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ABSTRACT: Using alizarin and titanium isopropoxide, we have succeeded in e Y by

preparing a hybrid form of nanostructured graphene—TiO, following a bottom-up
synthetic approach. This novel graphene-based composite offers a practical
alternative to synthesizing photocatalytically active materials with maximized
graphene—TiO, interface. The molecular precursor alizarin was chosen because it
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efficiently binds to TiO, through the hydroxyl groups and already possesses the

graphene building block through its anthracene basis. XPS and Raman spectroscopy proved that the calcined material contained
majority sp>hybridized carbon that formed graphene-like clusters. XRD data showed the integrated structures maintained their
anatase crystallography, therefore preserving the material’s properties without going through phase transitions to rutile. The
enhanced graphene and TiO, interface was confirmed using DFT computational techniques. The photocatalytic activity of the
graphene—TiO, materials was demonstrated through degradation of methylene blue.

KEYWORDS: graphene titania composite, new synthetic approach, enhanced interfacial contact, small organic precursor,
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1. INTRODUCTION

Integrated graphene—TiO, (Gr—TiO,) materials show great
promise as photocatalysts and catalysts in many reactions.'”
The graphene domains in the hybrid structures enhance the
intrinsic catalytic and photocatalytic properties of bare TiO, to
improve the efficiency of the reactions.”®® The composite
structure serves as an example of excellent use of graphene, a
material with many unique properties. For example, in
photocatalytic reactions graphene can serve as a hole or
electron trap, slowing charge recombination in TiO,, allowing
the reaction to proceed more efficiently as compared to bare
TiO,.” Specifically, UV irradiation induces band gap excitation
in TiO, followed by electron injection into the graphene
clusters. This increases the excited lifetime of TiO,, enabling
more efficient photocatalytic reactions.

It is still a topic of much research to find effective ways to
synthesize integrated Gr—TiO, structures with the optimized
interface. Creating the structure with maximized graphene—
TiO, interface is motivated by the fact that the greatest
enhancement of catalytic and photocatalytic properties of Gr—
TiO, would occur when the interface between the graphene
and the metal oxide is maximized, allowing an increased flux of
charge transfer.'” The Gr—TiO, material can be created by
direct synthesis of exfoliated graphene sheets with TiO, to
create a Gr—TiO, hybrid. This is typically done under vigorous
ultrasonication, utilizing chemical surfactants to suspend the
graphene. However, the surfactant additives react with the
surface functional groups of the metal oxides while ultra-
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sonication induces defects to the graphene structure, alterin:
the electronic and surface properties of the material.'""
Another pathway to create graphene is chemical vapor
deposition (CVD) where organic precursors in gaseous phase
are cracked in temperatures ranging from 600—1000 °C on a
metal catalyst to form controlled, uniform graphene films with
excellent conductivity and large grain sizes."”~'> However,
anatase TiO, typically converts to less catalytically active rutile
between 500 and 700 °C, lower than typical CVD conditions."®
Consider the organic dye alizarin (1,2-dihydroxy-9,10-
anthracenedione), an anthracene derivative, as a precursor for
graphene (see Figure 1). The molecule efficiently chemisorbs
to the surface of TiO, through its hydroxyl functional
groups.'’™'” Furthermore, alizarin is capable of forming a
homogeneous solution with the TiO, precursor titanium
isopropoxide in isopropanol, ensuring complete and total
homogeneous mixture of the two precursors. Upon calcination,
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Figure 1. Structural formula of alizarin.
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Scheme 1. Graphene Patch Formation from Alizarin

Alizarin

1) Alizarin and Titanium (IV)
Isopropoxide form Alizarin-TiO,
hybrid structure

2) Alizarin-TiO, hybrid structure is
thermally converted to Graphene-
TiO, composite

3) Graphene patch accepts

uv
e_
photoexcited electron from TiO, and CB' 2
slows down charge recombination
VB A

Calcination

alizarin can convert into graghene clusters by thermal
cyclodehydrogenation pathway,”*~>* which preserves the
carbon sp® bond character of the anthracene backbone.

In this work, we developed a novel synthetic approach to
grow integrated Gr—TiO, structures following a bottom-up
synthesis and demonstrated their photocatalytic activity by
photocatalytic degradation of methylene blue (MB) dye. The
graphene component was grown from alizarin in situ with TiO,
formation under increased thermal conditions (Scheme 1). We
also perform density functional theory (DFT) calculations to
confirm the binding properties of alizarin and graphene-like
structures, conversion of alizarin to graphene patches, and their
effect on resulting enhanced interface morphology and charge
density.

We further show through DFT calculations that graphene
patches within the Gr—TiO, material provide an electron
acceptor site, into which photoexcited electrons from TiO, can
inject. This slows the charge recombination, which would occur
within the metal oxide in the absence of graphene. The slowing
of charge recombination in the material allows for more
efficient photocatalytic performance. As the graphene loading
was increased in the current study, more active sites were
introduced within the hybrid structure. The rate of MB
degradation increased with higher loadings of alizarin. A more
in-depth determination of the relationship and mechanism
between electron injection into the graphene and kinetics is an
ongoing effort. The bottom-up synthesis technique demon-
strated in this work leads itself to the concept of rationally
designed materials whose properties are controlled during the
synthesis. This up-front synthesis control of the properties
results in materials with tailored functionality.

2. EXPERIMENTAL SECTION

2.1. Preparation of TiO, and TiO,—Alizarin Hybrid Powder
by Sol-Gel Method. The metal oxide precursor solution was a
mixture of 7 mL of titanium isopropoxide (TIP) (97%, supplied by
Aldrich, US.) and 3 mL of isopropanol (IPA) (99%, supplied by
Fisher Scientific, U.S.) combined to create an IPA/TIP solution. An 80
mL solution adjusted to pH = 12 using 35% NH,OH, supplied by

Acros Organics, U.S., was added to the round-bottom flask that was
placed on ice. Alizarin was purchased from Sigma-Aldrich, U.S., and
served as a graphene precursor. For graphene formation studies, 0.2, 1,
2, and 5 wt % alizarin solutions were created in the IPA/TIP solution.
The low concentration of alizarin was chosen to promote single layer
graphene growth by avoiding 7—7* stacking of the organic molecules
in solution. Higher concentrations of the alizarin solution, with alizarin
dimers and trimers, would cause formation of stacked layers of
graphene. Samples with 1, 2, and 5 wt % alizarin were prepared for
photocatalytic testing. The IPA/TIP solutions were slowly added into
NH,OH solution dropwise in ice for 30 min, while stirring. After the
TIP/IPA solution was added in the pH solution, the round-bottom
flask was transferred to a hot water bath (~90 °C) and stirred
overnight for 24 h, resulting in suspensions of TiO, and alizarin—TiO,
with different weight percentage loadings.

2.2. Hydrothermal Treatment. After being stirred overnight, the
sol—gel solution was transferred to a 200 mL Teflon-lined autoclave.
This autoclave was sealed and maintained at 130 °C for 24 h. The
obtained white (bare TiO,) or pink (alizarin—TiO,) precipitates were
collected on glass filter paper, washed thoroughly with distilled water,
and then dried in a forced air oven at 65 °C for 24 h.

2.3. Graphitization of TiO,—Alizarin Hybrid Powder. The Gr—
TiO, nanocomposites were obtained by thermal reduction of alizarin—
TiO, powder at 700 °C under a 100 mL/min flow of dry nitrogen. To
establish the relationship between calcination temperature and
resulting structures, the 0.2 wt % Gr—TiO, sample was heated to
475 and 700 °C, held at constant temperature for 30 min, and then
cooled from the set point temperature to 25 °C for 1 h. For
photocatalysis experiments, the samples were heated to 700 °C for 1 h,
held at constant temperature for 30 min, and then cooled to 25 °C in 1
h. The temperature of 700 °C was chosen to strip selectively any
carbonyl and hydroxyl groups off alizarin, leaving behind only the
graphene-like anthracene backbone.”®* The TiO, samples containing
graphitized alizarin for photocatalytic testing at different weight
percentage loadings were designated 1.0 wt % Gr—TiO,, 2.0 wt % Gr—
TiO,, and 5.0 wt % Gr—TiO,. Similarly, TiO, containing no alizarin
was thermally treated in a manner similar to the hybrid materials and
was designated bare TiO,.

Bulk alizarin (10 mg) was conditioned under the same temperature
as the 1-5 wt % Gr—TiO, samples. Alizarin was calcined at 700 °C,
under dry N, flow, for 30 min in a ceramic boat. Resulting black
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powder was analyzed with Raman spectroscopy to inform the
structural properties.

2.4. Characterization. Bare TiO, and Gr—TiO, hybrid powders
were characterized for their structural and morphological properties
using the following techniques.

Powder X-ray diffraction (XRD) measurements were taken using a
PANalytical X'Pert X-ray powder diffractometer with an X’celerator
detector. Samples were scanned at 45 kV and 40 mA, using Cu Ka
radiation (1 = 1.54 A), a step size of 20 = 0.02° (5.0 s/step) over a
range of 20 = 5—80°. Zero-background discs were used to minimize
background scattering. XRD diffraction patterns were processed using
the Reflex module in Material Studio 6.0 by Accelrys. The average
crystallite size was determined by the broadening of the anatase (101)
diffraction peak use the Debye—Scherrer equation.

The particle size and morphology of the powder were observed
using a JEOL 6300F field emission scanning electron microscope
(FESEM, JEOL, Japan) at an accelerating voltage of 200 kV. Average
particle size for each sample calcined at different temperatures was
determined using Image] software. Using the software, the average
particle size was determined manually.

BET surface areas and pore size distributions were obtained by
nitrogen adsorption isotherms at 77 K using a Quantachrome
Autosorb-1. A relative pressure range of 107 to p,, = 1 was measured
for the adsorption branch followed by a desorption branch to indicate
hysteresis. All samples were outgassed at 100 °C under vacuum for 20
h. BET specific surface areas (SSA) were derived from a linear region
of the isotherm between relative pressures from 0.03 to 0.3 based on
parameters described by Rouquerol et al. Pore size distributions were
calcﬂagidzlslsing silica cylindrical pores NLDFT adsorption equilibria
1.7

Raman spectra were recorded at room temperature using a JASCO
NRS-3200 Raman microscope with a 532 nm frequency-doubled
Nd:YAG laser. All spectra were acquired at ~10 mW laser power, with
1200 lines/mm grating (scan rate), 0.1 mm slit width, and 20—100 s
integration time using 20X objective.

X-ray photoelectron spectroscopy (XPS) spectra were recorded
using a PerkinElmer Phi 570 ESCA/SAM system employing Cu Ko X-
rays. All binding energies are referenced to the carbon 1S
photoelectron peak at 284.6 eV.

2.5. Computational Details. Ab initio calculations were
performed using DFT with a plane wave basis set, as implemented
in the Quantum Espresso code. The Perdew—Burke—Ernzerhof (PBE)
functional®” was used to treat the exchange and correlation potentials.
The core electrons were approximated through ultrasoft pseudopo-
tentials, while the energy cutoff for the plane wave basis set was set at
37 Ry. The interface between TiO, and graphene is modeled within a
periodic vacuum slab model, with a vacuum region of ~15 A. A (101)
surface of TiO, was cleaved and used in the calculations. Two layers of
TiO, are used (thickness ~10 A), below a single sheet of graphene.
The size of the cell is 20.4 X 7.6 X 30.8 A, with a total of 204 atoms, 60
carbons for the graphene and 48 Ti and 96 O for TiO,.

2.6. Photocatalytic Measurement. The photocatalytic activities
of bare TiO, and 1.0%, 2.0%, and 5.0 wt % alizarin loaded Gr—TiO,
samples were tested with a methylene blue (MB) aqueous solution. A
stock solution of 9.75 X 107> M MB in deionized Milli-Q water was
used for all experiments. A 100 W 365 nm lamp was used to irradiate
the stirred MB in solution with bare TiO, or with Gr—TiO, powders
for a predetermined time period. The MB solution was stirred with the
different wt % catalyst powder until adsorption equilibrium was
achieved prior to UV irradiation to deconvolute as much as possible
the effect of MB adsorption from photocatalytic degradation. An
Agilent Hewlett-Packard 8453A UV—vis—NIR spectrophotometer was
used to measure the intensity of the supernatant MB solution after UV
exposure. Over time, the decrease in the 609 nm UV—vis band’s signal
intensity of the solution was correlated to the decrease of MB
concentration. To calibrate the instrument’s absorbance signal
intensity to concentration of the MB solution, controlled diluted
MB solutions were generated, analyzed with UV—vis, and calibrated to
a concentration value.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of TiO, and Gr—
TiO, Structures. XRD confirmed that the TiO, component of
the composite preserves its anatase structure and size. We also
confirmed that the resulting material’s size remains constant
after temperature treatments. This is important because
particles grown to larger sizes due to thermally induced
ripening were shown to lose their catalytic properties.”®

We prepared the TiO, in alkaline conditions because high
pH synthesis allowed the anatase nanoparticles to retain their
structure at 700 °C (see the discussion and Figure S1 in the
Supporting Information for comparison of thermal structural
response of low pH and high pH synthesized TiO,). The XRD
patterns of all of the samples synthesized at 700 °C are shown
in Figure 2.

Bare TiO,
—0.2wWt.% Gr-TiO2 —2.0wt% Gr-TiO2
1.0 wt.% Gr-TiO2 —5.0wt.% Gr-TiOZ

A A M A

e e
-

—
-
-
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Figure 2. XRD patterns of bare TiO, and Gr—TiO, materials calcined
at 700 °C, pH = 12. *Anatase peaks.

The figure shows XRD patterns of bare TiO, along with Gr—
TiO, loaded with 0.2, 1.0, 2, and S wt % alizarin. The anatase
structure is preserved in all materials even at 700 °C. This
suppression of rutile formation was previously observed in
TiO, crystals that were coated with graphite.”” No graphene
spectrum is observed in any spectra within Figure 2. This is
likely because the low (0.2—S wt %) loading of alizarin does not
yield any stacked graphene sheets that would provide an XRD
response. It is anticipated that the sizes of individual graphene
clusters formed from alizarin are smaller than graphene formed
by graphene oxide reduction methods, where the structure is
based on large graphene patches scattered with TiO,
nanoparticles."®® This is due to the fact that thermal
cyclodehydrogenation reactions of small aromatic molecules
typically produce small graphene clusters.>’ Overloading a
graphene—TiO, nanocomposite with multiple layers of
graphene actually lowers the photocatalytic performance of
the material because excess graphene hinders contact between
the analyte and TiO,, lowering photocatalytic performance.®
Additionally, previous work concluded that graphene—TiO,
hybrid materials with low graphene loadings from 0.1 to S wt %
all iméproved upon the photocatalytic performance of bare
TiO,>° with the desired charge transport properties of
graphene observed in graphitic structures as small as 1.7 nm.>!

The size of the TiO, crystallites can be approximated by
using the Debye—Scherrer equation, which determines the
length of a crystalline domain in a specific crystallographic
direction. To compare the relative sizes of the crystals calcined
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at different temperatures, we choose the length in the [101]
direction, which corresponds to the XRD peak at 20 = 25°.
The Debye—Scherrer lengths in the [101] direction presented
in Table 1 indicate that the individual crystallites grow as the

Table 1. Bare TiO, and 0.2 wt % Gr—TiO, Crystal Size
Following Thermal Treatment

sample mean crystal size” (nm)
TiO,-130 32.6
TiO,-475 347
Ti0,-700 479
Gr—Ti0,-130 299
Gr—Ti0,475 347
Gr—Ti0,-700 44.8

“Referenced to the (101) surface.

calcination temperature is increased, as expected. The addition
of alizarin does not change the crystallographic properties of
the TiO, nanoparticles such as size and crystal structure. The
sizes of the crystalline domains of TiO, and 0.2 wt % Gr—TiO,
remain similar at all temperatures. Therefore, presumably, the
anatase structure of TiO, is preserved.

Morphological properties of the materials were further
studied by SEM (Figure 3). SEM images indicate that the

700°C

As Synthesized — 130°C
R

475°C

<size>;p0:c 39.7 Nm

<size>,s =29.7 nm <size>y75:c =34.3 Nnm

Figure 3. SEM images of 0.2 wt % Gr—TiO, structures.

material is made of nanoparticles, forming aggregates. The
average size of individual nanoparticles in the aggregates was
measured from the SEM images and found to confirm the
results as indicated by the XRD Debye—Scherrer calculations.
Table 2 shows the textural properties derived from the nitrogen
isotherms on bare TiO, and 0.2 wt % Gr—TiO, samples for
thermal treatments at 130, 475, and 700 °C.

For the bare TiO, materials, we determined that the majority
of pore widths for the lower temperature treated materials (130
and 475 °C) were estimated to be 5.0 nm with total pore
volume spanning 0.309 to 0.165 mL/g. At 700 °C, the structure
had undergone a dramatic contraction, resulting in a volume

Table 2. Textural Properties of TiO, (Bare) and 0.2 wt %
Gr—TiO, at Different Temperature Treatments

b

SSAggr Dy e Viotal
samples (m*/g) (nm) (mL/g) (mL/g)

TiO,-130 351.6 5.0 0.291 0.309
TiO,-475 150.6 5.0 0.149 0.165
TiO,-700 27.0 139 0 0.089
Gr—TiO,-130 88.4 17.3 0 0.376
Gr—TiO,-475 929 17.3 0 0.368
Gr—TiO,-700 59.9 17.3 0 0.263

“Pore width calculated by NLDFT silica-equilibrium adsorption kernel
(ref Quantachrome). bMicropore volume determined by t-method.

(Viora) decrease to 0.089 mL/g. Furthermore, the calculated
mean pore width, determined from a NLDFT silica-equilibrium
adsorption kernel, increased to 13.9 nm at 700 °C. Over this
temperature range (130—700 °C), the calculated specific
surface area (SSAgpr) of bare TiO, decreased from 351.6 to
27.0 m?/g. The temperature-sensitive change in TiO,
morphology is likely related to the slight growth of TiO,
crystals, as discussed above and summarized in Table 1. For the
02 wt % Gr—TiO, materials, there was an apparent and
dramatic disruption in the formation of mesopores resulting in
a lower volume distributed over a pore size ranging from about
5.0 to 25.0 nm (see Figure 4; x-axis shown in angstroms). For

2.50E-02
2.00£:02 | T Tos130
.- Ti0,-475
— 1.50E-02 e
{D I
<
E 4
= 1.00E-02 | ;
3 ] j
;’ "
] IV Ti0,-G-475
A ’
5.00E-03 1Ti0,-G-130 Ti0,-G-700
I Ti0,-700,
i R
;
1 ;
0.00E+00 .

100 150 200 250
Pore Width [A]

Figure 4. Pore size distribution for TiO, (bare) and 0.2 wt % Gr—
TiO, samples thermally treated at 130, 475, and 700 °C. Estimated
pore volumes derived from a DFT-SiO, adsorption kernel.

these materials, the total pore volume ranged from 0.376 (130
°C) to 0.263 (700 °C) mL and occupied a mean pore width of
17.3 nm. The calculated specific SSAgpr remained relatively
stable with temperature treatment resulting in values ranging
from 88.4—59.9 mz/g.

Although a precise understanding has yet to be developed, it
is possible a strong affinity between alizarin and TiO, is
affecting formation of micropores to a greater extent than the
development of crystal size. A comparison of the TiO, and 0.2
wt % Gr—TiO, for each temperature treatment shows virtually
no change in the crystal size (TiO, 32.6—47.6 nm and Gr—
TiO, 29.9-44.8 nm) upon addition of alizarin and its
transformation to graphene. The limiting effect on TiO, crystal
size may be an indication of the approximate dimensions of the
alizarin/graphene “patch”. At the as-synthesized temperature,
130 °C, there is an immediate effect on porosity upon addition
of the alizarin to TiO, resulting in about a 75% reduction in
specific surface area (Sggr: 351 for TiO,-130 to 88.4 m?/g for
Gr-TiO,-130); however, the total pore volume (V,: 0.309—
0.376 mL/g) remains. At higher temperatures, 475 and 700 °C,
there is a small change in porosity for the TiO, (BET 150.6 and
27.0 m*/g, respectively) and Gr—TiO, (BET 92.2 and 59.9 m?/
g, respectively) materials, indicating that alizarin and its
transformation to graphene appear to have a stabilizing effect
on the hybrid structure. A key factor in the formation of
microporous TiO, is related to the environment governing
assembly of the colloidal phase. Moreover, the origin of micro-
and mesopore development is influenced by early formation of
surface hydroxyl groups, which upon heating and dehydration
form a polycrystalline phase with characteristic pore dimen-
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Figure S. Raman spectra of (a) bare TiO,, 0.2 wt % Gr—TiO, at 130, 475, and 700 °C; and (b) pure alizarin calcined at 700 °C.
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Figure 6. Raman spectra and peak analysis of 1.0—5.0 wt % Gr—TiO,-700 samples used in photocatalysis tests. (a) Raman spectra of 1.0—5.0 wt %
Gr-TiO, samples, (b) D and G peak intensities graphed against weight loading of alizarin, and (c) table showing properties of D and G peaks in

1.0-5.0 wt % Gr—TiO, samples.

sions. The addition of organic precursors, such as alizarin, likely
interferes with cross-linking of surface hydroxyl groups by
hydrogen bonding.

3.2. Characterization of the Graphene Domains.
Raman spectroscopy and XPS are commonly used together
to identify and characterize specific structures in composite
materials. Here, they are used complementary to identify the
precise structure of the carbon present in the hybrid materials.
Raman spectra of graphitic materials feature peaks at
approximately 1350 and 1590 cm™', corresponding to the D
and G bands, respectively. The intensity and shift of the D band
are indicative of disorder, whereas the intensity and shift of the
G b;iznc;()are indicative of sp* carbon amount and morphol-
ogy.

Figure Sa shows the Raman spectra for bare TiO, and 0.2 wt
% Gr—TiO, materials calcined at 130, 475, and 700 °C. The

10642

spectrum of as-synthesized 130 °C 0.2 wt % Gr—TiO, features
peaks corresponding to anatase and unreacted alizarin, along
with a strong fluorescent background.>” This is expected
because alizarin is a dye molecule with a large molar extinction
coefficient, which luminesces upon excitation at 532 nm. >~
In the 475 °C spectrum, the characteristic graphene D and G
bands start taking shape, but the spectrum also includes a
fluorescence signal. This is because at this temperature not all
surface-bound alizarin converts to graphene. Therefore, the
residual, ungraphitized alizarin molecules produce a fluorescent
background similar to the 130 °C sample. Finally, the Raman
spectrum of the alizarin loaded TiO, sample calcined at 700 °C
only shows graphene D and G peaks at 1350 and 1603 cm™,
respectfully, without any fluorescence background. The D and
G peak values at 532 nm excitation wavelength correspond to
those of nanosized graphene-like carbon rather than bulk

dx.doi.org/10.1021/am502322y | ACS Appl. Mater. Interfaces 2014, 6, 10638—10648
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Figure 7. (a) C 1s XPS spectra of 0.2 wt % Gr—TiO, samples calcined at 130, 475, and 700 °C; (b) deconvoluted C 1s XPS spectrum of 0.2 wt %
Gr—TiO, at 700 °C; (c) O 1s XPS spectrum of 0.2 wt % Gr—TiO, as-synthesized calcined at 130, 475, and 700 °C; (d) deconvoluted O 1s XPS
spectrum of 0.2 wt % Gr—TiO, prepared at 130 °C; and (e) ratios of peak intensities for 0.2 wt % Gr—TiO,.

graphite.*' Lack of fluorescence and emergence of the D and G
peaks are indicative of total conversion of the molecular
precursors to graphene domains.

To confirm that alizarin indeed thermally converts to
graphene-like carbon structures with majority sp> bonds when
adsorbed on TiO, rather than graphite, alizarin alone was
calcined in a ceramic boat under dry N, flow at 700 °C. It was
expected that alizarin molecules convert to multilayer graphite,
composed of randomly oriented graphitic sheets, in the
presence of a chemical vacuum. The calcined alizarin spectrum
(Figure Sb) features the D and G peaks at 1330 and 1580 cm™.
The G peak wavenumber value of the graphitized alizarin is red-
shifted from the G peak value of 1603 cm™ of the 700 °C
calcined Gr—TiO, in Figure Sa. This is because upon
calcination at 700 °C in a chemical vacuum (dry N, flow),
raw alizarin indeed forms multilayer graphite. The G band
location of graphite is lower than 1600 cm™.** On the other
hand, the low wt % amount of alizarin on TiO, forms clusters

10643

whose structure closer resembles single-layer graphene. This is
because the concentration of alizarin is chosen to be small, such
that no dimers or trimers are formed in solution and alizarin
deposits on TiO, as single molecules. Therefore, when calcined,
individual, single molecules of alizarin convert to graphene
clusters. The subtle difference in G peak values has been
observed using Raman spectroscopy, where single layer
graphene’s G-band is always blue-shifted (higher wavenumber
value) from that of graphite.**

Raman spectroscopy further confirms graphene formation by
monitoring the formation of D and G peaks and their relative
intensities with higher loadings of graphene. Figure 6 shows the
Raman analysis of the higher loaded Gr—TiO, samples treated
at 700 °C. Figure 6a plots all Raman spectra for the higher
loaded samples together. The D and G graphene bands grow
linearly as the loading of alizarin is increased (Figure 6b). The
corresponding wavenumber values of the D and G peaks
remain at 1374 + 8 and 1591.9 + 0.9 cm™, respectively at all

dx.doi.org/10.1021/am502322y | ACS Appl. Mater. Interfaces 2014, 6, 10638—10648
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loadings along with the D/G peak height ratio remaining at
1.01 + 0.07 (Figure 6¢). The G peak value is blue-shifted from
the G peak of calcined alizarin and remains within the range of
graphene, rather than graphite. The Raman analysis provides
evidence that nanocrystalline graphene clusters are formed
throughout the anatase crystals for all alizarin loadings, not
graphite.****

To provide further evidence of graphene-like structure of the
carbon species on TiO,, XPS was used to elucidate the type of
bonding that occurs on the surface. XPS peaks are able to
discern between different types of carbon or oxygen bonds in
the material and provide a relative amount of species containing
those bonds. XPS was collected of all Gr—TiO, samples,
calcined at different temperatures, and compared to bare TiO,.
The spectra in Figure 7a show XPS of the C 1s binding energies
for the 0.2 wt % Gr—TiO, material prepared at 130, 475, and
700 °C. The 130 °C prepared 0.2 wt % Gr—TiO, sample shows
a large XPS peak at 284.7 eV, which corresponds to a
combination of sp* bonded carbons and other carbonaceous
species, that come from alizarin and ligands in the precursor
titanium isopropoxide material, respectively.>>°

The samples that were calcined at 475 and 700 °C
demonstrated a decrease in C1 peak intensities. This is likely
caused by the evaporation and decomposition of any weakly
surface-bound carbon species, at the higher temperatures
generated by the tube furnace during calcination, introduced
by residual oxygen impurities in the carrier gas. The spectrum
of the 700 °C sample is deconvoluted and shown in Figure 7b.
The spectrum is composed of two peaks, a major one at 284.7
eV and a minor one at 286.3 eV. The 284.7 eV peak
corresponds to sp>-hybridized carbons, C—C, as confirmed by
Raman spectrometry, because the observed surface-bound
carbon groups possess G and D bands.*® The 286.3 eV peak
likely come from sp>-hybridizid defects and sp*-hybridized C—
C and C—H bonds.*>* The ratio of the 286.3 eV peak to the
284.7 eV peak is 0.08, indicating that the majority of
contributing signal comes from defect-free sp* bonded carbon.
C 1s XPS results combined with the Raman spectroscopy
results, which show the G and D bands, further confirm that the
majority of carbon structure on the TiO, surface converted to
graphene.

The O 1s XPS data in Figure 7c and d on the calcined
samples provide further details on the graphitization process.
Qualitatively, the total intensity of the O 1s spectra does not
change with calcination, indicating that the majority of oxygen
in the sample comes from lattice TiO, rather than from any
organic ligand. The table in Figure 7e shows that as the
temperature increases, the O/Ti ratio decreases from 3.07 in
the 130 °C 0.2 wt % Gr—TiO, to 2.74 in the 700 °C 0.2 wt %
Gr—TiO, material. The XPS spectrum of bare TiO, (not
shown) produces the O/Ti ratio of 2.43, which is close to the
ideal O/Ti ratio of 2 as expected in pure TiO,. The 3.07 ratio
for as-synthesized Gr—TiO, comes from oxygen contributions
of alizarin, oxide, and any residual precursor material. As the
temperature increases, alizarin loses its oxygens and converts to
graphene, lowering the O/Ti ratio of Gr—TiO,. As the
temperature increases from 475 to 700 °C, the O/Ti ratio
further decreases from 2.87 to 2.74, and the C/Ti ratio
increases from 0.484 to 0.541. This provides quantitative
evidence that with the increase of calcination temperature,
alizarin loses its oxygen and hydroxyl groups and leaves behind
only carbon.

Finally, the deconvoluted O 1s XPS spectrum in Figure 7d
reveals more information on the fate of oxygen-containing
species in the Gr—TiO, sample, as the sample is thermally
treated. The peak at 531.6 eV corresponds to the carbonyl O=
C bond, likely coming from alizarin.**** The peak at 529.6 eV
corresponds to the lattice oxygen in TiO,.** As temperature
increases, the 531.6 eV peak decreases and only the 529.6 eV
remains, indicating that any remaining oxygen content in the
structure comes from lattice oxygen in the TiO,. This further
supports that the organic components on the surface of the
TiO, convert to graphene because graphene domains will not
contain oxygen. Similar XPS analysis was performed on the 700
°C calcined 5 wt % loaded Gr—TiO, sample used for
photocatalytic experiments (Supporting Information, Figure
S2).

3.3. Computational Results. The DFT calculations of the
graphene/TiO, system confirmed the enhanced interfacial
contact between graphene and TiO,. As seen in the SEM
images in Figure 3, the agglomeration of TiO, nanoparticles
(NPs) results in numerous pores in the ~5 nm size range with
NPs on the order of 30 nm (see Tables 1 and 2). These
characteristics persist unless the particles are heated to 700 K,
resulting in larger particles (~40 nm) and much fewer, larger
pores. The addition of TiO, to the graphene also eliminates the
~S nm sized pores, but does so without significantly changing
the nanoparticle sizes. A natural assumption then is that
graphene has filled up the small pores or otherwise changed the
NP/NP interface. We have used DFT calculations to test these
assumptions, as well as generally improve our understanding of
the TiO,/graphene interface. Similar models have been used
previously to model TiO,/graphene interfaces; however, the
majority of theoretical work has been focused on the (110)
surface of rutile.* ™ Here, we focus on the (101) anatase
surface, most commonly found in our experiment. We find that
graphene has a relatively weak interaction with TiO, of about
0.06 eV/atom (Table 3). Because it is expected that the

Table 3. Effect of Oxygenation on the Binding Energy to
TiO, of a Full Graphene Sheet

total binding energy (eV)

proportion of oxygenated carbons

0 123
0.0164 1.02
0.0667 0.372
0.25 0.353
1 0.785

graphene in the present experiments is not pristine, calculations
were also done with partial and full-oxygenated carbons (Table
3). The addition of oxygen appears to weaken the binding
further. This is most likely due to oxygen causing puckering or
bending in the graphene sheet, and hence nonoptimal carbon—
TiO, distance for many carbon atoms.

To simulate the relatively small graphene patches on and
between TiO, NP’s, we have also modeled a case where one-
half of the graphene is removed from the calculation cell, thus
effectively simulating an infinite ribbon with a finite width. The
binding energy per atom of the ribbons decreased to ~0.01 eV/
atom, about one-half of the binding energy to a full graphene
sheet. We also examined the effect of adding O and OH groups
on the surface and edges of the graphene ribbons (Table 4).
Adding O and OH groups to the ribbon strengthens the
binding to the TiO, surface. The precise location of the groups
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Table 4. Binding Energies of Graphene Ribbons with
Additional Groups

added group binding energy (eV)

none 0.341
30 0.381
30H 0.558
SOH + 20 0.780

on graphene and the alignment relative to the surface can have
a nontrivial effect in these calculations. A full accounting of all
possible configurations of O and OH on the surface is beyond
the scope of this work. However, because all of the binding
energies of the various configurations that were examined
remain below 1 eV for a 30 atom sheet, in this case we do not
expect that functionalization with O and OH will lead to
qualitatively different behavior.

We also examined how graphene embeds between TiO, NPs
by gradually lowering the length of vacuum in the cell,
effectively simulating the case where graphene is positioned in a
channel between two TiO, NPs. We found that the energy is
minimized at a cell length of 18.2 A. At this cell size, the
binding energy of the graphene is 0.52 eV, slightly less than
double the amount when there is a sizable (~15 A) vacuum gap
with a ~30 A cell size. Because of the stronger binding, one can
expect graphene to prefer to be bound in the small nanopores
between individual TiO, nanoparticles. This would effectively
fill the pores in the material, as seen experimentally (Table 2).

DFT calculations of alizarin’s binding to anatase reveal what
one might have expected, that the interaction is primarily due
to a hydrogen bond between one of the hydroxyl groups and a
TiO, surface oxygen (Figure 8). An interesting finding from
this calculation is that in this type of bonding, other hydroxyl
groups on the alizarin molecule rearrange themselves to create
a hydrogen bond-like interaction with the lone oxygen on

Figure 8. Alizarin bound to TiO, in the vertical orientation. Binding
energy is 142 eV in shown orientation, and 133 eV for flat
orientation.

alizarin. This rearrangement is easy to miss when optimizing
the structure, and yet it lowers the binding energy by about
~0.8 eV. Calculations of alizarin oriented vertically and flat
relative to the surface only differed by 0.1 eV. This suggests that
alizarin is only bound to the surface through a single hydrogen
bond and the rest of the molecule can rotate relatively freely.
Even though the absolute binding energy of a sheet of graphene
is on the same order of magnitude as alizarin, because the
binding of alizarin to TiO, is through a single strong bond, we
can expect alizarin to be much harder to remove from TiO,.
Given the 1.2 eV binding energy and the experimental
conditions used, approximately one monolayer coverage,
600—900 K temperature range, we do not expect significant
desorption during the calcination process. This would mean
that alizarin remains on the surface through the calcination
process, converting to graphene patches on the surface.

Another issue of particular interest for a photoactive material
such as TiO, is the degree of charge transfer that occurs after
photoexcitation at the interface with graphene. As an example,
calculations of this type have been used to characterize the
silica/graphene interface, among others.**** We have explored
the amount of charge transfer through charge density difference
plots. For these calculations, the charge density is calculated for
graphene/TiO, together and then for graphene and TiO,
separately, but in the exact same cell and position. We then
take the difference between the combined charge density and
the two individual charge densities of TiO, and graphene,
resulting in a 3D plot of the charge density difference due to
the interface. To focus on the charge transfer between planes,
the charge difference plots are planar averaged within the
bottom plane of the cell (in the plane of the graphene surface).
This results in a 1D graph of charge difference per unit length
in the direction normal to the surfaces at the interface (Figure
9). The 1D graph allows us to see the movement of electrons
away from, or toward, the graphene at the interface. We
observe a transfer of electrons from graphene to the oxygens in
the top layer of TiO, when the graphene patch is brought in
contact with the TiO, surface. These results were also
confirmed for the graphene ribbons and for the case where
graphene is effectively sandwiched by TiO, on both sides by the
elimination of the vacuum region. The charge difference density
is a measure of the planar integrated change in charge density
due to the interaction of the two substrates. Positive in this case
means the addition of electrons (negative charge), and negative
denotes the removal of electrons (positive charge). There is
clear charge transfer from graphene to the top oxygen layer of
TiO,, meaning graphene is left positively charged and TiO, is
negative. The total charge transfer is on the order of 0.017 e~
per carbon atom.

3.4. Photocatalytic Activity. To demonstrate the photo-
catalytic activity of the Gr—TiO, material, and show its
potential as a rationally designed functional material, the three
weight loadings (1.0, 2.0, and 5.0 wt % Gr—TiO,) of the hybrid
structure were compared to bare TiO, to degrade the organic
dye methylene blue (MB). The three loadings are expected to
show progressive enhancement of MB degradation kinetics,
illustrating how precise tailoring of the material’s properties
leads to a change in its performance. Figure 10 shows the
residual concentration of MB of the Gr—TiO, samples with
time, as compared to bare TiO,. The individual photocatalysis
UV—vis results at each time step, for all TiO, loadings, are
shown in the Supporting Information (Figure S3). The residual
C/Co ratios at 150 min for each graphene loading are
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Figure 9. Model cell alongside with the planar averaged charge difference. d(A) is the position on the z-axis of the unit cell (the one normal to the
graphene/TiO, surfaces) and the y-axis of the graph on the right side of the figure.
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Figure 10. Evaluation of MB degradation over time by plotting intensity of the 609 nm absorbance peak. (a) Concentration of MB plotted against
time of UV irradiation, exposed to Gr—TiO,. (b) Table showing remaining concentration of MB after 150 min and corresponding degradation rates.

presented in the table in Figure 10b. At 150 min, TiO, alone
decomposes MB to 56%. As graphene is added to TiO, during
synthesis, the residual MB concentration lowers after 150 min
of reaction, implying less residual MB in solution.

The rate of MB degradation was estimated to first-order
kinetics to provide a qualitative approximation of the effect of
graphene loading (Supporting Information, Figure S4). The
approximate first-order rate constants of MB degradation
increase from 0.0036 to 0.026 min~' (Figure 10b). Although
the rate is derived from first-order kinetics, it is important to
note that the kinetics are not necessarily completely first order.
The reduction of residual MB in solution is believed to be a
combination of at least two overlapping phenomena including
photocatalytic degradation of MB, along with adsorption of the
molecule to the graphene domains through 7—7 interactions.
Without a thorough examination of reaction products after 150
min of UV light exposure, it is impossible to determine whether
the reduction of MB from solution is due to adsorption,
photocatalytic degradation, or a combination of both. To test
the role of UV light in the reaction, we left the MB in solution

stirring for 150 min in the presence of bare TiO, absent any
irradiation. We observed a minimal decrease of MB
concentration over the 150 min span (see the Supporting
Information, Figure SS5), confirming that UV irradiation
enhanced the degradation of the molecule. Additionally, any
adsorption effect will aid in photocatalysis because the adsorbed
species will be in close contact with the catalyst material for
more efficient reactivity.

The data analysis presented in Figure 10 clearly shows a
trend where up to 5 wt % loading the nanocomposite’s
photocatalytic performance is increased with the addition of
graphene clusters. As more graphene is loaded onto the surface,
this inhibits recombination through more paths for photo-
excited electrons and holes to inject into the graphene clusters,
prolonging the photoexcited state. The prolonged photoexcited
state allows for a more efficient photocatalytic reaction.
Ongoing studies are exploring the mechanism, kinetics, and
loading dependence in detail. However, these preliminary
results indicate that the bottom-up approach allows for the
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control of a material’s properties as the material’s performance
can be tailored at the very beginning of the synthesis process.

4. CONCLUSION

Integrated Gr—TiO, structures were synthesized following a
bottom-up route starting with precursor molecules alizarin and
titanium isopropoxide. The approach produced a material with
TiO, and graphene in intimate contact because the precursor
molecules formed a stable, homogeneous phase. The precursor
alizarin was chosen such that it intimately binds to TiO,
through the hydroxyl groups and already possesses the
graphene building block through its anthracene backbone. A
low concentration of the precursor was chosen to minimize the
deposition of alizarin dimers, which would have caused multiple
layers of graphene to form. XPS and Raman spectroscopy
showed that the material contained majority sp*-hybridized
carbon that formed graphene-like clusters. The XRD study
indicated that TiO, maintained its anatase crystallography in
the integrated structure, therefore preserving the material’s
properties without going through a phase transition to rutile.
Furthermore, the method does not induce crystal growth
through ripening, because XRD and SEM show that the
nanoparticles remained the same size throughout the
calcination process. The bonding of alizarin and graphene
patches was studied using DFT calculations, to give more
insight on the mechanism. It was found that alizarin binds to
the TiO, surface and there is a driving force for the calcined
graphene patches to remain on the surface. In addition, the
DFT calculations showed how the morphology of the material
changed due to the graphene patches propensity to remain on
the surface and create a driving force to accept electrons from
TiO,. Finally, the material was shown to be active in
photocatalytic decomposition of MB dye under UV irradiation.
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