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Abstract

The current work reports the modification of graphene/titania composite by metal and non-metal to improve the photocatalytic 
activity in visible region. The M-RGO-TiO2-N system was prepared by Hummer’s method followed by hydrothermal technique. 
On reaction, tertiary amine appended anthracene and its phenyl derivative yielded anthraquinone as the major product with 
almost 90% yield. Photo-oxidation of phenyl protected derivative of 9-NN-dimethyalaminomethyl anthracene yielded a very 
stable intermediate, 9-hydroxy 9-phenyl anthrone over a short span of time. All the products were separated by silica column 
chromatography using 70:30 hexane/DCM as the mobile phase. The separated compounds were characterized by 1HNMR. 
Theoretical investigations on the structure of the catalytic system and photo oxidation products of anthracene compounds 
were studied in detail by using Density functional theory calculations. Significant reduction in band gap of titania was observed 
from 2.84 eV to 1.84 eV after the modification of titania/graphene heterojunction with metal ions. The geometry optimized 
structures and energy calculations unmistakably confirmed various interactions of titania and graphene via metal ion and 
feasibility of the photo oxidation reaction, respectively. 
  
Keywords: Photo-Oxidation; Anthracenemethanamine; M-RGO-Tio2-N; Interfacial Composition Engineering; Density 
Functional Theory

Abbreviations: PAHs: Polycyclic Aromatic Hydrocarbons; 
DFT: Density Functional Theory; GGA: Generalised Gradient 
Approximation; HOMO: Highest Occupied Molecular Orbital; 
LUMO: Lowest Unoccupied Molecular Orbital.

Introduction

Recent years have witnessed the extensive use of 
Graphene as a base structure to develop highly efficient 
semiconductor based composite systems for environmental 
remediation. The ‘2D’ honeycomb lattice structure with 

excellent electronic properties makes graphene as a perfect 
cocatalyst with prominent capability to slow down the 
recombination of photo generated electron-hole pairs, 
increase the transport of electrons and enhance the surface 
adsorption of chemical molecules through π–π interactions 
[1,2]. Especially, exemplary conducting nature of the graphene 
makes it a suitable system to enhance the photocatalytic 
performance of semiconductor materials [3]. Optimization 
of charge carrier transfer across the boundary between 
graphene and semiconductor and tighter contact between 
them play a vital role in ameliorating the photocatalytic 
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performance [2,4-11]. So, it is very important to increase the 
carrier life time and transfer efficiency across the interface 
between graphene and semiconductor material. On the 
other hand, the shielding effect due to high weight addition 
of graphene makes the solution opaque, which adversely 
affects the photocatalytic efficiency [2-4,12-16]. In order to 
curtail down the shielding effect, weight content of graphene 
into the semiconductor matrix should not be more than 
5% [4,5,14-17]. TiO2 is a well-known photocatalyst for the 
removal of recalcitrant chemicals in a sustainable manner, 
which has minimal environmental impact. Applications of 
TiO2 were extensively studied during the last three decades 
on photo degradation as well as photo-oxidation for 
environmental pollution control. High chemical stability, low 
toxicity, good activity, and cost effectiveness make TiO2 as the 
most favored photocatalyst [18,19]. Absorption maximum 
in the ultraviolet region of the electromagnetic spectrum 
and high electron-hole recombination rate due to low mean 
free path of carrier hinders its widespread applications 
[19,20]. This traditional semiconductor has been modified 
by various methodologies to overcome the limitations. In 
recent days, various allotropes of carbon including carbon 
nanotubes, graphene, fullerene and activated carbon have 
been used to couple with TiO2 to refine its properties as 
well as photocatalytic performance [21-23]. Selection of a 
coupling material to the semiconductor (TiO2) is a key factor 
to inflate the performance of the whole system. Energy 
levels, amount and morphology of the coupling material 
must be tuned to get good activity. Graphene is a promising 
modifier for photocatalysts, due to its excellent properties. 
Large BET surface area of graphene offers a good platform 
to anchor TiO2 nanoparticle and it intensifies the adsorption 
of various pollutants [24]. Partially oxidized graphene oxide 
(GO) can act as semiconductor and its band gap is tunable 
in nature, but completely oxidized system shows insulating 
nature [25,26]. Photocatalytic performance of the bare GO 
was studied in detail by various research groups [26].

Polycyclic aromatic hydrocarbons (PAHs) are one of the 
constituents of dyes, plastics, pesticides etc. and effluents 
from choir and textile industry mainly contain anthracene-
based PAHs, which contaminates the drinking water, 
thereby reduces the water quality [27]. PAHs are known as 
potent carcinogens according to environmental protection 
agency and world health organization. Photodegradation 
and conventional methods are not sufficient to remove 
PAHs due to its extreme stability. Semiconductor catalysis 
mediated by light and molecular oxygen can have the ability 
to convert harmful aromatics to less harmful products in a 
cost-effective and sustainable manner. Photocatalysis plays 
a very significant role in organic synthesis, which reduces 
the number of steps, eliminates the use of toxic chemicals, 
favors mild reaction condition, and improves the product 
yield by suppressing undesirable side reactions. This work 

reports interfacial composition engineering by introducing 
small amount of metal ions at the interfacial layer matrix 
between graphene and semiconductor to boost the visible 
light induced photocatalytic activity of the composite system. 
Nitrogen also was doped into the titania system to extend 
the light response from UV to visible region. The activity of 
the prepared system (M-RGO-TiO2-N) was checked in the 
photo-oxidation of Anthracenemethanamines and its phenyl 
protected derivative. The entire photo-reaction was carried 
out with M(1wt%)-RGO-TiO2-N(2 wt%),because the said 
system showed maximum activity for the photodegradation of 
dye, Rhodamine B. M(1wt%)-RGO-TiO2-N(2 wt%) system has 
transformed the substrates to Anthraquinone, a compound 
having less toxicity and has applications in industrial as well 
as medicinal fields. Activity of the modified system was found 
to be very high compared to pristine TiO2 and Graphne/TiO2 
system. Our group has already reported the transformation 
of Anthracenemethanamine derivatives using Ag,N co-doped 
and Gd,N co-doped TiO2 systems [27,28]. But the current 
system was very superior to the co-doped systems, which 
carried out the transformation effectively in a short span of 
time. Reports on this organic transformation using modified 
graphene/TiO2 system are very rare. The current work 
mainly aims to explain the theoretical investigations of the 
catalytic structure and the photo oxidation products.

Preparation of M (1 wt%)-RGO-TiO2-N (2 wt%) 
System

Graphite oxide (GO) was prepared by modified Hummer’s 
method [29]. 0.05g of the prepared GO was taken in 100ml 
of isopropanol and 0.001g of copper nitrate was added to it. 
The whole solution was sonicated for 3h to get a light brown 
dispersion of metal modified Graphene oxide and considered 
as solution A. 3.5ml of titanium (IV) isopropoxide was taken 
in 100 ml of ethanol and 0.2 g of urea in water was mixed 
with it. The entire solution was stirred for 5h continuously, 
aged for about 24h to get stable gel and called as solution B. 
Both the prepared solutions (A and B) were mixed and stirred 
for 24h in room temperature. Then the above solution was 
transferred to a 500 ml Teflon-lined stainless-steel autoclave 
and applied a temperature of 180ºC for 24 hours. The mixture 
was washed several times with distilled water and dried at 
90ºC. The product obtained is designated as M(1wt%)-RGO-
Ti-N(2wt%) and the concentration of graphene oxide in the 
composite system is 5%.

Results and Discussion 

Photocatalytic Reactions

Photocatalytic reactions were carried out in an Oriel Arc 
lamp system designed to produce uniform illumination. The 
diameter of the collimated beam is around 1 inch (2.54 cm) 
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and the work plane is 2.6 inches (6.65 cm) from the lower 
end of the beam tuning assembly. In order to control the 
temperature for the lamp environment, uniform illuminator 
was equipped with fan cooled lamp housing. The light source 
was 150 W Xe ozone free lamps with average life of 1,500h. A 
420–630 nm dichoric mirror (cold mirror) filter was used in 
order to get visible radiation, which gave an irradiance of 96.8 
mW/cm2 (150 W) respectively. Photo-oxidation reactions 
were carried out as follows. 9-(N,N-dimethylaminomethyl) 
anthracene systems in CH3CN(0.03 M) were taken in a 100 ml 
beaker and 0.1 g of the catalyst was added to it. The mixture 
was stirred for about 30 minutes to achieve an adsorption/
desorption equilibrium before placing under the lamp setup. 
Then, the suspension was irradiated for 3 h. As a control, 
the same reaction was carried out without the catalyst. 
The resultant mixture was centrifuged and filtered using 
a Whatman filter paper. This was further purified by silica 
column chromatography using 70:30hexane/DCM mixtures 
as the mobile phase. Isolated products were thoroughly 
characterized using melting point measurements and 1H 
NMR spectroscopy. Scheme of the photo reaction is shown 
below.
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Computational Methods

Density functional theory (DFT) has emerged as a 
reliable standard tool to theoretically study the geometrical 
and electronic properties of various compounds including 
large molecules and metal complexes [29]. It has become the 
foremost method of choice for computational studies and 
quite successful in predicting TiO2 properties and correlating 
with the experimental data [30,31]. DFT calculations on 
the Graphene-TiO2 cluster and Graphene-TiO2 cluster with 
Cu2+ sandwiched between them were performed using 
the generalised gradient approximation (GGA) using the 
parametrisation of Perdew, et al. [32] with an added fraction 
of Hartree-Fock exact-exchange with a choice of α = 0.25, 
in the ‘PBE0’functional [33]. Since this is a large system, 
at the optimized geometries, total energy was calculated 
considering the important dispersion contribution using 
Grimme’s dispersion correction D3 functional [34]. 

The basis set used was the 6–31G(d) as implemented 
in the Gaussian 09 quantum chemical package, which is 
a valence double zeta set augmented with d polarization 
functions and s and p diffuse functions for each atom except 
for hydrogen. Bond lengths, Mulliken atomic charges, frontier 

orbitals and main electronic energies have been obtained 
from the direct calculation of the energies of the relevant 
points on the potential-energy surfaces.

Tio2 Cluster –Graphene and With Cu2+ 
Sandwiched Between Cluster and Graphene

The molecular geometry optimizations were carried out 
by starting from the initial geometries by avoiding symmetry 
restrictions with density fitted DFT/PBE0 level of theory with 
dispersion corrections at D3 level. First, a (TiO2)8 cluster and 
a simple graphene were separately geometry optimized. This 
is followed by placing the (TiO2)8 cluster over the graphene 
and optimized to study the nature of adsorption. The Figure 
1a shows the minima of (TiO2)8 cluster adsorbed at carbon 
site of graphene. The graphene surface is a structure, where 
each carbon atom is bound to three surrounding carbon 
atoms. In graphene, adsorption can be possible over a 
carbon atom, two bridged carbon atoms and a hollow part 
surrounded by six carbon atoms. 

In the optimized minima, all the ‘Ti’ atoms are tetra 
coordinated except one, which is tri coordinated. All the 
oxygen atoms are double coordinated except one, which is 
single-coordinated. The smallest Ti-O distance is 1.65 Å for 
the single coordinated Ti-O, and other Ti-O distances were 
found to be around 1.84 Å. The Ti-C distances, the distance 
of closest carbon in graphene to a ‘Ti’ atom in cluster vary 
between 2.5-2.72 Å. The existence of multiple close energy 
minima reflects the mobile nature of (TiO2)8 cluster over the 
graphene surface. The results obtained are well in agreement 
with the previous report on the interaction of TiO2 with 
graphene [35].

Introduction of Cu2+ to graphene leads to the possibility 
of strong interactions with the Oxygen atoms in the TiO2 
clusters. It can be seen from Figure 1b that the added ‘Cu’ 
atom could serve as ‘anchor’ sites for the TiO2 cluster. The 
single coordinated oxygen atom of the cluster was found to 
be attached to the Cu2+ site preferably.

Further, HOMO–LUMO gap was calculated to elucidate 
the electronic properties. The band gap was calculated to 
be 2.78 eV, 2.63 eV, and 1.84 eV for simple (TiO2)8 cluster, 
(TiO2)8 cluster on graphene, and (TiO2)8 on graphene with 
Cu2+ at the interface (Figure 1b), respectively. The band gap 
of the pristine titania and with copper modified graphene 
was calculated to be 3.2 eV and 1.72 eV, respectively from 
UV-Visible DRS data. The experimental values are in well 
agreement with theoretical calculations. DFT functionals 
do have some limitations for perfect band gap calculation 
and hence the relatively computationally expensive hybrid 
functional PBE0 was adopted here to get the most feasible 
band gap value compared to the previous reports of TiO2 
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clusters. The larger band gap of (TiO2)8 confirms its light in 
the ultra violet region.

The interactions of (TiO2)8 cluster with graphene 
surface alone and with Cu2+ attached graphene changes the 
energies of the highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO), thereby 
reduced the band gap. 

The pristine graphene surface does not provide 
adsorption sites for strong binding, since the ‘C’ atoms of 
graphene essentially have filled sp2 orbitals. Van der Waals 
forces are the dominant force of interaction for (TiO2)8 
cluster rather than strong covalent bonding. This is reflected 
in the small lowering of band gap of pure (TiO2)8 clusters 
from 2.78 eV to 2.63 eV. 

As mentioned earlier, (TiO2)8 is essentially mobile 
over pristine graphene, and this cluster can move over 
the graphene surface until it encounters a Cu2+ ion on the 
graphene surface. Strong interaction of metal ions with the 
more electronegative single coordinated ‘O’ in the (TiO2)8 
cluster make it immobile over the surface as shown in Figure 
1b. This interaction accounts for the decrease in band gap 
to around 1.84 eV. Furthermore, the Ti-O distance increases 
from 1.65 Å to 1.87 Å, when Oxygen atom is closer to Cu2+. 
It is obvious from the Figure 1b that the two-coordinated 
oxygen atom next to the single coordinated Oxygen atom 
(which has strong interaction with Cu2+), is also pointing 
towards the Cu2+ with further interaction. The most stable 
adsorption site of (TiO2)8 cluster over graphene and (TiO2)8 
cluster with Cu2+ sandwiched between cluster and graphene 
is shown in Figure 1.

 

Figure 1: (a) Most stable adsorption site of (TiO2)8 cluster over graphene, (b) (TiO2)8 cluster with Cu2+sandwiched between 
cluster and graphene.

The Cu2+ functionalized graphene-(TiO2)8 cluster 
interaction thus modified the band gap to lower value and 
made the system active in the visible region of electromagnetic 
spectrum. So, the photo-oxidation reaction could be carried 
out under visible region rather than UV region. It can be 

cautiously thought of as a probable mechanism of interaction 
of Cu2+ ions to Oxygen atom(s) in the clusters leading to 
the anchoring of clusters preferably to these sites. The 
feasibility of anchoring the clusters over graphene vacant 
sites was reported elsewhere [36]. It is also noted that for 
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varying cluster sizes, it need not necessarily be one single 
coordinated Oxygen atom that could attach to Cu2+, which 
can strongly interact with Cu2+ attached graphene. In larger 
(TiO2)n cluster sizes, multiple uncoordinated ‘O’ atoms that 
could interact with Cu2+ are viable, which would make the 
interactions even stronger.

Theoretical Investigations on Photo Oxidation 
Reaction

The present research show that, Cu2+-attached 
graphene/titania composite has high catalytic activity 
compared to the bare systems for the conversion of 
9-(N,N-dimethylaminomethyl)anthracene system. The 

molecular geometries of bare and phenyl substituted 
9-(N,N-dimethylaminomethyl)anthracene, the intermediate 
species 9-hydroxy 9-phenyl anthrone and the product, 
anthraquinone were optimized separately with DFT using 
the B3LYP functional, which has Becke’s three-parameter 
hybrid exchange functional combined with the Lee–Yang–
Parr correlation functional [36,37]. The energetics of all 
the viable products is given in Table 1. DFT geometry 
optimized Structures of the studied molecules, Figure 2a, 
9-(N,N-dimethylaminomethyl)anthracene, Figure 2 (b), 
anthraquinone, Figure 3c, phenyl protected derivative of 
9-(N,N-dimethylaminomethyl) anthracene and figure 2d, 
intermediate 9-hydroxy 9-phenyl anthrone are shown below.

Figure 2: DFT geometry optimized Structures of the studied molecules, (a) 9-(N,N-dimethylaminomethyl)anthracene, (b) 
anthraquinone, (c) phenyl protected derivative of 9-(N,N-dimethylaminomethyl) anthracene (d) intermediate 9-hydroxy 
9-phenyl anthrone.

Molecule Energy/
hartree

(a)9-(N,N-dimethylaminomethyl)
anthracene -712.7989823

(b) anthraquinone -688.7791251
(c) phenyl protected derivative 

of 9-(N,N-dimethylaminomethyl) 
anthracene

-943.8486042

(d) 9-hydroxy 9-phenyl anthrone -921.0150149

Table 1: The energy of the geometry optimized structures is 
shown below.

Conclusion

Heterogeneous semiconductor mediated photocatalysis 
is as an exemplary substituent for non-catalytic and traditional 
homogeneous reactions in organic transformations. It can 
selectively convert the recalcitrant and toxic water pollutants 
to products having industrial importance. Stable, efficient, 
and green TiO2/RGO composite modified with metals and 
non-metals were prepared and effectively applied for the 
organic transformation of some carcinogenic anthracene 
derivatives. Various interactions between the scaffold, 
graphene, and titania via the metal ion at the interface was 
evaluated thoroughly by DFT calculations. The geometry 
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optimized structures and energy calculations unambiguously 
confirmed the feasibility of the photo oxidation reaction. 
The geometry optimized structures unmistakably revealed 
various interactions of titania and graphene via metal ion 
at the interface. The theoretical energy calculations support 
the feasibility of the photooxidation reaction under visible 
region. 
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