultradispersed mesoporous TiO, nanocrystals with
(001) facets on 3D-graphene aerogels. The TiO,/
graphene aerogels exhibited a highly recyclable photo-
catalytic activity for methy orange pollutant and a high
specific capacity in lithium-ion batteries. Heish et al.
(2015) used the hydrothermal method to obtain Pt-TiO,/
graphene photocatalysts, of which the photocatalytic
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activity was excellent for degradation of acid orange 7
under visible light. Zhang et al. (2009) prepared a chem-
ically bonded TiO, (P25)-graphene nanocomposite
photocatalyst. Compared with the bare P25 and P25-
CNTs, a significant enhancement in the reaction rate
was observed with the as-prepared photocatalyst,
though the photocatalysis performance could be further
improved.

In this study, a potent photocatalyst was prepared by
recombining NT with GO via a classic solvothermal
process to achieve better absorbability, light efficiency,
and hydrophilicity. The charge transfer and hydrone
movement in the process were investigated to explore
the possible mechanism, especially the active ions and
frequent contacts between the catalyst and hydrone. In
general, this photocatalyst is anticipated to broaden the
utilizations of TiO,/carbon-based photocatalysts in sew-
erage treatments.

2 Experimental

All chemicals used in this study were used as received,
without any further purification. All solutions were pre-
pared using deionized water. The experiments were
conducted at ambient temperature and humidity.

2.1 Synthesis of the Nanocomposite

First, graphene oxide (GO) was synthesized by the
modified Hummers” method (Hummers and Offeman
1958). In brief, 6 g of graphite was put into a mixture of
120 mL of concentrated H,SOy, 5 g of K,S,0g, and 5 g
of P,Os (Nethravathi and Rajamathi 2008). The solution
was heated to 95+3 °C and kept stirring for 5 h in an oil
bath. Then the solution was cooled down and diluted to
500 mL with slowly adding deionized water. Followed
by filtering using a cellulose eater membrane (pore size
of 0.22 um) and dehydrating under ambient condition,
the pre-oxidized product was obtained. Thereafter, the
product was further oxidized by Hummers and Offeman
methods to produce the graphite oxide. After the exfo-
liation by simultaneously agitating and ultrasonicating
0.1 mg/mL of graphite oxide dispersion for 1 h, the
graphene oxide was recovered by filtration and air dry.
The nano TiO,-functionalized graphene oxide nano-
composite was obtained via a solvothermal method
based on Rajamathi’s work with modifications. In de-
tails, 40 mg of GO was dissolved in a solution of
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deionized water (40 mL) and ethanol (20 mL) by ultra-
sonic treatment for 1 h. Then 0.36 g of NT was added in
and stirring was continued for another 2 h to get a
homogeneous suspension. Thereafter, the obtained sus-
pension was placed in a stainless autoclave and held at
120 °C for 3 h to achieve the reduction of GO and the
deposition of NT on the graphene sheet at the same time.
Finally, the resulting nanocomposite was recovered by
filtration and air drying.

2.2 Characterization

Powder X-ray diffraction (XRD) was performed on a
Bruker D8-Advance X-ray diffractometer with
monochromatized Cu Ko radiation (A=1.5418 A). Ra-
man spectra was investigated on a LabRAM Aramis
Raman Spectrometer in the frequency range between
100 and 3500 cm ™" with a resolution of 1 cm™'. Fourier
transform infrared (FTIR) spectra were carried out using
Bruker VERTEX 70 spectrometer in the frequency
range of 3600~400 cm ' with a resolution of 4 cm ™.
Specific surface areas (SSA) of all photocatalysts were
measured at 77 K by Brunauer—-Emmett-Teller (BET)
nitrogen adsorption—desorption (Micromeritics ASAP
2020 Instrument). Field emission scanning electron mi-
croscope (FESEM) image was taken with a Zeiss
LEO1530VP scanning electron microscope operated at
20 kV. The conductivity measurement was conducted
with a DDSJ 308A conductivity meter every 10 min at
ambient conditions for 50 min, and the solution concen-
tration was fixed at 0.1 g/L. The UV-visible spectra of
the photocatalysts were carried out using a UV-visible
spectrophotometer (8453, Agilent) in the A range from
200 to 900 nm. The water contact angle (WCA) of the
photocatalysts were measured by a surface tension-
contact angle tester (OCA40 Micro, Dataphysics) at
ambient conditions; the three-phase interface is consist
of air, photocatalyst solution, and glass slide.

2.3 Photocatalytic Experiments

The photodegradation of MB was measured accord-
ing to the Lambert-Beer’ law (Lambert 1760; Beer
1852). In a typical process, aqueous solutions of the
MB (5 mg/L, 20 mL) and photocatalysts (NT/the
blend/the nanocomposite, 2 mg) were placed in a
50-mL conical flask and a 10-min ultrasonic treat-
ment was being proceeded. Under ambient condi-
tions, the photoreaction vessel was exposed to the
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Fig. 1 a XRD patterns of GO, a
NT, and the nanocomposite in the
range of 5~60°. b Raman spectra GO
of NT, GO, and the
nanocomposite in the range of
100-3500 cm™ . ¢ Fourier
transform infrared (FTIR) spectra NT
of NT, GO, and the
nanocomposite in the range of
3600400 cm ™'
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Fig. 2 a Photocatalysis a
experiments of methylene blue 100 —
using neat NT, the NT/GO blend,
and the nanocomposite under
different illuminant (UV light,
visible light, and in dark). b Field
emission scanning electron
microscope (FESEM) of NT
(above) and the nanocomposite
(below) based on mica plate.
Scale bar, 200 nm

UV and visible-light irradiation, which were gener-
ated by an 8 W UV lamp (354 nm) and an 8 W
white-light lamp (620 nm) with the same intensity of
2 mW/cm?, respectively. The photocatalytic reaction
was started by turning on the Hg lamp, and the
whole system was shielded for 40 min. Then the
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photoreacted solution was centrifuged, and the su-
pernatant was analyzed by measuring the absorbance
(Amax=664 nm) on a UV-visible spectrometer (DR
2800, HACH). Dark adsorption test was adopted to
compare the adsorptivity of NT, the blend, and the
nanocomposite. In this test, 2 mg of photocatalyst
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was dispersed in 20 mL of MB solution (5 mg/L)
with ultrasonication and kept in the dark for 40 min.
Then the absorbance of the dispersion was measured
as mentioned above. From the absorbance changes
before and after the degradation, the amount of dyes
removed by the photocatalyst could be estimated.

3 Results and Discussion
3.1 Characterization of the Nanocomposite

Figure 1a shows the XRD of NT and the nanocom-
posite, in which the latter is in line with NT, and
there are no observed diffraction peaks for carbon
species. Moreover, the sharp peak that represents the
presence of GO around 11° is absent. Figure 1b
shows the Raman characterizations. It reveals that
NT is composed of anatase-TiO,, and the notable
features for GO-added samples are the peak D
(~1331 cm™ ") and peak G (~1580 cm ™ '). In addition,
the D/G intensity ratio is increased from 0.998 of
GO to 1.315 of the nanocomposite. Figure 1c¢ shows
the FTIR spectra of samples. For the nanocomposite
sample, it is evident that peaks at 450 and
1620 cm ™' associate with anatase-TiO, and the
graphene skeleton, respectively. Specifically, the ab-
sent adsorptive peak represents C=0 stretching of —
COOH at 1730 cm ™' and weaker adsorption around
3180 cm ', which relates to the carboxylic hydroxyl
group. Therefore, the reduction of GO and chemical
bonding between NT and GO during the process are
verified (Iwashina et al. 2015; Li et al. 2014).

3.2 Photocatalysis Experiments

Results of the photocatalysis experiments are shown
in Fig. 2. It is obvious that under the UV light
irradiation, the nanocomposite exhibits the highest
dye removal percentage (denoted as R% in the fol-
lowing) as 93 %, ~20 % more than those of other
photocatalysts. Specifically, the nanocomposite ex-
hibited a degradation capacity of ~46.5 mg/g to-
wards MB, which was quadruple of that of the
P25-graphene composite photocatalyst (Zhang et al.
2009). In addition, when photocatalyst is out of use,
R% under the UV irradiation is 9 %. The possibility
of reusing the photocatalyst was also examined, and
the R% stayed over 80 % after four apply-recycle

circle. This decrease might be owing to the irrevers-
ible coverage caused by dye molecules. In general,
the high R% of the nanocomposite should be attrib-
uted to the following properties.

3.2.1 Enhanced Adsorptivity

As displayed in Fig. 2a, ~64 % of R% value is
garnered by the nanocomposite when unirradiated,
which permits an excellent photocatalyst with high
adsorption capacity of dye molecules (Zhang et al.
2008; Morales et al. 2008). And the best explanation
for this was found to be its microscopic advantages.
The BET SSA measurements and the FESEM im-
ages are shown in Table 1 and Fig. 2b, respectively.
The nanocomposite is endowed with 38 % larger
SSA and nanosize compared with NT, which is in
discoid shape with dimensions ranging between 40
and 50 nm in width and 1 and 2 nm in height. Given
these facts, a mechanism could be proposed as that
NT particle bound with GO tuned the nanocompos-
ite a specific microstructure allowing more dye mol-
ecules to fix on (Hasan et al. 2015; Xiang et al.
2015). It was indicated that GO played an important
role for the increment in BET SSA, with respect to
that reported by Zhang et al. (2009). whose value
was around 51.034 m’g', but with much less GO
incorporation. Besides, vast conjugated structures of
the nanocomposite commonly seen in aromatic dyes
also made contributions (Shimizu et al. 2015).

3.2.2 High Light Efficiency

As it is shown in Fig. 3, the nanocomposite exhibits
the lowest conductivity, and the most stable absor-
bance as the A grows. And, in the photodegradation
of visible light, 68 % of R% is exhibited by the
nanocomposite, whereas the value for the mixture
and pristine NT are only 25 and 15 %, respectively.
Therefore, the ray was supposed to lose less energy

Table 1 The BET surface area measurements of NT and the
nanocomposite

NT  Nanocomposite

Single point surface area at P/Py (m*/g) 41.2  56.08
BET surface area (m>/g) 40.46 55.66
Langmuir surface area (m?/g) 543  75.02
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Fig. 3 a The absorbance-\ trend
of neat NT, the NT/GO blend, and a NT
the nanocomposite in the A range Blend
0f200~900 nm. b The Nanocomposite
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highest light efficiency was confirmed (Tryba et al.
2004). However, this evidence was supported by the
updated conjugate 7t-bond within the graphene skel-
eton by NT particles, which enlarged the extent of
m-bond, thereafter decreasing the amount of free
electrons related to the conductivity. Concurrently,
more localized electrons in the nanocomposite
would guarantee more photogeneration of electron—
hole pair participation in the catalysis, even under
visible-light irradiation (Ren et al. 2007; Sakthivel
and Kisch 2003; Woan et al. 2009; Yang 1988).
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The WCA measurement results of all samples are
listed in Fig. 4. The nanocomposite expresses the
smallest WCA, which equals to the most hydrophil-
ic (Young 1805). It was found that the enhanced
hydrophilicity was related to the more active O (in
the updated Ti—O—C bonding) that had been stimu-
lated by the positively charged Ti (Bharathidasan
et al. 2015). On the other hand, the WCA increase
was limited because the dominant graphene sheet
was nonpolar. Although there was a compromise,
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Fig. 4 The contact angle
measurements of neat NT (a), the
NT/GO blend (b), and the
nanocomposite (¢) based on the
three phases, which consist air,
phocatalyst solution, and slide

51.9°

the photoreaction efficiency was still promoted, as
the incremental probability for dye molecules to
react with radicals/ions (e.g., OH, O, ) was gener-
ated by photocatalyst particles in water (as illustrat-
ed in Scheme 1).

120°C,

® —Ti

Q

—0 (e}

Scheme 1 Schematic structure of the nano TiO,-functionalized
graphene oxide nanocomposite and its presumed processes of
photodegradating the methylene blue. The TiO, nanoparticles are
deposited on the graphene sheet, which plays important roles
during the photocatalysis process, such as increases the
photocatalyst’s adsorptivity, weakens the photogenerated elec-
tron—hole pair to recombine, and improves its solubility in water.
The methylene blue molecules was able to transfer from the
solution to the catalysts’ surface and be adsorbed via 7=—7t conju-
gation between the molecule and the aromatic regions on graphene

0.2MPa

H,0:Eth-OH= 2:1(v/v)
[ —

4 Conclusions

In summary, NT-functionalized GO nanocomposite
with excellent photocatalysis performance has been
readily prepared via a facile solvothermal process. The

sheet, and increased BET surface area would therefore enhanced
the adsorptivity for the nanocomposite when compared with bare
nano TiO,; The reconstructed Ti-O—C bond of the nanocomposite
render poorer conductivity and correspondingly lower loss of light
energy, which facilitates the promotion in light utilization
efficicency for the nanocomposite; simultaneously, the nonpolar
m—T-conjugated structure was modified, and the dispersity of the
nanocomposite was improved in contrast to pristine nano TiO,,
and broadens its practical applications

@ Springer



2 Page8of9

Water Air Soil Pollut (2016) 227: 2

nanocomposite exhibited enhanced adsorptivity, light
efficiency, and hydrophilicity. The nanocomposite had
proven a better photocatalyst over bare NT in
decomposing the MB under different illuminant irradi-
ations (UV or visible light). Moreover, the R% of the
nanocomposite was higher than that of the NT/GO
mixture, and the reconstructed Ti—~O—C bond that altered
the morphology maybe accountable for this issue. This
study is anticipated to validate a different pathway to
produce the NT/carbon-based nanocomposite as a
photocatalyst, providing reference for present tech-
niques in environment remediation.
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