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1. Introduction

Improved electron—hole separation and migration
in anatase TiO, nanorod/reduced graphene oxide
composites and their influence on photocatalytic
performancefy

Gregor Zerjav,** Muhammad Shahid Arshad,? Petar Djinovi¢,? Ita Junkar,”
Janez Kova¢,? Janez Zavas$nik® and Albin Pintar®

The as-synthesized TiO, nanorods a-TNR (amorphous TiO, layer covering the crystalline anatase TiO,
core) and TNR (fully crystalline anatase TiO,) were decorated with reduced graphene oxide (rGO) to syn-
thesize two series of TiO, + rGO composites with different nominal loadings of GO (from 4 to 20 wt%).
The structural, surface and electronic properties of the obtained TiO, + rGO composites were analyzed
and correlated to their performance in the photocatalytic oxidation of aqueous bisphenol A solution.
X-ray photoelectron spectroscopy (XPS) analyses revealed that charge separation in TiO, + rGO compo-
sites is improved due to the perfect matching of TiO, and rGO valence band maxima (VBM). Cyclic
voltammetry (CV) experiments revealed that the peak-to-peak separations (AE,) are the lowest and the
oxidation current densities are the highest for composites with a nominal 10 wt% GO content, meaning
that it is much easier for the charge carriers to percolate through the solid, resulting in improved charge
migration. Due to the high charge carrier mobility in rGO and perfect VBM matching between TiO, and
rGO, the electron—hole recombination in composites was suppressed, resulting in more electrons and
holes being able to participate in the photocatalytic reaction. rGO amounts above 10 wt% decreased the
photocatalytic activity; thus, it is critical to optimize its amount in the TiO, + rGO composites for achiev-
ing the highest photocatalytic activity. BPA degradation rates correlated completely with the results of the
CV measurements, which directly evidenced improved charge separation and migration as the crucial
parameters governing photocatalysis.

electron-hole pair separation and migration and (iii) efficiency
of electron-hole pair utilization.

Photocatalysis holds several promising applications, such as
hydrogen evolution via water splitting, CO, reduction to fuels®
and removal of organic pollutants from water.® In the last
case, the main role of a photocatalyst is to produce hydroxyl
radicals, which react with liquid-dissolved pollutants and
ultimately produce H,O and CO,.* The overall efficiency of
a photocatalyst is determined by its (i) light absorption, (ii)
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Due to its high photocatalytic activity, photo- and chemical
stability, low cost, water insolubility under most conditions
and non-toxicity, titanium dioxide (TiO,) has been widely
studied and confirmed as the best photocatalyst for the
decomposition of pollutants present in an aqueous
medium.>® The drawbacks of TiO, are (i) a wide band gap
energy of 3.2 eV (only excited by ultraviolet (UVA) light (1 <
387 nm)), and (ii) fast electron-hole recombination. Many
different attempts have been made to resolve the drawbacks of
TiO,, such as doping TiO, with other metal or non-metal
elements, or coupling with other semiconductors.” "

Modification of TiO, with carbon materials such as
carbon nanotubes and graphene has attracted a lot of attention
due to their exceptionally high electrical mobility (2.5 x 10°
em® V' 571" Graphene oxide is chemically modified
graphene,'®"® a 2D layered material which consists of hydro-
philic oxygenated graphene sheets in which functional groups
are located on their basal planes and edges.'® The presence of
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these functional groups results in poor electrical conductivity
because of the interruption of the n bond system.'” Thus, it is
necessary to reduce GO to restore the sp® hybridized network
and increase the electrical conductivity.'® The improved elec-
tron migration in reduced GO (rGO) can have important impli-
cations in enhanced photocatalytic activity in TiO, + rGO com-
posites, compared to pure TiO,. Additionally, the photo-
catalytic activity of the TiO, + rGO composites in comparison
to pure TiO, can be further improved by increasing the charge
separation due to the band alignment between TiO, and rGO.

The method most often used to synthesize TiO, + rGO com-
posites consists of graphene oxide (GO) fabrication by means
of chemical oxidation, exfoliation in water or water/ethanol
mixtures, followed by concurrent GO reduction and attach-
ment to TiO,.

The CB conduction band (CB) potential of rGO is slightly
lower (—0.08 eV vs. SHE, pH = 0) than the CB level of anatase
TiO, (around —0.24 eV). The modification of TiO, with rGO
causes the transfer of electrons in the CB of TiO, to rGO,
which results in charge separation and increases the prob-
ability of their participation in oxidation and reduction reac-
tions.'®?® Besides the positive influence of electron-hole sep-
aration, excessive amounts of rGO can also exhibit negative
influences: (i) light harvesting competition between rGO and
TiO, becomes progressively dominant with increasing rGO
amount, exhibiting decreased catalytic activity, and (ii) an
excess of rGO in the composites can act as a recombination
center which promotes the recombination of electron-hole
pairs.>'72¢

Bisphenol A (BPA) is a widespread chemical used in the pro-
duction of numerous plastics, personal care products, dental
sealants, clothes, food packing materials, etc.”” It possesses
endocrine disrupting properties, and photocatalytic degra-
dation of this chemical is a possible approach to reduce its
harmful impact to the environment. Therefore, BPA was
chosen as an ideal molecule to test the photocatalytic pro-
perties of TiO, + rGO composite catalysts for its
mineralization.

In this study, we prepared TiO, nanorods (NRs) by means
of alkaline hydrothermal synthesis. The produced solids with
an amorphous shell and anatase core (a-TNR) and NRs with
pure anatase TiO, structures (TNR) were attached to rGO to
obtain TiO, + rGO composites. For both series of the TiO, +
rGO composites, we investigated in detail how the increasing
amount of rGO influences their structural and electrical pro-
perties, and how this manifests itself in the photocatalytic
activity toward liquid-phase BPA degradation.

2. Experimental

2.1. Sample preparation

2.1.1. Synthesis of a-TNR and TNR TiO,. Two grams of
TiO, powder (DT-51, provided by Crystal Company) were dis-
persed in 150 ml of 10 M NaOH solution by means of an ultra-
sonic homogenizer. The solution was then poured into a
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200 ml Teflon-lined autoclave and heated to 130 °C for 24 h.
The obtained white precipitate was separated from the reaction
solution by centrifugation and the wet cake was washed with
deionized water in order to neutralize the product. The
obtained product was protonated with 0.1 M HCI solution,
thoroughly washed with deionized water and finally dried in a
vacuum under cryogenic conditions. This sample is assigned
as as-synthesized TiO, NR (a-TNR). The obtained a-TNR
powder was further calcined at 500 °C in air for 2 h to obtain
pure anatase TiO, nanorods (TNR).

2.1.2. Synthesis of graphene oxide (GO). GO was prepared
by a modified synthesis procedure of Marcano et al’® In
detail, 1 g of graphite flakes (Merck) and 6 g of KMnO, (Merck)
were added to a 9:1 (120:13.3 ml) mixture of concentrated
H,S0, (Merck) and H;PO, (Merck). The suspension was heated
to 40 °C and stirred for 24 h, followed by cooling to room
temperature and poured onto ice (133 ml of frozen deionized
water). Finally, 2.4 ml of 30% H,O, (Merck) was added. The
suspension was centrifuged, and the wet cake was first washed
with 10% aqueous HCI (Merck) solution to remove SO,>~ and
then several times with deionized water until neutral pH.
Finally, the obtained material was dried in a vacuum under
cryogenic conditions.

2.1.3. Synthesis of TiO, + rGO composites. Different
amounts of GO (0.02 to 0.5 g) were added to a 2:1 mixture of
absolute ethanol (25 ml, Sigma Aldrich) and deionized water
(50 ml). The mixture was ultrasonicated for 2 h to exfoliate gra-
phene oxide. Afterwards, 0.5 g of either a-TNR or TNR was
added to the mixture which was ultrasonicated for another
2 h. The mixture was transferred into a 200 ml Teflon-lined
autoclave and heated to 130 °C for 4 h. During the thermal
reaction, reduction of GO was achieved. The resulting products
were recovered by centrifugation, washed with deionized water
and dried in a vacuum under cryogenic conditions.

Samples were denoted as TNR + X% rGO, which represents
a composite of anatase TiO, nanorods containing X wt% rGO.

2.2. Characterization

The microstructure and chemical composition of the compo-
sites were studied using a 200 kV transmission electron micro-
scope (TEM; JEM-2100, Jeol Inc.) equipped with an LaB6 fila-
ment and an energy-dispersive X-ray (EDX) spectroscopy
system (Oxford instruments, Inca system). For TEM analysis,
the samples were dispersed in absolute ethanol and a drop of
this suspension was placed on a TEM Cu grid and dried. The
micrographs were recorded with a high-resolution slow-scan
CCD camera (Orius DC1000, Gatan Inc.). The anatase crystal
structure data for the simulation of the selected area diffrac-
tion pattern (SAED) patterns were obtained from Howard
et al.®®

BET (Brunauer-Emmett-Teller) specific surface area, total
pore volume and average pore size of the investigated materials
were determined from N, adsorption/desorption isotherms at
—196 °C (Micromeritics, model TriStar II 3020). The samples
were degassed before measurements using a SmartPrep degas-
ser (Micromeritics) under a N, stream (Linde, purity 6.0) at
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elevated temperature (60 min at 90 °C, followed by 240 min at
180 °C).

X-ray powder diffraction (XRD) patterns of the catalysts were
collected on a PANanalytical X’pert PRO MPD diffractometer
with Cu Kal radiation (1.54056 A) in reflection geometry (scan
range: 20-90° in increments of 0.034°). PDF standards from
the International Centre for Diffraction Data (ICDD) were used
for the identification of crystalline phases.

UV-Vis diffuse reflectance (UV-Vis-DRS) spectra were
obtained at room temperature using a PerkinElmer Lambda 35
UV-Vis spectrophotometer equipped with an RSA-PE-19 M
Praying Mantis accessory. The background correction in the
range of 200-900 nm was recorded using a white reflectance
standard Spectralon®©.

The ATR-FTIR spectra were recorded by using a FTIR
spectrometer (PerkinElmer, model Frontier), equipped with a
GladiATR Vision™ accessory (PIKE Technologies) that con-
tained a diamond crystal. The obtained spectra were a result of
64 scans with a resolution of 4 em™" in the spectral range of
4000-450 cm™".

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on a PHI-TFA XPS spectrometer (Physical Electronics
Inc.). The samples were excited by X-ray radiation from a
monochromatic Al-Ka source (1468.6 eV). The high-energy-
resolution spectra were acquired with an energy analyzer oper-
ating at a resolution of about 0.6 eV and a pass energy of 29
eV. During data processing, the C 1s peak at 285.0 eV was used
as the reference.

The cyclic voltammetry (CV) experiments were carried out
with Metrohm Autolab PGSTAT30. A three-electrode configur-
ation was employed using a screen-printed electrode
(DropSens) that consists of carbon as a working electrode,
platinum as a counter electrode and silver as a reference elec-
trode. The catalyst sample (12.5 mg) was dispersed in absolute
ethanol (2.5 ml, Sigma Aldrich) to form a homogeneous sus-
pension. 10 pl of the suspension was dropped onto the surface
of the working electrode and dried overnight at room tempera-
ture. The CVs were measured in 0.1 M KCI solution containing
1 mM K;[Fe(CN)s] as a redox probe with a scanning rate of

50 mV s .

2.3. Photocatalytic oxidation experiments

For the photolytic/photocatalytic experiments, a solution of
10 mg ™! BPA in ultrapure water (18.2 MQ cm) was used. The
experiments were performed in a 250 ml batch slurry reactor
(reaction vessel, Lenz LF60 250 ml (Germany) with an inner
diameter of 60 mm, height of 180 mm and a water-cooling
jacket) at atmospheric pressure, which was magnetically
stirred (600 rpm) and thermostated at 20 °C (Julabo, model
F25/ME). The solution was purged with purified air during the
whole experiment (45 1 h™"). The catalyst concentration used
in the performed experiment was 31.25 mg 17" (TNR + rGO
composites) or 62.50 mg 17" (a-TNR + rGO composites).
Ultrasonication was employed to suspend the catalyst before
adding it to the BPA solution. Illumination of the suspension
with a UVA Hg lamp (150 W, maximum at 4 = 365 nm) started
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after 30 min where the suspension was kept in the
dark (“dark” period) for establishing equilibrium of the
sorption process. The Hg lamp was positioned in a water-
cooling jacket which was immersed vertically in the center of
the batch slurry reactor. Oxidation runs were performed in
duplicate and found to be fully reproducible (deviation in BPA
conversion + 1%).

2.4. Analysis of end-product solutions

During the photolytic/photocatalytic runs, 1.5 ml samples were
withdrawn in 5-30 min intervals, filtered using a 0.2 pm mem-
brane filter and analyzed with an HPLC instrument (Thermo
Scientific, model Spectra) to determine temporal BPA conver-
sions. Details of the analytical protocol can be found else-
where.?® The level of mineralization, i.e. the total amount of
removed organic substances in aqueous-phase samples with-
drawn at the end of the photolytic/photocatalytic experiment
(25 ml), was determined by measuring the total organic
carbon (TOC) content. TOC measurements were carried out
with an advanced TOC analyzer (Teledyne Tekmar, model
Torch) equipped with a high pressure NDIR detector.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Actual rGO content in a-TNR and TNR composites.
The actual rGO content in the TNR composites was 1.7, 5 and
8 wt% for composites with 4, 10 and 20 wt% of nominal GO
loading, and 2.6, 5.3 and 9.2% for a-TNR composites with 4,
10 and 20 wt% of nominal GO loading. For more information
regarding the applied experimental approach, please refer to
the ESI (Fig. S1 and S21).

3.1.2. TEM analyses and N, physisorption. TEM was uti-
lized to characterize the morphology, microstructure and com-
position of a-TNR, TNR and their composites with rGO. Fig. 1a
and b show typical TEM images of the a-TNR sample; egg-like
particles being 30 + 4 nm in length and 20 + 2 nm in diameter.
A thick amorphous layer (~8 nm) was also observed covering
the crystalline core, as shown in the high magnification image
in Fig. 1c. This amorphous layer consists of Ti and O as shown
by the EDS analysis in Fig. 1d. The SAED pattern (inset of
Fig. 1a) compares the experimental and simulated data for the
anatase phase; it can be clearly seen that there is only anatase
phase present in the crystalline core of a-TNR material. Thus,
a-TNR material has a core-shell structure where the core is
crystalline anatase TiO, and the shell is amorphous TiO,. The
crystalline phase has preferential crystal orientation along the
(101) direction.

Fig. 2a shows the TEM image of the a-TNR + 5.3% rGO com-
posite. It can be seen that the rGO scrolls are covered with
polyhedral TiO, crystallites. The egg-like a-TNRs are trans-
formed into polyhedral crystallites. The (111) faces of the
anatase are well-developed and most of the particles have
square bi-pyramidal shape (top left inset of Fig. 2a). No amor-
phous layer covering the a-TNR was observed. These changes

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) TEM image of the a-TNRs (inset is showing SAED pattern (simulation + experiment)); (b) close up image of the a-TNR; (c) HR-TEM image
of the a-TNR sample with an amorphous layer covering the surface; (d) EDS spectrum corresponding to the circle shown in (c).

Fig. 2 (a) TEM image of the a-TNR + 5% rGO (inset is showing high magnification image of bi-pyramidal anatase nanocrystal); (b) SAED pattern for
a-TNR + 5% rGO (experiment + simulation).

in the morphology of the a-TNRs and noticeable reduction of sition of rGO (section 2.1.3). Fig. 2b compares the simulated
the BET specific surface area of a-TNR + rGO solids (Table 1) and experimental SAED data for a-TNR + 5.3% rGO compo-
are associated with hydrothermal conditions during depo- sites. It can be clearly seen that the anatase phase is present in

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017, 9, 4578-4592 | 4581
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Table 1 BET specific surface area (Sger), total pore volume (Viore).
average pore diameter (dpore) and average anatase TiO; crystallite size of
the composites. For additional discussion on N, physisorption results,
please refer to the ESI

SBET, Voores dporey  Anatase crystallite

Catalyst m*g™"  cem’g” nm size, nm
a-TNR 381 0.95 8.1 —
a-TNR + HT 163 0.43 8.9 —
a-TNR + 2.6% rGO 176 0.49 9.7 9.4
a-TNR + 5.3% rGO 182 0.44 8.2 9.3
a-TNR + 9.2% rGO 187 0.43 7.7 9.4
TNR 102 0.49 16.9 13.7
TNR + 1.7% rGO 101 0.44 15.5 9.3
TNR + 5.0% rGO 108 0.48 15.5 11.2
TNR + 8.0% rGO 118 0.48 14.4 12.7

the composite. An additional weak reflection corresponding to
the (101) crystal plane of rGO scrolls (interplanar distance of
0.2 nm) was observed, Fig. S3.}

Fig. 3a shows a typical TEM image of the TNR sample. A
proper rod-like morphology was observed for these samples
with a length of 70 + 8 nm and a diameter of 8 + 2 nm. SAED
pattern in Fig. 3b compares simulated and experimental data
for the anatase phase revealing that the TNR sample consists

View Article Online
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of pure anatase phase. It is clearly evident that each NR is a
single anatase crystal with preferential growth in the (101)
direction without any trace of the amorphous phase (Fig. 3c).

The TEM image of the TNR + 5% rGO sample (Fig. 4a)
revealed that rGO sheets are covered with TNRs. No significant
changes in the dimension and morphology of the TNRs were
observed during their hydrothermal attachment to rGO, likely
as a result of their previous calcination at 500 °C. Fig. 4b
shows a comparison between experimental and simulated
SAED patterns for the TNR + 5% rGO composites. The anatase
phase is clearly present in the composite. Additionally, a
characteristic rGO ring was also observed, corresponding to
the (101) crystal plane of rGO sheets. TEM images and lack of
multiple diffraction rings originating from the extended stack-
ing of rGO sheets (Fig. S31) give us good indication that the
observed rGO structure is indeed 2D and graphene-like.

The BET specific surface areas of a-TNR, TNR and TiO, +
rGO composites are presented in Table 1. Corresponding
N, adsorption-desorption isotherms and BJH pore size
distributions are presented in Fig. S4.f Calcination of
a-TNR (500 °C in air for 2 h) to produce the TNR resulted in a
significant decrease of BET specific surface area from 381
to 102 m* g~ ". Increasing amount of rGO in examined solids

Fig. 3

(a) TEM image of the heat treated TiO, NRs (TNR sample); (b) SAED pattern (simulation + experiment); (c) HR-TEM image of the TNR sample

showing single crystalline anatase TiO, phase with preferential growth in the (101) crystal direction.
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Fig. 4
TNR + 5% rGO (experiment + simulation).

exhibits only a minor effect on the BET specific surface area.
The decrease of the BET specific surface area of a-TNR + rGO
composites in comparison to pure a-TNR is associated with
the elimination of micropores contained in the amorphous
TiO, layer during the hydrothermal process of a-TNR and rGO
coupling. This was confirmed by an individual experiment
where a-TNR without GO (a-TNR + HT sample in Table 1) was
subjected to identical hydrothermal treatment. BET decrease
from 381 to 162 m> g~' was observed with a concomitantly
decreased quantity of N, adsorbed at p/p, < 0.01 (Fig. S17).
Also, considering that the formed square bi-pyramidal anatase
crystallites in a-TNR + rGO samples are of very similar size
(10-20 nm) compared to the egg-like core shell TiO, particles
of a-TNR, the observed drop in the surface area is unlikely
related only to the change of their shape.

3.1.3. XRD examination. X-ray diffraction patterns of GO,
a-TNR + rGO and TNR + rGO composites are presented in
Fig. 5. The peak at 9.8° in the GO sample (Fig. 5a) corresponds
to the (002) interlayer spacing (d) of 0.90 nm, which matches
very well with the value reported for GO.>' The pattern of the
a-TNR sample (Fig. 5a) exhibits only small peaks at 25.4 and
48.2°, which are attributed to diffractions from (101) and (200)
crystalline planes of anatase TiO,. All the diffraction peaks of
a-TNR + rGO and TNR + rGO samples match exactly the stan-
dard data of anatase TiO, (JCPDS 21-1272). One can clearly see
in Fig. 5a (a-TNR and a-TNR + 2.6% rGO) that the amorphous
TiO, shell observed in the TEM images (Fig. 1c), transforms
into the crystalline anatase TiO, during the hydrothermal
process of combining a-TNR and GO, resulting in intense and
clearly visible peaks belonging to anatase TiO,. Thus, for these
composites the temperature of 130 °C which was used for the
hydrothermal reduction of GO, was found to be sufficient to
transform amorphous TiO, into the anatase crystalline form.

This journal is © The Royal Society of Chemistry 2017

(@) TEM image of TNR + 5% rGO (inset is showing high magnification image of TNRs attached on the surface of rGO); (b) SAED pattern for

In a-TNR + rGO and TNR + rGO composites we could not
detect the characteristic peak (002) of GO at 9.8°, the absence
of this peak in the XRD diffraction patterns of the composites
(Fig. 5) suggests that GO was successfully reduced by the
applied hydrothermal procedure. The average crystallite size of
TiO, in the composites was calculated with the Scherrer
equation based on the full width at half maximum (FWHM) of
the (200) peak at a 26 value of 48° and are listed in Table 1. In
the case of a-TNR + rGO composites the average crystalline size
did not change with the increasing amount of rGO and
remained constant at around 9.3 nm. It seems that the
addition of GO has a negligible effect on the crystallite size of
TiO, during the hydrothermal process. On the other hand, the
average anatase TiO, crystallite size in the TNR + rGO compo-
sites decreased compared to pure TNR. The same pheno-
menon was discovered by Trapalis et al.>' who attributed this
behavior to the incorporation of graphene sheets between the
nucleation centers which hindered the crystallization process.
To conclude, the obtained XRD and TEM data suggest that: (i)
anatase is the only TiO, polymorph present in both compo-
sites, (ii) rGO is present in different morphologies in a-TNR
and TNR based composites: as scrolls and sheets, respectively
and (iii) in a-TNR and TNR based composites, direct contact
between TiO, and rGO phases exists.

3.1.4. FTIR analysis. The FTIR spectra of GO, a-TNR and
TNR samples as well as those of their rGO composites are pres-
ented in Fig. 6. The spectra of a-TNR and TNR solids show
strong absorption in the range of 450 to 1000 cm™', which
corresponds to Ti-O-Ti bonding. This band is broadened
towards higher wavenumbers when rGO was introduced into
the composites as a result of Ti-O-C stretching vibrations,
which indicates a bridging oxygen bond formation between
TiO, and rGO.*? The broad band at around 3400-3200 cm™*

Nanoscale, 2017, 9, 4578-4592 | 4583
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Fig. 5 XRD patterns of (a) a-TNR and (b) TNR composites with different
amounts of rGO.

and 1600 cm™" in the a-TNR and TNR spectra can be ascribed
to the stretching and bending vibrations of surface adsorbed
hydroxyl groups and water, respectively.>” The bands in the GO
spectrum appearing at 1050, 1220, 1414 and 1720 cm™" are the
stretching vibrations of oxygen containing groups (alkoxy C-O,
epoxy C-O, C-OH and carbonyl C=0). The broad band at
3400 cm™' arises from the stretching vibrations of surface
hydroxyl (-OH) groups, and the peak at 1620 cm™" arises from
the C=C skeletal vibration of GO, thus confirming its sp’
hybridized structure.’’**?> The bands of oxygen containing
groups clearly observed in the GO spectrum disappear in the
spectra belonging to TiO, + rGO composites, which indicates
their successful reduction during the hydrothermal prepa-
ration procedure. The above results confirm that the reduction
of graphene oxide and coupling of TiO, and rGO phases via
bridging oxygen in both a-TNR and TNR composites take
place.

3.1.5. UV-Vis-DR analysis. The optical properties of GO,
a-TNR, TNR and their rGO composites are illustrated in Fig. 7a
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Fig. 6 FTIR spectra of prepared (a) a-TNR and (b) TNR composites, as
well as of bare a-TNR, TNR and GO samples.

and c. The band gap energies are presented in Table 2 and
were determined by Tauc plots (associated graphs are pre-
sented in Fig. 7b and d). Absorption at 4 < 400 nm is seen for
all the examined samples and is assigned to the intrinsic band
gap absorption of TiO,. A 0.3-0.4 eV decrease in the band gap
energies was observed in TNR + rGO and a-TNR + rGO compo-
sites compared to pure TiO, (Table 2). No correlation exists
between the rGO content in the composites and band gap
energy, suggesting that the measured absorption edge is a
simple addition of the intrinsic absorption of both com-
ponents. The increasing background absorbance above
400 nm shown in the collected spectra’s of the composites is
ascribed to the light absorption by rGO, which was also indi-
cated by the color change of the samples that become pro-
gressively darker with the increasing amount of rGO
(Fig. 7e).>°

3.1.6. XPS examination. XPS examination was performed
on GO, a-TNR and TNR samples as well as their rGO compo-
sites (Fig. 8 and 9). The general XPS survey of GO, a-TNR and

This journal is © The Royal Society of Chemistry 2017
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The pictures show that with increasing amounts of rGO in the TiO, + rGO composites the color of the composites becomes darker.

Table 2 Band gaps for TiO, + rGO composites evaluated by means of
Tauc plots

Catalyst Band gap, eV
a-TNR 3.5
a-TNR + 2.6% rGO 3.2
a-TNR + 5.3% rGO 3.1
a-TNR + 9.2% rGO 3.3
TNR 3.4
TNR + 1.7% rGO 3.2
TNR + 5.0% rGO 3.1
TNR + 8.0% rGO 3.2

This journal is © The Royal Society of Chemistry 2017

TNR powders and their rGO composites demonstrated that the
main constituents are titanium, oxygen and carbon (Fig. S5
and S67). Fig. 8a—c and 9a-c show the XPS spectra of individ-
ual lines of Ti 2p, C 1s and O 1s for a-TNR (TNR) and their
composites with different amounts of rGO measured at a high
resolution, respectively.

All the composites show similar features for the Ti 2p spec-
trum except for the a-TNR sample, which is slightly shifted to
the higher binding energies (Fig. 8a). Such a shift can be
ascribed to the amorphous TiO, shell, as observed from TEM
analysis (Fig. 1c). Amorphous TiO, has a different atomic

Nanoscale, 2017, 9, 4578-4592 | 4585
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nation of VBM. Inset schematic illustration of band structure determination with XPS and UV-Vis DRS measurement.

environment compared to crystalline anatase, which can result
in a shift in the Ti 2p spectrum.?” The Ti 2p spectra of a-TNR +
rGO composites have Ti 2p,,, and Ti 2p;/, spin-orbital split-
ting of photoelectrons which are located at the binding ener-
gies of 465 and 459.3 eV, respectively, with a difference of ~5.7
eV which corresponds to the pure bulk anatase phase.
Although the XPS results of a-TNR sample for Ti 2p,,, and Ti
2ps,, are slightly shifted, the difference between them is identi-
cal to those of anatase (5.7 eV). This observation indicates that
in the amorphous shell covering the anatase core (TEM image,
Fig. 1c), the short range ~O-Ti-O-Ti- network chains are orga-
nized in an anatase-like structure.’” This is the main reason
why the anatase phase is formed in a-TNR + rGO composites
under relatively mild hydrothermal conditions (130 °C). In
Fig. 9a, all the composites including TNR show features which
corresponds to the pure anatase phase.

The high resolution C 1s XPS spectrum for GO, a-TNR
(TNR) and their rGO composites can be deconvoluted into
three peaks as shown in Fig. 8b and 9b. The major peak with
the binding energy around 285.1 eV is attributed to C-C and
sp> hybridized carbon (C=C) as shown in Fig. 8b and 9b. In
Fig. 9b, a small shift of the major peak was observed towards
lower binding energies (280 eV) with an increasing content of
rGO which corresponds to the increasing amount of sp> hybri-

4586 | Nanoscale, 2017, 9, 4578-4592

dized C=C bonds due to the addition of rGO in TNR compo-
sites. Additionally, oxygen functionalities attached to the
carbon are visible at ~287 + 0.3 eV and are attributed to the
epoxy C-O bond, while the broad peak centered at ~289.1 eV
is ascribed to the COOH group as shown in Fig. 8b and 9b.
The deconvoluted XPS data for the C 1s electrons of the a-TNR
and TNR based composites show a dramatic decrease of the
signal originating from the C-O species in comparison to pure
GO as seen in Fig. 8b and 9b. This suggests that the applied
hydrothermal synthesis protocol significantly reduced the
number of C-O bonds, thereby converting GO to graphene. It
is evident that the peaks at 286.7 and 289.1 eV increased for
TNR + 8% rGO and a-TNR + 9.2% rGO composites, meaning
that GO is not completely reduced in these composites. In
Fig. 8b and 9b, no peak appears at 281.0 eV corresponding to
the Ti-C bond,*® which means that no Ti-C exists on the
surface of the examined composites.

The strongest peak at 530.6 eV corresponds to the Ti-O
bond of TiO,, which implies that the chemical state of oxygen
resembles that of anatase TiO, (Fig. 8c and 9c). The peak at
~533 eV is assigned to the C-O bond which significantly
decreased in composites (TiO, + rGO) in comparison to pure
GO (Fig. 8c and 9c), again confirming the reduction of GO to
graphene. In Fig. 9c there is a shoulder appearing at 532.7 eV

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 XPS analysis of TNR and its composites with different rGO loadings: (a) Ti 2p spectra, (b) C 1s spectra, (c) O 1s spectra and (d) determination

of valence band maxima.

which is increasing with the increasing rGO content in the
composites. This can be ascribed to the formation of the Ti-
O-C functional group. The presence of such functional groups
in the composites is also evident in FTIR measurements
(Fig. 6a) and reveals the nature of bonding between both the
constituents of the composites.

In order to reveal the information about the valence band
maxima (VBM), calculated as described by Chambers et al.,*
data were smoothed with a Savitzky-Golay (SG) filter before
analysis. This method uses a linear extrapolation of the
leading edge of the valence photoemission by finding the
intersection of a regression line that spans the linear portion
of the X-ray photoelectron valence band leading edge with the
background between the VBM and the “Fermi level”.>® More
details are available in the ESI (Fig. S71). The VBM results of
a-TNR (TNR) and their rGO composites are shown in Fig. 8d
and 9d. Taking into account the band gap (E,) values from
UV-Vis DRS measurement (Table 2), the band structure can be
determined as illustrated in the inset of Fig. 8d.

It is difficult to precisely measure E, for rGO from the uti-
lized UV-Vis DRS technique due to its dark color. However, the
literature values vary from 3.5-1.15 eV, depending on the redu-
cing protocol.”’ The E, value corresponding to the hydrother-

This journal is © The Royal Society of Chemistry 2017

mally reduced GO is around 3.0 eV. The VBM value for GO was
found to be 3.05 eV, which is very close to the VBM values of,
a-TNR and TNR, as shown in the table in Fig. 8d and 9d.

3.1.7. Cyclic voltammetry (CV) measurements. CV results
are presented in Fig. 10 for a-TNR + rGO and TNR + rGO com-
posites. Anodic and cathodic peaks for each sample are clearly
seen. The peaks at positive potentials on the anodic (forward)
sweep at around 0.2 V vs. Ag represent the oxidation of ferro-
cyanide to ferricyanide with the loss of one electron. The
cathodic peak at about 0.05 V vs. Ag represent the reduction of
ferricyanide to ferrocyanide.'' In the case of a-TNR based
materials, the peak-to-peak separations (AE,) are 151 mV for
pure a-TNR, 137 mV for a-TNR + 2.6% rGO, 122 mV for a-TNR
+5.3% rGO and 161 mV for a-TNR + 9.2% rGO (Fig. 10a). Low
AE, is related to fast electron transfer kinetics. The reported
AE,, values clearly indicate that in the a-TNR + rGO composites
containing up to 5.3% rGO the electron transfer kinetics are
accelerated in comparison to pure TiO,.*> Also, in the case of
TNR + rGO composites (Fig. 10b) the lowest AE, value of
132 mV was observed for the TNR + 5% rGO composite. For
comparison, AE, values for TNR, TNR + 1.7% GO and TNR +
8% GO samples were found to be 205, 161 and 185 mV,
respectively. The anodic current densities (/,) of a-TNR compo-

Nanoscale, 2017, 9, 4578-4592 | 4587
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Fig. 10 Cyclic voltammograms recorded for the (a) a-TNR and (b) TNR
composites with different amounts of rGO.

sites are higher than those of the TNR counterparts. By taking
into account the specific surface areas of the a-TNR compo-
sites which are 38-82% higher compared to the TNR counter-
parts (see Table 1), the order of anodic current densities
reverses: J, (-TNR + rGO) < J, (TNR + rGO). As a result, the
amount of transferred electrons is higher in the TNR based
composites (Fig. $87).*" This likely originates from the fact
that sheet-like rGO, as present in the TNR composites (Fig. 4)
accommodates a substantially higher number of TiO, crystal-
lites (which upon illumination provide the electrons) com-
pared to a-TNR composites (Fig. 2) where a much smaller
number of TiO, crystallites are deposited over a single rGO
scroll. In both series of composites, the presence of rGO
improves the current densities compared to bare TiO, TNR
and a-TNR samples. It is shown that the introduction of rGO, a
highly electron conducting substrate, enhances the rate of elec-
tron transfer. We can further see that among composites with
different rGO loadings, the samples with highest rGO content
display the lowest current densities as well as the highest AE,
values. Obviously, there exists a threshold amount of rGO in
the examined composites upon which rGO starts to facilitate
the electron-hole recombination. Furthermore, complete
reduction of GO in composites containing >8% rGO is not

4588 | Nanoscale, 2017, 9, 4578-4592
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possible as observed by XPS analysis (Fig. 8 and 9). This is in
agreement with the findings of other authors, who report that
the excess of rGO can act as a charge carrier recombination
center and cause poor conductivity.*"** As a result, fewer elec-
trons and holes can participate in a catalytic reaction, exhibit-
ing lower catalytic activity.

3.2. Photocatalytic BPA oxidation

Fig. 11 and 12 show BPA degradation curves obtained in the
presence of a-TNR + rGO and TNR + rGO composites. The
experiments were first conducted in the dark for 30 min in
order to determine the adsorption equilibrium. The decrease
of BPA concentration in the reaction suspension due to the

1.0 —e—a-TNR
—v—a-TNR+2.6% rGO
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Fig. 11 Photocatalytic degradation of BPA in the presence of a-TNR
composites with different rGO loadings irradiated with UVA light for
240 min. The catalyst concentration used in the performed experiments
was 62.5 mg [,

—e— TNR
1.0 —v— TNR+1.7% rGO
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Fig. 12 Photocatalytic degradation of BPA in the presence of TNR com-
posites with different rGO loadings irradiated with UVA light for 120 min.
The catalyst concentration used in the experiments performed was
31.25mg ™
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adsorption of BPA on the surface of a-TNR + rGO composites
was negligible and was not influenced by the amount of GO
present in the composites. The extent of photocatalytic BPA
degradation importantly shows that when a-TNR were loaded
with rGO, the degradation of BPA was improved in comparison
to pure a-TNR (initial BPA disappearance rate over this solid
equals 0.53 mg (g min)~'). The maximum degradation
activity was achieved in the presence of a-TNR + 5.3% rGO
composites (initial BPA disappearance rate: 2.85 mg (gcat
min)~"). Also, the half-lives of BPA degradation decreased sig-
nificantly from 150 min (for a-TNR) to 28 min (measured in

100
Il =-TNR+
- I TNR+
80 -
R
T
3 60}
=
e
)
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Fig. 13 Comparison of TOC removal data obtained under UVA light
assisted photocatalytic BPA oxidation after 240 min in the case of a-TNR
+ rGO composites (black bars), and after 120 min in the case of TNR +
rGO composites (red bars).
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the case of a-TNR + 5.3% rGO sample) and then increased
slightly for the a-TNR + 9.2% rGO solid (41 min). Fig. 13 pres-
ents TOC removal data (i.e. extent of total mineralization of
the parent organic matter), which were obtained after 240 min
of UVA irradiation of aqueous BPA solution in the presence of
a-TNR + rGO composites. The measured TOC data for a-TNR +
rGO composites resemble the trends of BPA degradation activi-
ties (Fig. 11). The extent of BPA mineralization and its reaction
intermediates increases with the increasing amount of rGO in
the composites until 5.3 wt% of rGO loading is reached.

Fig. 12 shows temporal BPA degradation curves obtained
over TNR + rGO composites. Compared to the runs performed
with the a-TNR + rGO composites (Fig. 11), lower catalyst load-
ings were utilized in this case because the TNR + rGO compo-
sites exhibited substantially higher activity per unit mass. As
before, we can see that after 30 min of darkness, the concen-
tration of BPA in the reaction suspension did not change sig-
nificantly. This implies that the data presented in Fig. 12 are
not influenced by adsorption effects. The obtained BPA degra-
dation curves demonstrate that introducing GO into TNR +
rGO composites increases the photocatalytic activity compared
to pure TNR. In the case of TNR + rGO composites, the
maximum degradation activity was also achieved with the
composite containing 5 wt% rGO (Fig. 12; initial BPA dis-
appearance rate: 17 mg (g., min)~'), as was already seen in
the case of a-TNR + rGO composites. The extent of TOC
removal, achieved in 120 min of reaction time in the presence
of TNR + rGO composites, is illustrated in Fig. 12. The
measured TOC data for TNR + rGO composites resemble very
well the obtained trends of BPA degradation activities pres-
ented in Fig. 12. The highest extent of mineralization of BPA

Fig. 14 Graphical illustration of TNR + rGO composites and possible mechanism for improved charge separation and migration.

This journal is © The Royal Society of Chemistry 2017
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and its reaction intermediates was obtained over the TNR com-
posites containing 5 wt% of rGO.

Fig. 14 shows a schematic of a proposed model for
improved charge separation and migration for enhanced
photodegradation of BPA over TNR + rGO composites. Several
factors influence the photocatalytic activity of the studied com-
posites, such as efficient light harvesting (related to bandgap
energy), tendency of different surface TiO, crystalline planes
for electron and hole accumulation,®® prolonged charge carrier
separation (supported by high electron conductivity of the rGO
component), specific surface area and efficient generation of
radical species which ultimately perform the catalytic conver-
sion. Based on CV measurements, rGO sheets enable more
electrons to be transferred from TNRs compared to rGO scrolls
in a-TNRs, resulting in a higher amount of efficiently separated
charge carriers (thus suppressing the recombination events),
which supports the photocatalytic degradation of BPA. The
TiO, nanorods attached to the graphene sheets inject their
excited electrons to the graphene due to band alignment and
eliminate the radiative electron-hole recombination. The gra-
phene sheets act as a web for the electron percolation mechan-
ism and significantly improve the electron migration.***’
Based on these results we can assume that both electrons and
holes can interact with O, and water to form superoxide and
hydroxyl radicals, as shown in Fig. 14. In addition, both com-
posites expose different TiO, surface crystalline planes,
namely: more reactive (001) planes in TiO, nanorods (TNR
composites) and more stable (101) planes in square bi-pyrami-
dal TiO, crystallites of a-TNR composites. It was previously
substantiated that (001) planes of TiO, preferentially accumu-
late in the photogenerated holes,*> which upon contact with
water generate highly active hydroxyl radicals. As a result of
these favorable properties TNR + rGO based composites enable
up to 6-fold higher BPA degradation activity.

4. Conclusions

In the synthesized a-TNR nanorods, the core of anatase TiO, is
covered by an approximately 8 nm thick layer of amorphous
TiO,. With the calcination of a-TNR in air for 2 h at 500 °C, we
obtained nanorod shaped single crystals composed of anatase
TiO, (TNR). During hydrothermal reduction treatment at
130 °C, which was used to combine a-TNR and rGO, crystalliza-
tion of the amorphous TiO, layer into crystalline anatase TiO,
occurred. In the case of a-TNR + rGO composites a-TNR were
interconnected with multilayered rGO scrolls, whereas in TNR
+ rGO composites, TNRs were uniformly dispersed on rGO
sheets. The results of XPS and FTIR show that GO reduction
during the hydrothermal procedure was successful (except in
the composites containing the highest GO content), and there is
a perfect band alignment between TiO, and rGO, and Ti-O-C
bonds were formed linking both components of the compo-
sites. This information is of crucial importance and enables
the transfer of charge carriers from TiO, to rGO under UVA
light illumination. This consequently retards the electron-hole
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recombination, which implies that more electrons and holes
can participate in the catalytic reaction. A hindered electron—
hole recombination in TiO, + rGO composites in comparison
to pure TiO, was also confirmed by cyclic voltammetry
measurements. The electron-hole recombination is progress-
ively hindered with increasing rGO loading up to 5 wt%,
whereas further increase of the rGO content accelerates their
recombination. In very good agreement with these findings are
the photocatalytic oxidation tests which show that in both
series of composites the highest BPA degradation activity was
achieved with the 5 wt% rGO composite. A precisely tuned
amount of rGO in the TiO, + rGO composites is of crucial
importance for achieving optimal photocatalytic activity in
BPA decomposition.
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