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4-Chlorophenol photooxidation catalysed by nanosized TiO2, Au/TiO,, and matching composite materials with
reduced graphene oxide (GR) has been studied upon irradiation with UV light. XPS and TEM methods have been applied
to characterise prepared photocatalysts. The average size of the titania nanoparticles prepared by the sol-gel method was
20 nm. TiO2 and Au/TiO; particles were randomly distributed on the surface of the graphene nanosheets. The average
size of the Au nanoparticles in the modified titania photocatalysts was about 7 nm. XPS measurements confirmed partial
thermal reduction or photoreduction of the graphene oxide to graphene. Rate constants of 4-chlorophenol photooxidation
catalysed by the studied samples followed the order: Au/TiO2/GR > Au/TiO2 > TiO2/GR > TiO,. The rate constant of 4-
chlorophenol degradation catalysed by an Au/TiO2/GR composite was approximately 3.9 times higher than that registered
with titania. Enhanced activities of Au/TiO2/GR, Au/TiO., and TiO./GR photocatalysts were due to efficient charge
carrier separation of the light-generated electron—hole pairs in titania semiconductor. This favoured an additional

generation of HO® radicals on the titania valence band.
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INTRODUCTION

Photocatalytic reactions over semiconductor
materials irradiated with solar or artificial light are
of great interest because of their ability to remove a
large variety of pollutants in both aqueous and
gaseous phase [1,2]. Among various semiconductor
photocatalysts, titanium dioxide (TiO) is the most
prevalent material for environmental applications
[1]. However, a major disadvantage in most
semiconductor materials is the high degree of
recombination between the photogenerated charge
carriers,  which  ultimately  decreases the
photocatalyst effectiveness and the photonic
efficiency of the redox process. In the case of noble
metal modified photocatalysts [3,4] the lifetime of
the photogenerated pairs is increased due to efficient
separation of the electron-hole charges generated
upon irradiation.

In recent years graphene oxide (GO) and reduced
graphene oxide (GR) have been used in the design of
photocatalysts as a tool for improving the
photocatalytic performance of the latter [5-9].
Results from these studies indicate that graphene is
an excellent co-catalyst to enhance photocatalytic
oxidation and reduction activity. Based on its
excellent electron mobility, it is generally believed
that graphene can rapidly separate and transfer
photogenerated electrons and thus the electron-hole
recombination process is impeded [5-8]. Moreover,
as a result of m-m interactions and formation of
hydrogen bonds between organic pollutants and GO
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or graphene the local concentration of polluting
compounds around the investigated photocatalysts is
increased, thus the probability of interaction between
substrates and photogenerated active species on the
semiconductor interface being increased
[5,7,8,10,11].

Many authors have investigated single and
coupled graphene-based semiconductor
photocatalysts with the purpose of promoting the
photonic efficiency of the semiconductors in the
decomposition of water and air contaminants [5]. In
general, it has been established that the efficiency of
graphene-based semiconductor photocatalysts is
higher than that of graphene-free catalysts,
especially in cases of dye destruction [6]. It was
shown that the percentage of graphene content with
respect to the photocatalyst plays an essential role on
the activity of graphene-based semiconductor
photocatalysts. In most cases, a high content of
graphene oxide leads to photon scattering and
blocking the active sites of the semiconductor
photocatalysts [5,12]. So far, the promoting effect of
noble metals (gold in particular) on the TiO2/GR
system efficiency has received little attention in the
literature.

This work compares the catalytic activities of
TiO2, AU/TiOz, and corresponding composite
materials with reduced graphene oxide in the
photocatalytic oxidation of 4-chlorophenol under
UV light irradiation. The investigation was carried
out wusing an optimal graphene oxide to
semiconductor ratio reported in the literature [13]. A
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principal aim of this study was to elucidate the effect
of GR presence in composite Au/TiO, materials and
to evaluate rate enhancement of 4-chlorophenol
oxidation under UV irradiation.

EXPERIMENTAL
Materials and preparation of photocatalysts

Titanium (IV) isopropoxide (Sigma-Aldrich),
hydrogen tetrachloroaurate(lll), HAuUCIs-3H20
(Sigma-Aldrich), and graphene oxide (Grapenea)
were used as starting reagents for photocatalyst
synthesis. Pollutant 4-chlorophenol (Sigma-Aldrich)
was used without further purification.

TiO- and TiO2/GR photocatalytic materials were
synthesised by the sol-gel method. The surface of
some samples was modified by gold nanoparticles.

Composite TiO/GO (GO to TiO, wt. ratio of
0.05) was prepared by the following procedure.
Graphene oxide (87.5 ml) dispersed in water (4 mg
ml™) is slowly added dropwise for 2 h to a solution
containing 26.9 ml of titanium(lV) isopropoxide
dissolved in 30 ml of absolute ethanol. The process
is conducted at pH=9 under vigorous stirring
followed by ultrasonic dispersion. The resulting
transparent colloidal suspension was aged for 30 h
until xerogel formation. The obtained gel is filtered
and dried at 100°C for 12 h. Further, the dried gel is
thermal treated at 450°C for 3 h under argon flow.
This temperature is reached at a ramping rate of 5
grad min~t. Thermally treated material is then
ground in an agate mortar to obtain a fine titania-
graphene powder.

Nanosized titania was prepared in a similar way
without any addition of graphene oxide.

In the absence of oxygen the prepared
photocatalyst samples were modified by nanosized
gold nparticles (0.5 wt.%) by using the
photoreduction method [3] at medium pH=7.
HAuUCI,-3H,0 was used as a precursor at a particular
concentration to give 0.5 wt.% Au on the support. A
4-W capacity UV-C lamp (Philips, TUV 4W) was
used as the light source to reduce Au®* into its
metallic state Au®. This amount of noble metal was
selected based on previous investigations, which
reported to be optimal [3,14].

Photocatalyst characterisation

BET specific surface area of the samples was
measured by nitrogen adsorption from N.+He
mixture at the liquid nitrogen boiling temperature
using a Micromeritics FlowSorb Il 2300 apparatus
based on adsorption data in the partial pressure
(P/Po) range of 0.05-0.35.

4-Chlorophenol adsorption on TiO2, TiO2/GR,
and gold-modified semiconductor materials was
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measured at pH=4 in the dark. In each experimental
run, 350 mg of photocatalytic material were added to
350 ml of aqueous 4-chlorophenol solution (4x1073
mol L™*). The suspension was then magnetically
stirred for 60 min at 20°C in the dark and in the
absence of oxygen to attain adsorption-desorption
equilibrium [15]. Afterwards the photocatalytic
material was separated by filtration (Whatman,
Grade 42). A Shimadzu VCSH total organic carbon
(TOC) analyser was used to measure the remaining
4-chlorophenol concentration in the filtrate.

A X-ray Bruker D8 Advance diffractometer with
Cu-Ka radiation and LynxEye detector was applied
to study the crystal phase of the synthesised samples.

A JEOL JEM 2100 high resolution scanning
transmission electron microscope was applied to
study surface morphology and to measure particle
size of the synthesised TiO2 and TiO2/GR samples as
well as Au nanoparticle size distribution of the gold-
promoted photocatalysts. These results were
acquired by measuring 100 particles in each sample.

X-ray photoelectron  spectroscopy  (XPS)
measurements were carried out using an ESCALAB
Mk 1l (VG Scientific Ltd.) electron spectrometer
under base vacuum of 108 Pa. XPS spectra were
recorded using an Mg Ka excitation source with
photon energy of 1253.6 eV. The carbon 1s line of
binding energy of 284.8 eV was used to calibrate the
binding-energy scale of the unit.

Photocatalytic experiments

Photodegradation of 4-chlorophenol was studied
in a semi-batch photoreactor containing aqueous
suspensions of the semiconductor materials at a
content of 1 g L™ A constant temperature of 20°C
in the reaction vessel was realised. Before catalytic
measurements, each sample was dispersed in water
by ultrasonic treatment for 20 min. Then the catalyst
was placed into the reactor vessel equipped with a
magnetic stirrer. Next, 4-chlorophenol from a stock
solution was added to achieve an initial
concentration of 4x103 mol L™ that is equivalent to
290 ppm TOC. The initial volume of the irradiated
reaction mixture was 350 ml. During the
photocatalytic process, oxygen was bubbled
continuously at a flow rate of 12 L h™. The pH of the
liquid phase of the suspensions was adjusted to four
by adding a buffer solution (Fixanal, Fluka).

The photoreactor was equipped with a 9-W UV
lamp (Philips PL-S 2P) for UV-A irradiation (A=365
nm). Photon flux in the UV light region at the
external wall of the quartz tube was 10 mwW cm™
(UV-A) as measured by a microprocessor-controlled
radiometer (Cole Parmer, 97503-00). Samples
collected during the dark period and during
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irradiation were filtered and, as described above, the
degree of mineralisation of 4-chlorophenol was
assessed by means of a TOC analyser.

RESULTS AND DISCUSSION
Catalyst characterisation

Studies [16-18] have proved that catalyst specific
surface area, degree of crystallinity, and metal
nanoparticle size on the metal oxide surface are
factors that can affect significantly the efficiency of
photodestruction of water contaminants. In the case
of graphene-based semiconductor photocatalysts,
pollutant adsorption onto composite catalysts has an
essential effect on photocatalytic destruction
efficiency in the aqueous phase [5,7,8,10,11].

Regardless of graphene high theoretical specific
surface area (2600 m? g 1) [19], GR composites with

photocatalytic materials demonstrated lower values
(Table 1). This is attributed to occurring
agglomeration of the photocatalytic materials and
changes in pore size distribution during graphene
oxide reduction [20,21]. Compared to unmodified
samples, TiO/GR surface area was increased by
21%, whereas the Au/TiO,/GR sample manifested
an increase of 23%. The gold-modified materials,
AU/TiO; and Au/TiO2/GR (0.5 wt.% AuP), showed a
negligible change of the specific surface area
compared to the parent gold-free samples (Table 1),
which is in accordance with results reported by other
authors [3,15]. Small changes in surface area might
be due to blocking of defect sites on the surface and
penetration of finely divided gold particles into
catalyst pores.

Table 1. Physical properties of the photocatalyst samples and pseudo-first order apparent reaction rate constants (Kapp)

4-Chlorophenol

BET area? Average gold particle . 1 Kapp (A=365 nm)
Sample (m2 gty +2% size® (nm) +£10% adsorptlorl(zp;nol geat ) (min) £5%
TiO; 140 - 280 0.0025
TiO2/GR 170 - 540 0.0051
AU/TIO; 134 7.2 250 0.0056
AU/TiO»/GR 165 7.4 450 0.0098

2 determined from N2 adsorption isotherms
® determined from TEM images

4-Chlorophenol adsorption in the dark was
considerably enhanced upon formation of graphene
composites with TiO, and Au/TiO,, namely, 1.9 and
1.8 times on TiO2/GR and Au/TiO2/GR, respectively
(Table 1). The increase in sample equilibrium
adsorption capacity with respect to 4-chlorophenol is
due to n-m interactions and formation of hydrogen
bonds between 4-chlorophenol and graphene, the
local concentration of the pollutant around the
investigated photocatalysts being also increased
[5,11]. On sample doping by gold the adsorption of
4-chlorophenol was decreased by 12—20% regarding
undoped metal oxides (Table 1). This effect has been
associated with reduction of the titania or
titania/graphene external surface area that is
available for adsorption of 4-chlorophenol [22].

An XRD pattern of Au/TiO2/GR is shown in
Figure 1. A thermally treated sample exhibited only
diffraction peaks due to anatase-phase titania (PDF
# 841284). Because of low content no XRD
diffraction peaks of gold (0.5 wt.%) were registered
with the latter sample.

TEM micrographs of GR and composite
photocatalytic materials are presented in Figure 2.
TEM analysis of the samples showed that the
photocatalytic materials are located on graphene
surface (Fig. 2b). The average size of the titania

nanoparticles prepared by the sol-gel method was 20
nm, whereas those of the gold particles on Au/TiO,
and Au/TiO2/GR were 7.2 and 7.4 nm, accordingly
(Table 1). Such a small difference in gold particle
sizes was insignificant as being within experimental

error.
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Fig. 1. Total amount of 4-chlorophenol adsorbed on the
photocatalysts at pH 4 in the dark.

19



V. I. lliev et al.: Promoting the oxidative removal rate of 4-chlorophenol on gold-doped TiOJ/graphene photocatalysts...

30 nm

Al
} -

Fig. 2. TEM imageé: @ graphené; (b) Au/TiOZ/grabhene; (c) Au nanoparticles in Au/TiO2/graphene.
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Fig. 3. XPS spectra: A — 1 Cs, (a) graphene oxide, (b) TiO2/graphene, (c) Au/TiO2/graphene; B — Ti 3p: (a) Au/TiO,
(b) Au/TiOz/graphene; C — Au 4f : (a) Au/TiOz, (b) Au/TiO2/graphene.

XPS spectra of graphene oxide, graphene, and
composite photocatalytic materials are displayed in
Figure 3. Figure 3A shows the C 1s spectra of
graphene oxide, TiO/GR, and Au/TiO./GR
samples. For GO, Fig. 3A (a), four different peaks
centred at 284.6, 286.6, 287.8, and 289.0 eV were
found, which are related to C=C/C-C bonds in
aromatic rings, C-O (epoxy and alkoxy), C=0, and
COOH groups, respectively [19]. After thermal
treating of the TiO./GO composite at 450°C (Fig. 3A
(b)), the intensities of all C 1s peaks of the carbons
bonded to oxygen, especially the peak of C-O
(epoxy and alkoxy), decreased dramatically because
of partial thermal reduction of the graphene oxide to
graphene [23]. In contrast to TiO/GR, the
AU/TiO/GR sample gave rise to another low
intensity C 1s peak at a binding energy of 285.6 eV
(Fig. 3A (c)), which indicates an admixture of
graphene oxide and entities containing carbon atoms
of sp® configuration. Most likely, this peak is due to
partial destruction of the graphene caused by HO®
radicals that are generated upon TiO2/GR doping as
described above for the photoreduction of the gold
precursor. Graphene destruction in aqueous media
by HO* radicals generated upon irradiation with UV
light over titania surface has already been described
in the literature [24].

Neither differences in Ti 2ps/, binding energy nor
peak broadening in the XPS spectra of TiO,,
20

TiO2/GR, and Au/TiO2/GR were registered (Fig. 3B)
which indicate very weak interactions between
titania and graphene.

The binding energies of the Au 4fs;, and Au 4f7;
peaks positioned at 87.6 and 83.9 eV, respectively,
of gold-modified titania and TiO»/GR demonstrate
that superficially attached gold was completely
reduced to metallic AUC. In the presence of graphene,
no other additional XPS peaks were registered or no
broadening of the existing lines was observed (Fig.
3C).

Photocatalytic activity

4-Chlorophenol is one of the most used model
pollutants for evaluation of the photocatalytic
activity of metal oxide catalysts in aqueous solution.
The photocatalytic degradation process of 4-
chlorophenol in agueous solution can be interpreted
based on the Langmuir-Hinshelwood kinetic model.
Under the applied experimental conditions of low 4-
chlorophenol concentration and constant UV light
flux, the Langmuir kinetic expression [25] can be
reduced to a pseudo-first order kinetics equation
with respect to the pollutant:

In CO/C = kapp t, (1)

where kapp= kiK, and k; is the rate constant of the
limiting step of the reaction at a maximum coverage
under the applied experimental conditions, K is 4-
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chlorophenol  adsorption-desorption  equilibrium
constant, Co is the initial concentration of 4-
chlorophenol, and C is 4-chlorophenol concentration
at a given moment in the course of the photocatalytic
reaction. Figure 4 shows a plot of In Co/C vs. time
for the experiments of 4-chlorophenol photocatalytic
decomposition. The photocatalytic rates are,
therefore, dependent on 4-chlorophenol coverage on
the catalysts and 4-chlorophenol concentration.
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Fig. 4. Pseudo-first order kinetics of 4-chlorophenol
photocatalytic degradation (4x107% mol L™) at pH=4 by
irradiation with UV light in the presence of: (a) TiO», (b)
TiO2/GR, (c) Au/TiOo, (d) Au/TiO2/GR.

Values of the apparent rate constants of 4-
chlorophenol photocatalytic mineralisation over
suspended semiconductor materials irradiated with
UV-A light are listed in Table 1. The rate constants
with UV-A irradiation decrease in the following
order: AU/TiO2/GR > AU/TIO; > TiO/GR > TiO»
(Fig. 4). Under UV-A irradiation the TiO./GR
composite photocatalyst showed a 2-fold increase in
the rate of 4-chlorophenol mineralisation compared
with the titania photocatalyst. On the other hand, the
rate constant values of 4-chlorophenol destruction
were increased approximately two times on doping
the photocatalysts with gold nanoparticles (Table 1).

Regarding the graphene-free photocatalysts, two
principal factors have influence on the increased rate
constants of 4-chlorophenol destruction over
TiO,/GR and Au/TiO./GR. Considering 4-
chlorophenol, a higher adsorption capacity of the GR
photocatalysts (Fig. 1) is accompanied by enhanced
local concentration of the pollutant around the
investigated photocatalysts, which facilitates the
interaction between photogenerated active species
and 4-chlorophenol at TiO»/GR and Au/TiO./GR
interfaces. A correlation exists between the higher
adsorption capacity of the GR composites and their
photocatalytic activity (Table 1). On the other hand,
it is known that on depositing semiconductor
nanoparticles on graphene sheets, the graphene acts

like an electron acceptor by inducing charge carrier
separation in the photoexcited semiconductor
catalyst [8]. Charge carrier separation also favours
an increased activity of the graphene-based
semiconductor photocatalysts.

The rate constants of 4-chlorophenol destruction
were increased in all cases of photocatalyst
modification with gold nanoparticles (Table 1). The
effect of gold content and Au nanoparticle size on
the  photocatalytic  activity = of  modified
semiconductor materials under UV and visible light
irradiation has been reported in previous works from
this laboratory [3,15,17,22]. On depositing noble
metal nanoparticles onto the surface of titania and
TiO2/GR an increase of the quantum vyield of the
photodestruction reaction of the studied pollutant
has been observed. It is due to enhanced separation
of electrons and holes and to a higher rate of HO®
radical formation mainly on the valence band and on
the conduction band in the photoexcited
semiconductors [26]. Noble metal nanoparticles are
highly effective traps for electrons owing to the
formation of a Schottky barrier at the metal-
semiconductor interface. The Au/TiO,/GR system
was particularly efficient upon irradiation with UV
light and the rate constant of 4-chlorophenol
decomposition was approximately 3.9 times higher
than that with pure titania (Table 1). In this case, the
increased rate constant of  4-chlorophenol
decomposition is owing to an enhanced local
concentration of the pollutant around the
investigated photocatalyst and due to simultaneous

charge carrier separation over both gold
nanoparticles and graphene (Fig. 5).
HO._.O HO._O
A _“'_4'0
. OH
0
oM
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. '-._“
OH

HO 0

HO” SO
Fig. 5. Schematic presentation of charge carrier
separation in the photoexcited Au/TiO,/GR photocatalyst.

CONCLUSIONS

4-Chlorophenol photodestruction catalysed by
TiO2/GR showed a higher rate constant in
comparison with titania counterpart which could be
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attributed to an enhanced local concentration of the
pollutant around the investigated photocatalysts and
to an increased probability for interaction between
the photogenerated active species and 4-
chlorophenol at TiO2/GR interface.

In the case of deposited nanosized gold particles
(0.5 wt.%) on the surface of the catalysts the higher
rate of photocatalytic destruction of 4-chlorophenol
is owing to an efficient charge carrier separation, an
increase in the lifetime of the excitons, and
enhancement of the effectiveness of the interphase
charge transfer to adsorbed pollutant molecules.
Charge carrier separation was especially efficient
during irradiation of the Au/TiO./GR photocatalyst
with UV light. In this case, the rate constant of 4-
chlorophenol decomposition over the latter was
approximately 3.9 times higher than that with pure
titania.
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ITPOMOTHPAHE HA CKOPOCTTA HA OKUCJIMTEJIHO OTCTPAHABAHE HA
4-XJIOPO®EHOJI BbPXY 3JIATO-HJOTUPAHU TiO2/I'PA®EH ®OTOKATAJIM3ATOPU
ITPN OBJTBYBAHE C YJITPABHUOJIETOBA CBETJIMHA

B. U. Umues*, /1. B. TomoBa, B. ®. I'eoprues, C. K. PakoBcku

Hucmumym no kamanus, bvreapcka akademus na naykume, 1113 Cogus, bvreapus
[Nocrpnuna Ha 9 HOemBpH, 2016 T.; Kopurupana Ha 23 maprt, 2017 r.

dortookucneHneTo Ha 4-xmopdeHon, kaTanuzupano ot HaHopasmepHu TiOz, AU/TIO2 U OT CHOTBETHHTE
KOMITO3UTHH MaTepuany ¢ peayuupat rpadenoB okeua (GR) ca uscnensanu npu oGirbuBaHe ¢ yJATPaBHOJIETOBA
ceemiuHa. XPS u TEM MeToau ca M3MOA3BaHU 3a OXapaKTepU3UPaHE Ha MOJIYYCHUTE (HOTOKATATHU3ATOPH.
Cpenuusat pasmep Ha HaHouacTuiure oT TiO momydeH mo 3om-ren meroma € 20 nm. TiOz u Aw/TiO2 ca
pasnpeneneHy Ha ClydaeH NPUHIUI Ha TIOBBPXHOCTTA HA HAHOJIMCTOBETE OT rpadeH. CpeqHusaT pasMep Ha Au
HaHouacTunu B Momudunupanute TiO» doTokatammsatopu ¢ =7 nm. XPS m3MepBaHHATa MOTBBPIKIAaBAT
YyacTHYHATa TepMO- WM (OTO-penyKuus Ha rpadeHoBus Okcui n0 rpadeH. CKOpOCTHHTE KOHCTAaHTH Ha
(dorookucienre Ha 4-xmopdeHOon KaTamu3upaHd OT u3cieABaHHTe oOpasuu ciensar pena: Auw/TiO2/GR >
AU/TIO; > TiO2/GR > TiO,. CkopocTHaTa KOHCTaHTa Ha JECTPYKUUS Ha 4-XJIOPPEHON KaTalu3hpaHa OT
AU/TIO2/GR kommo3uta ¢ npubnuzuTenHo 3.9 WhTH MO-BHCOKA OT Ta3u peructpupaHa ¢ uuct TiOa.
IMoBumaeaneto Ha aktuBHOCTTa Ha Au/TiO2/GR, AU/TiO2 u TiO2/GR (doTokarannsaTopure € pe3yaTar oT Mo-
e(peKTUBHOTO pa3JiefisiHe Ha HOCUTEINTE Ha 3apsiid B TeHEPUpaHUTE OT CBETJIMHA EIEKTPOH-IYIKa JBOMKH B
nonynpoBogurka TiO;. ToBa OnaronmpusrcTBa JONBIHUTENHOTO reHepupade Ha OH® pamukanu BbpXy
BasieHTHaTa 30Ha Ha TiO>.
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