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Abstract:  Graphene oxide (GO) obtained from coal-based graphite by the Hummers method was hydrothermally treated to ob-
tain reduced GO (rGO). TiO, was mixed with aqueous suspensions of GO and rGO and dried at 70 °C to obtain GO-TiO, and rGO-
TiO, with 95% (mass fraction) TiO,. TiO, was also combined with a GO suspension by hydrothermal treatment to obtain rGO-hTiO,
with 95% TiO,. The three hybrids were used as catalysts for the photocatalytic degradation of rhodamine B (Rh B) and methyl or-
ange (MO). Of the three materials, rGO-hTiO, had the highest catalytic activity for the degradation of Rh B and MO under visible
light irradiation. The reasons for having the best catalytic activity are that the incorporation of rGO into TiO, helps increase its ad-
sorption capacities for Rh B and MO as evidenced by adsorption in dark, and a narrowing of the TiO, band gap as revealed by dif-
fuse UV reflectance spectroscopy. This reduces the rate of recombination of electron—hole pairs by there being intimate contact
between the TiO, particles and rGO, forming Ti-O-C bonds as confirmed by XPS, with the TiO, particles being uniformly decorated

on the rGO sheets.
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1 Introduction

In the past few decades, rapidly developing
chemical industries have polluted water around the
world"?. Water-soluble pollutants are quickly ad-
sorbed in the aquatic system and eventually threaten
human health. To ameliorate the environmental harm
of water-borne pollutants, polluted water has been re-
mediated by various strategies, including adsorption,
filtration, ion exchange, biological treatment, and pho-

todegradation” ..

Photodegradation is among the
most promising methods, as it removes most pollut-
ants under moderate temperature and pressure condi-
tions without generating secondary pollution. In the
photodegradation process, oxidation and hydrolysis
cooperatively degrade pollutants into harmless inor-
ganic substances such as H,0 and CO,"*”. Of course,
solar irradiation provides sufficient energy for driving
this process.

Previous research has identified four main steps
of the photodegradation process®™: (1) the formation
of charge carriers (electron-hole pairs) under suffi-
ciently energetic light irradiation; (2) the separation
and transportation of charge carriers; (3) the oxida-
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tion-reduction reactions between the charge carriers
and catalyst-surface species, which generate reactive
oxygen species, hydroxyl and superoxide radicals;
(4) the transformation and degradation of pollutant
molecules by the synergistic interaction of active rad-
icals and charge carriers. The photodegradation pro-
cess is often accelerated by photocatalysts, which de-
termine the generation, transfer and utilization effi-
ciency of the photogenerated charge carriers'”. At
present, TiO, is the most successful and promising
photocatalyst owing to its high chemical and thermal
stability, high refractive index, nontoxicity, and suit-
able redox potential. However, TiO, can be excited
only by UV and the photogenerated carriers, which
easily recombine, leading to Ilow quantum
efficiency™. To improve the photocatalytic activity of
TiO,, researchers have designed new photocatalytic
materials by controlling the morphology of TiO, or by
compositing it with other materials. These modifica-
tions improve the wavelength range of the TiO, excit-
ation light, reduce the recombination probability of
the photogenerated carriers, and increase the pho-

tocatalytic-reaction activity™ ",
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Carbon nanomaterials with their exceptional
characteristics are promising candidates for photocata-
lytic degradation of organic pollutants, especially the
preparation of carbon nanomaterials from low-cost
carbon sources has more advantages'' "), Graphene
as a carbon nanomaterial is constructed from mono-
layers of carbon atoms arranged in a two-dimensional
flat honeycomb structure. Acting as an electron ac-
ceptor and transporter, graphene plays an important
role in enhancing charge transfer and hindering the re-
combination of electron—hole pairs, thereby improv-
ing the activity of the photodegradation reactions.
Compositing graphene with conventional photocata-
lytic materials is known to achieve large specific sur-
face area, improve the electrical conductivity, and ex-
ploit the rich electronic properties of graphene,
thereby facilitating the effective photodegradation of
pollutants"* ", By exploiting an inexpensive
graphene carbon source and developing a simple
method for preparation of graphene/TiO, composites,
we can hence realize high-performance composite
photocatalysts.

In the present work, we use coal as the carbon
source of graphene, and prepare graphene/TiO, com-
posite photocatalysts by the hydrothermal and wet
mixing processes. The composite photocatalysts pre-
pared by different mixing methods were morphologic-
ally and structurally characterized, and their photode-
gradation properties and mechanisms were evaluated
on two degradation targets, rhodamine B (Rh B) and
methyl orange (MO).

2 Experimental

2.1 Materials

The photocatalyst was commercially available
TiO, (5-10 nm, 99.8%, Shanghai Macklin Biochemic-
al Co., Ltd., China). Sulfuric acid, potassium perman-
ganate, sodium nitrate, hydrochloric acid and hydro-
gen peroxide were sourced from Sinopharm Chemic-
al Reagent Co., Ltd., China. All reagents were of ana-
lytical grade and used without further purification. RB
and MO were obtained from Tianjin Kemiou Chemic-
al Reagent Co., Ltd., China.

A low-cost sub-bituminous coal derived from
Shaanxi Province (China) was converted into coal-de-
rived graphite (CDG) by preliminary carbonization
and high temperature graphitization''”. Graphene ox-
ide (GO) was synthesized from CDG by the modified
Hummers method"®"'". Briefly, 1.0 g CDG and 2.0 g
NaNO, were successively added to 40 mL concen-
trated H,SO, and continually stirred for 1 h. Next, 6 g
KMnO, was slowly added to this mixture at 2 °C.
After maintenance at 2 °C for 1 h, this mixture was
heated to 35 °C, where it was maintained for 12 h.
The obtained mixture was diluted with 400 mL deion-
ized water, and heated to 98 °C. After 1 h, H,0,
(30%) was added dropwise until the solution turned
brown-yellow. Subsequently, the whole solution was
filtered through a 0.45 pm polyvinylidene difluoride
membrane. The filtered precipitate was sequentially
washed with diluted HCI solution and deionized wa-
ter until the pH of the filtrate became neutral. There-
after, the solid was dispersed in 50 mL deionized wa-
ter and treated with ultrasound for 5 h. Finally, the su-
pernatant (GO suspension) was obtained by centrifu-
gation at 10 000 r min™' for 30 min.

2.2 Synthesis of graphene/TiO, composite photoca-
talysts

The graphene/TiO, composite photocatalysts
(GO mass fraction = 5%) were synthesized by 3 meth-
ods. In the first method, 0.2 g TiO, was added to a
certain amount of the GO suspension, diluted to
50 mL with deionized water, and then ultrasonically
treated for 30 min. The suspension was transferred to
a 100 mL Teflon sealed autoclave and held at 150 °C
for 6 h. During the hydrothermal reactions, GO was
reduced (named as rGO) and TiO, was loaded""". This
sample was designated rGO-hTiO,

In the second method, 0.2 g TiO, was added into
a certain amount of the GO suspension, diluted to
50 mL with deionized water, and then ultrasonically
treated for 30 min. The resulting suspension was
oven-dried at 70 °C. This sample was designated GO-
TiO,.

In the third method, a certain amount of GO sus-

pension was placed in a 100 mL Teflon sealed auto-
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clave and kept at 150 °C for 6 h to obtain rGO. The
resulting rGO was mixed with 0.2 g TiO, and ultra-
sonically treated for 30 min, and then was oven-dried
at 70 °C. This sample was designated rGO-TiO,.
2.3 Characterization

The microstructures and morphologies of the
photocatalysts were observed by scanning electron
microscopy (SEM) (Zeiss SIGMA 300) and atomic
force microscopy (AFM) (FM-Nanoview1000AFM).
The X-ray diffraction (XRD) patterns were obtained
on a MINI FLEX600 X-ray diffractometer equipped
with a Cu Ka radiation source (A = 1.541 8 nm). The
materials were characterized by Raman spectroscopy
with a 525 nm laser source (InVia Reflex Raman mi-
croscope, Renishaw, UK). The surface functional
groups of the samples were determined by Fourier
transform infrared (FT-IR) spectroscopy using a
Nicolet Nexus 470 IR spectrometer (Thermo Fisher
Scientific, UK) from 4 000 to 400 cm'. X-ray photo-
electron spectra (XPS) were recorded by a Thermo
Scientific K-Alpha with Al-Ko radiation. The surface
areas of the samples were obtained from the nitrogen
adsorption-desorption isotherms (QUADRASORB SI)
using the Brunauer-Emmett-Teller (BET) method.
2.4 Adsorption and photocatalytic activity

The photocatalytic performance of the compos-
ite catalysts was evaluated in degrading Rh B and
MO. The stimulation light was provided by a Xenon
lamp (300 W). In these experiments, a specified
amount of the catalyst was added to Rh B or MO
aqueous solution (50 mL) in a cylindrical quartz react-
or cooled with circulating water. The initial Rh B and
MO concentrations in the aqueous solution were 20
and 30 mg L', respectively. First, the suspension was
dark to establish
absorption—desorption equilibrium. Next, the light

stired for 40 min in the
was turned on for 120 min to stimulate the photode-
gradation reactions. During photocatalysis, 5 mL of
the suspension was extracted at appropriate time
points, and the concentration changes of Rh B and
MO were monitored by a UV-2100 spectrophotometer.
2.5 Photoelectrochemical measurements

The photocurrent intensity and electrochemical

impedance spectra of the catalysts were measured on a
CHI660D electrochemical workstation in a standard
three-electrode system, using a platinum plate and
Ag/AgCl (in saturated KCI) as the counter and refer-
ence electrodes, respectively. The supporting electro-
lyte was 0.5 mol L™' Na,SO, solution. The catalyst
(5 mg) was mixed with 1.0 mL ethanol and 1.0 mL
deionized water, and ultrasonically dispersed for
20 min. From this suspension, four 20 pL aliquots
were extracted with a pipette gun and added dropwise
to one end of a 3x1 cm’ conductive glass to obtain a
1x1 cm® working electrode. The working electrode
was dried at 60 °C for 30 min.

3 Results and discussion

3.1 Microstructures and morphology of the cata-
lysts

The crystallographic structures of the as-pre-
pared GO, TiO,, and composite catalysts were determ-
ined by XRD. Fig. 1(a) shows the diffraction patterns
of the samples recorded at diffraction angles of 26 =
5°-90°. The peaks at 20 = 25.3°, 37.8°, 48.0°, 53.9°,
55.1°, 62.7°, 68.8°, 70.3° and 75.0° are indexed to the
(101), (004), (200), (105), (211), (204), (116), (220)
and (215) crystal planes of anatase TiO, (Jade PDF
Card File No. 21-1272), respectively. Additionally,
the peaks at 20 = 27.3° belong to the (110) crystal
planes of rutile TiO,. Based on the XRD patterns, the
anatase phase structure dominates in the bare TiO,
and composites'’ . The typical diffraction peaks of
isolated GO or rGO are not observed due to the lim-
ited amount of GO or rGO in the composites.

However, both TiO, and graphene are detected in
the Raman spectra (Fig. 1(b)). The two intense bands
at 1361 cm ' (D-band) and 1575 cm™' (G-band) in
the Raman spectra correspond to disordered defective
carbon, and graphitic sp® carbon, respectively. In gen-
eral, the ratio of disorder/defect to graphitic carbon in
graphene is reflected by the intensity ratio of the D-
band to the G-band (the I,/I; ratio). When I/, is
small, the graphene contains few sp’ defects/disorders
and the average size of the in-plane graphitic crystal-

lite sp> domains is high®®' **. Therefore, the higher
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Fig. 1 (a) XRD patterns of TiO,, GO and composite catalysts. (b) Raman spectra of TiO, and composite catalysts. (c) FT-IR spectra of TiO,, rGO and com-

posite catalysts. (d) Ti2p, (e) Ols, and (f) C1s XPS spectra of rGO-hTiO,

I/I; ratio in GO-TiO, (0.997) than in rGO-TiO,
(0.845) confirms a more regular rGO structure and
fewer defect structures in rGO-TiO, than in GO-TiO,.
The [Iy/l; of rGO-hTiO, is intermediate (0.911),
mainly because the interaction between C and TiO,
during the hydrothermal process introduces defects in
the reduced graphene nanosheets. Clearly, these de-
fects are incompletely repaired by the hydrothermal
treatment and remained after the removal of oxygen
moieties. Meanwhile, the /,/1; is higher in the Raman
spectrum of rGO-hTiO, than in the spectrum of rGO-
TiO,, indicating that TiO, hinders the reduction of GO
during the hydrothermal process, possibly through in-
terfacial interactions (such as Ti—O—C bonds)
between TiO, nanoparticles and the rGO nanosheets.
The peaks situated at 145 cm™ (E,), 400 cm’!
(B,,), 515 em™' (4,/B,,) and 639 cm ' (E,) corres-
pond to anatase TiO,™.

Fig. 1(c) shows the FT-IR spectra of rGO and the
composite catalysts. The weak characteristic peaks of
the functional groups related to GO and rGO are ex-
plained by the low graphene content. The broad ab-
sorption band in the low-frequency range (500-800
cm') of the composite-catalyst spectra is attributed to
vibration of the Ti—O—Ti bonds in TiO,. The char-

acteristic peaks in the 1 100-1 800 cm™' range corres-

pond to C—O stretching (1 720 cm™), skeletal vibra-
tion of unoxidized graphitic domains (1 620 cm™"),
O—H deformation (1 400 cm™"), and C—OH stretch-
ing (1220 cm™"). The absorption peak at 3 410 cm ™' is
contributed by —OH group stretching™*.

The chemical states of the elements in rGO-
hTiO, were analyzed by XPS (Fig. 1(d-f)). In the
spectrum of Ti2p (Fig. 1(d)), the two peaks at 458.85
and 464.58 eV represent the Ti2p,, and Ti2p,, states
of Ti*" in TiO,, respectively. In the Ols spectrum
(Fig. 1(e)), the binding energies located at 530.07,
531.58 and 533.12 eV are attributed to lattice oxy-
gens bound to Ti*" ions in TiO,, Ti—O—C groups,
and C—O groups, respectively’”. Meanwhile, the
Cls peaks at 284.47, 285.33 and 286.12 eV in
Fig. 1(f) are attributed to sp” and sp’ hybridized car-
bons, respectively, and the peak at 288.62 eV is attrib-
uted to the Ti—O—C band™**".

The performance of a composite catalyst relies
on good interfacial contact between the different cata-
lyst components. The morphologies of the present
catalysts were characterized by SEM and AFM. Pan-
els (a-c) of Fig. 2 display the different morphologies
of the TiO, and graphene composites by the three
methods. In rGO-hTiO,, TiO, is uniformly accumu-
lated at both sides of the graphene sheet, and the com-
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Fig.2 SEM images of (a) rGO-hTiO,, (b) rGO-TiO,, (¢) GO-TiO, and (d) GO. AFM imagines of (¢) and (f) AFM images of rGO-hTiO,

posite catalyst forms a stacked-sheet structure
(Fig. 2(a), inset). In the composite catalyst prepared
by the wet mixing method, TiO, accumulates on the
lamellar structure of graphene but does not com-
pletely wrap around it. Instead, the particles in the
catalyst aggregate into large particles (Fig. 2(b-c)).
Obviously, TiO, is evenly dispersed on the graphene
sheets in the composites prepared by the hydrotherm-
al method, but is poorly dispersed in the composite
prepared by the wet mixing method. Considering its
efficient network structure and strong coupling inter-
action between the rGO nanosheets and TiO, nano-
particles, the rGO/TiO, composite prepared by the hy-
drothermal method is expected to exhibit a high pho-
tocatalytic activity!"™. As shown in Fig. 2 (d), the GO
layer is very thin, so TiO, is deposited in the relat-
ively huge lamellar space of the nanosheet. For the
AFM analysis, the rGO-hTiO, is dispersed in an eth-
anol water solution by ultrasound, and then drop-dried
onto the mica substrate. The AFM results of rGO-
hTiO, are displayed in Fig. 2 (e, f). The external force
does not strip TiO, from the graphene film, indicating
a strong interaction between TiO, and the graphene
sheets. The mechanism of this interaction may be

physisorption, electrostatic

[28-29]

binding, or charge
transfer

Fig. 3 displays the N, adsorption-desorption iso-
therms of bare TiO, and the composite catalysts. All

isotherms of samples exhibit a similar hysteresis loop,

corresponding to a type-IV isotherm. Table 1 summar-
izes the structural properties of the samples. The
graphene/TiO, composites possess a slightly higher
surface area than bare TiO,, indicating that graphene
plays an active role in dispersing the TiO,. However,
the BET surface areas of the composite catalysts are
very similar, revealing that the specific surface area
and pore structure of the composite catalysts are not
affected by the composite methods.

3.2 Photodegradation of Rh B and MO

The three main driving forces of photocatalysis

400 +
—=—TiO,
rGO-hTiO,
=30 L Go-To
o 2
—El —v—r1GO-TiO,
@
g
S
Fig.3 N, adsorption-desorption isotherms of the TiO,
and its composite samples
Table 1 Pore parameters of the catalysts
S Total pore volume Average pore diameter
Samples  (m'g ) (g * om)
TiO, 29.61 0.52 69.70
rGO-hTiO, 35.89 0.51 34.18
GO-TiO, 35.52 0.61 35.00
rGO-TiO, 34.30 0.54 35.24
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are adsorption to the catalyst, light absorption, and
charge separation and transportation™. Good adsorb-
tion ability is the first premise of a photocatalytic re-
action. To explore the photodegradation abilities of
the fabricated catalysts, the suspension containing the
catalysts is first stirred under dark conditions to estab-
lish absorption-desorption equilibrium. Before the
photodegradation experiment, each TiO, composite
catalyst is added to the organic solutions and stirred
until evenly dispersed. The concentration change of
the solutions is monitored once every 10 min until the

adsorption of Rh B and MO on catalysts reaches equi-
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librium. The adsorption-equilibrium curves of Rh B
and MO are shown in panels (a) and (b) of Fig. 4, re-
spectively. Clearly, the Rh B and MO adsorption on
the catalyst surfaces is equilibrated after 40 min, and
the adsorption capacities of Rh B and MO are slightly
increased after graphene is composited with TiO,
catalyst. This improvement can be explained by the
large specific surface area of graphene for the easy
diffusion of Rh B and MO molecules from solutions
to the photocatalyst surface, where they are adsorbed
onto graphene via m—m conjugations between them-

selves and the aromatic regions of graphene!**.
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Fig. 4 Adsorption-equilibrium and photocatalytic-degradation curves for (a) Rh B, (b) MO solutions over various catalysts. The first-order kinetics plots of
(c) Rh B, (d) MO degradation over various catalysts. Cycle degradation experiments of (¢) Rh B and (f) MO over the rGO-hTiO, catalyst
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The photocatalytic performance of TiO, and
the composites was evaluated on the photocatalytic
decomposition of Rh B and MO in their aqueous solu-
tions under Xe-lamp irradiation. The concentration
changes of Rh B and MO show different trends, as
shown in Fig. 4(a, b). With the extension of illumina-
tion time, the concentrations of Rh B and MO in the
reaction system gradually decrease. The photocatalyt-
ic degradation rates of Rh B and MO are the fastest at
the beginning of the reaction, which is due to the max-
imum initial concentration of reactants. The pho-
tocatalytic activities against Rh B and MO are clearly
lower on bare TiO, than those on the composites, des-
pite the well-known performance of TiO, in various
photocatalytic reactions. When TiO, is composited
with 5% GO or rGO by the hydrothermal or wet mix-
ing method, the photocatalytic activities are remark-
ably enhanced. Furthermore, the hydrothermal meth-
od exerts a higher improvement effect than the wet
mixing method. As demonstrated in different cata-
lysts, graphene introduction improves the adsorb abil-
ity of the catalyst to Rh B and MO, but adsorption
does not play the main role in the photodegradation
reaction and other factors must contribute to the pho-
toactivity enhancement. The experimental data in
Fig. 4 indicate that graphene improves the activity of
the photodegradation reactions on the catalyst, prob-
ably by extending the light-absorption range and im-
proving the efficiencies of charge separation and
transportation!® " !,

According to the literatures®* *’), the photocata-
lytic degradation of MB under UV irradiation was a
first-order kinetic reaction (Eq. (1)). Through fitting
the experimental data of the photocatalytic degrada-
tion experiment (Fig. 4 (c, d)) to this expression, we
can compute the rate constant k, the basic kinetic para-
meter for comparing the photocatalytic activities of
different samples. The first-order reaction rate con-
stants over the Rh B and MO solutions were listed in
Table 2. The fitting results of Fig. 4 (c, d) deviate
from the first-order kinetic model, possibly because
the photodegradation process is affected not only by

the reaction kinetics, but also by the light conditions

Table 2 The first-oeder reaction rate constants of the pho-

tocatalysts
Samples k (Rh B) k (MO)
TiO, 0.00267 0.00320
rGO-hTiO, 0.01332 0.01481
GO-TiO, 0.00554 0.00571
rGO-TiO, 0.00998 0.01031

and catalyst characteristics. In the first-order rate

—ln(g) =kt
Co

where C, and C denote the Rh B or MO concentra-

tions at times 0 and ¢, respectively, and £ is the first-

equation:

)

order rate constant.

A promising catalyst must exhibit a good cycle
stability. Hence, we performed cycle degradation ex-
periments of Rh B and MO over the rGO-hTiO, cata-
lyst, as shown in Fig. 4 (e, f). The photocatalytic
activities do not significantly degraded after three
cycle tests, indicating high stability and recyclability
of rtGO-hTiO,.

3.3 Photocatalytic mechanism

As mentioned above, light absorption is the
second premise of a photocatalytic reaction. Fig. 5 (a)
displays the UV-Vis diffuse reflectance spectra
( UV—Vis DRS) of bare TiO, and the composites.
Bare TiO, absorbs only in the UV region, but the
graphene-based composites absorb strongly in the vis-
ible light region (400-800 nm). Moreover, their UV-
light absorption is strengthened from that of bare
TiO,. The absorption edge of the composites shows
slight redshift compared to that of bare TiO,, prob-
ably contributed by the Ti—O—C bonds formed at
the interface between TiO, and rGO"®. The band gaps
of the photocatalysts can be calculated by the Ku-
belka-Munk ~ equation™’. the
between (ahv)’ and photon energy (Fig. 5(b)), the
band-gap energies of TiO,, GO-TiO,, rGO-TiO,, and
rGO-hTiO, are extrapolated to be 3.24, 2.81, 2.68 and
2.45 eV, respectively. In this relationship, o, # and v

From relationship

denote absorbance, Planck’s constant and the light fre-
quency, respectively. The narrowing of the band gap
in the composite catalyst is attributed to the introduc-

tion of graphene into the TiO, matrix, which im-
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Fig. 5 (a) Diffuse reflectance absorption spectra, (b) band-gap energy plots, (c) transient photocurrent curves, and (d) EIS changes of TiO,

and the composites

proves the effectiveness of visible light utilization"™.

To explore how graphene enhances the pho-
tocatalytic activity, the photocatalysts were subjected
to photoelectrical experiments, and their transient
photocurrent responses and electrochemical imped-
ance spectroscopy (EIS) results were obtained!'™ **!.
Fig. 5 (c) displays the photocurrent densities of TiO,
and its graphene composites. The photocurrent densit-
ies are negligible in the dark, but increase rapidly un-
der illumination. Moreover, the graphene/TiO, com-
posites yield higher photocurrent densities than bare
Ti0,.

The large photocurrent densities in the compos-
ites can be ascribed to effective charge separation and
high transfer rates of their photogenerated carriers.
The interfacial charge transfer properties of the cata-
lysts are revealed in the EIS measurements. Fig 5(d)
shows the EIS Nyquist plots of the four samples. A
small arc radius in a Nyquist plot indicates effective
separation of the photogenerated electron-hole pairs

and fast interfacial charge transfer in a photocatalyst.

The arc radii on the present EIS Nyquist plots de-
crease in the following order: bare TiO, > GO-TiO, >
rGO-TiO, > rGO-hTiO,. Based on these results, it is
concluded that graphene promotes the photocatalytic
activity of TiO,, mainly by providing excellent elec-
tronic acceptance and transfer characteristics. The ex-
cited TiO, electrons in the graphene/TiO, composites
can transfer from the conduction band to graphene via
a percolation mechanism, which effectively sup-
presses the recombination of charge carriers.

As a representative photocatalytic candidate,
TiO, is commonly used to explain the degradation
mechanism of organic compounds by photocataly-
sist® # ¥ The photocatalytic process of organic
compounds by TiO, is thought to proceed as follows:

TiO, + hv — TiO; (eg; +hip) )
TiO, (hiy) + H,O — TiO, + H* + OH ?3)
TiO, (hiy) + OH™ — TiO, + OH' (4)
TiO; (egg) + 0, — TiO, + O (5)

0; +H" - HO, (6)

HO, + HO, — H,0, + O, 7

TiO, (egy) + H,0, > TiO, +OH +OH™  (8)
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Organic compound + TiO, (hy,;) — Oxidation products
(12)
When a photon with energy equal to or exceed-
ing the band-gap impinges on TiO,, an electron jumps

from the valence band (VB) to the conduction band,
generating positive holes in the VB or electron-hole
pairs. During the photodegradation of organic com-
pounds, these photo-excited holes react with H,O to
produce hydroxyl radical species, whereas photo-ex-
cited electrons produce radical oxygen species that de-
compose Rh B and MO into small molecules (Fig. 6).

“ €+0,—0,"

‘ 0, "+H,0—-H,0,

Aad 2d nd
" ‘ OH +Rh B (MO)—Degradation products+H,0O

:‘ ] 1 +H,0-0H- +H"
.‘ 000 +RhB(MO)—>Oxndatlon products

Fig. 6 Suggested mechanism of decomposition of Rh-B and MO through photodegradation by graphene/TiO, composites

From the above reaction mechanism, the photo-
generated electrons and holes are responsible for the
photodegradation of organic compounds. As is well-
known, the band gap of TiO, is 3.24 eV, meaning that
the photocatalytic reaction is initiated only at
wavelengths below 380 nm (constituting ~ 4% of the
solar energy)”. Facilitating the separation of the pho-
togenerated electron-hole pairs and widening the
light-responsive region are crucial for enhancing the
overall photocatalytic performance of photocatalysts.
To improve the photocatalytic activity of TiO,, some
researchers have enhanced the degradation perform-
ance of organic compounds by this species” ' *¥.
With its large surface area and high conductivity,
graphene provides a two-dimensional conductive sup-
port path for charge transfer and collection, which
boosts the photocatalysis process. Therefore, when
Ti0O, is composited with graphene, the resulting com-
posite photocatalyst has the advantages of large sur-
face area, abundant surface-active sites, and high elec-

tron-hole separation rate. In the present study,

graphene greatly enhances the photocatalytic degrada-
tion activity of TiO, for Rh B and MO under visible
light irradiation, by virtue of its effective charge sep-

aration and transfer, and the narrow band gap.

4  Conclusions

In this work, graphene is successfully synthes-
ized using low-cost sub-bituminous coal as the car-
bon source, and graphene/TiO, composite photocata-
lysts are formed by different mixing methods. The
graphene introduction into TiO, improves the pho-
tocatalytic performance by providing good light-ab-
sorption properties, and by inhibiting the recombina-
tion rate of electron-hole pairs via providing conduct-
ive paths for electron transfer. The hydrothermal
method, by which TiO, is uniformly distributed on the
rGO surface, improves the photodegradation charac-
teristics of the catalyst more than the wet mixing
method. The proposed strategy is effective to prepare
high-performance composite photocatalysts from

coal-derived graphene and TiO,, which is potentially
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applicable to pollution treatment.
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