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A Novel, Mesoporous Molybdenum Doped Titanium Dioxide/
Reduced Graphene Oxide Composite as a Green, Highly Efficient
Solid Acid Catalyst for Acetalization

Wimalika R. K. Thalgaspitiya,® Tharindu Kankanam Kapuge,® Junkai He,® Peter Kerns,® Andrew
Meguerdichian,? and Steven L. Suib*®?

A novel , mesoporous composite of Mo doped TiO: / reduced graphene oxide is synthesized to be used as a highly efficient
heterogeneous acid catalyst. The composite has a high surface area (263 m?/g) and a monomodal pore size distribution with
an average pore diameter of 3.4 nm. A comphrehensive characterization of the synthesized material was done using PXRD,
Raman, BET, SEM, EDX, TEM, TGA, and XPS. The composite exhibited excellent catalytic activity (1.6 h™* TOF, >99% GC yield,
and >99% selectivity) towards acetalization of cyclohexanone at room tempertaure within 30 minutes. The catalyst was
reusable up to 4 reaction cycles without any significant loss in the activity and the acidic site calculations showed that the

reaction is mostly driven by the weak acidic sites on the composite.

Introduction

The use of solid acid catalysts has become popular as the
conventional acid catalytic processes involve issues such as
corrosiveness, safety hazards, production of harmful by products,
and product separation difficulties.! The first application of a solid
acid catalyst was introduced by Houdry? in the late 1930’s and later
several different classes of solid acids namely zeolites,3> oxides,57
mixed oxides,3® heteropoly acids, %1 molecular sieves,!?
phosphates,’314 and organic-inorganic hybrids!®> were reported.
However, the use of most solid acid catalysts is limited to reactions
where water is present due to their inactivation by strong
chemisorption of water on the surface and solubility.2® Thus the need
of water resistant solid catalysts has become important to make
industrial processes environmentally benign as most of the industries
still use conventional acids such as H,SO,.

As highly efficient water resistant solid acid catalysts, functionalized
carbonaceous materials were introduced due to their tuneable
properties and stability in different media (acidic/basic).! Graphene
based compounds are known to be good candidates as carbonaceous
materials with high surface area,’” high adsorption capacity,8 and
moderate acidic properties.!® Thus, in this study, reduced graphene
oxide (rGO) is selected as a component of a highly efficient, solid acid
catalyst composite.
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Titanium dioxide is a versatile material due to its high chemical
stability, non-toxicity, low cost, and excellent photocatalytic
properties.2® Additionally, TiO; is known to show acidic properties
especially when doped or coupled with other substances. Gardy J. et
al. reported a transesterification catalytic process carried out with
SO4-Fe-Al-TiO; solid acid catalysts. Their report showed a significant
increase in the acidity of TiO, upon coupling with other substances.
Another study on acid catalysed dehydration of isobutanol carried
out with TiO,/SiO, was reported by Buniazet, Z. et al.2! Furthermore,
W6+ and Mo®* can increase the Lewis acidity of TiO, with compared
to other transition metal dopants such as Mn3*/Mn#+,22.23

Acetalization is the most popular method used for carbonyl
protection which is important for multi-step organic synthesis in the
presence of multiple functional groups. Furthermore, ketal and
acetal compounds made as a result of acetalization have applications
in the fields of organic synthesis, medicinal,2* carbohydrate
chemistry,?5> cosmetic fragrances,22° and bio-based solvent
synthesis.3® However, the industrial applications of ketals are limited
as the conventional method used is the acetalization by acids such as
H,S04, dry HCl, trifluoroacetic acid, and p-toluene sulfonic acid which
are corrosive, have a tedious work up in separating the products, and
produce harmful byproducts.3132 Thus, there was plenty of room for
the exploration of environmentally benign acid catalysts for
acetalization. As a result, a wide variety of studies were done on
Lewis acids,33-3¢ organic complexes,37-%0 metal complexes of precious
metals (Pd, Pt, Rh etc.),*1#4 heteropoly acids,*~8 zeolites,26-2849 and
mesoporous cellular foams.5° However, the use of many of these
materials have drawbacks such as difficulty in product separation
(homogeneous catalysts), high cost, high reaction temperature, long
reaction time, limited substrate scope, low yield, and poor
selectivity. Thus, novel solid acid catalysts which can give rise to
green, environmentally benign acetalization processes are needed.
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In this study, a novel, high surface area, mesoporous composite
material consisting of molybdenum doped TiO, nanoparticles on
reduced graphene oxide (Mo-TiO,/ rGO) is synthesized which
showed excellent catalytic activity for acetalization of
cyclohexanone. The catalyst reusability, absence of toxic waste,
excellent GC yield, and easy product separation makes this a green,
industrially scalable process.

Results

Material characterization

The structural properties of the synthesized materials were
investigated using powder X-ray diffraction (Figure 1a). The PXRD
pattern of reduced graphene oxide showed 2 peaks at 26 = 24.1 and
43.0 degrees which correspond to (002) and (110) planes (PDF card
No. 00-026-1079). The formation of reduced graphene oxide from
graphene oxide is confirmed by the shift in the peak corresponding
to the (002) planes from 26.5 to 12.4 degrees. The composite
material which is Mo doped TiO,/ reduced graphene oxide showed
characteristic PXRD peaks corresponding to TiO; at 25.1, 37.9, 47.8,
53.9,62.4, and 69.2 degrees. These peaks correspond to (101), (004),
(200), (105), (211), (204), and (220) planes of anatase TiO; (PDF card
No0.00-021-1272). However, the peaks of the composite are broader
compared to those of pure TiO,. The composite of TiO,/ rGO also
showed peaks corresponding to anatase TiO, where the transition
metal dopant is absent.

Further characterization of the structure of the composite was
carried out wusing Raman spectroscopy where the bands
corresponding to reduced graphene oxide were prominent (Figure
1b). The characteristic D and G bands were seen in the composite
material at 1360 and 1609 cm. The intensities of the overtone
bands (2D and D+D’) were reduced upon composite formation. The
intensities of the Raman bands corresponding to TiO, were
comparatively lower than those of rGO and were seen as a small
hump around 100 - 500 cm-L.
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Figure 1. a) PXRD patterns b) Raman spectra of rGO, TiO»/ rGO,
and Mo-TiO,/ rGO.
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The surface areas and pore data of the synthesized materials were
investigated using nitrogen adsorption isotherms. The BET isotherms
of the composites TiO,/ rGO and Mo-TiO,/ rGO (Figure 2a) were type
IV, H2 isotherms which are characteristic typical mesoporous
materials. For the comparison the BET isotherms of rGO and pure
TiO; are given in supplementary information Figure 1a and 2a. The
highest BET surface area, which is 242 m?2/g was obtained for the
composite Mo-TiO,/ rGO. The BJH pore size distribution curves for all
rGO, TiO; (supplementary information Figure 1b and 2b), TiO»/ rGO,
and Mo-TiO,/ rGO (Figure 2b) showed monomodal pore size
distribution curves where the average pore diameters were between
3 to 5 nm. The surface areas, average pore diameters, and pore
volumes of the materials are listed in Table 1.
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Figure 2. a) BET isotherms b) BJH pore size distribution curves
of TiO,/ rGO and Mo-TiO,/ rGO.

Table 1. BET and BJH pore data of the synthesized materials.

Material BET surface BJH average BJH pore
area (m?/g) pore diameter  volume (cc/g)
(nm)
TiO, 36 3.8 0.05
rGO 104 3.8 0.65
TiO,/ rGO 230 34 0.17
Mo-TiO,/ rGO 263 3.4 0.16

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins
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The particle morphologies, sizes and distributions were investigated
by SEM (Figure 3) where, randomly aggregated reduced graphene
oxide sheets were observed. Upon addition of TiO, and Mo-doped
TiO,, the particles were embedded on the reduced graphene sheets.
The EDX mapping (Figure 4) showed homogeneous distributions of
Mo and TiO; throughout the composite material. Moreover, the
atomic percentage calculated using EDX was 5% Mo with respective
to Ti.

a)

Figure 3. SEM images of a) rGO b) TiO,/ rGO c) Mo-TiO,/ rGO.

Figure 4. EDX mapping data of Mo-TiO,/ rGO composite.

Further analyses of the particle sizes and distributions were carried
out with HR-TEM where the thin sheets of reduced graphene oxide
were clearly visible (Figure 5). TiO, and Mo doped TiO; particles are
homogeneously distributed on the surface of reduced graphene
oxide sheets. The SAED pattern of rGO (Figure 6a) showed the
presence of (002) and (110) planes where the planes corresponding
to TiO, were seen in the SAED patterns of TiO,/ rGO and Mo-TiO,/
rGO. The crystal planes (101) and (004) of TiO, were observed as
lattice fringes in the HR-TEM image (Figure 7) of Mo-TiO,/ rGO
composite where the corresponding d spacing values were 0.35 nm
and 0.23 nm. Similar to SEM EDS, TEM mapping (Figure 8) also
confirmed that the Mo atomic percentage with respective to TiO; is
5%.

Figure 5. HR-TEM images of a) rGO b) TiO,/ rGO c¢) Mo-TiO,/ rGO.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. HR-TEM images with lattice fringes of Mo-TiO,/ rGO.

Figure 8. TEM mapping data of Mo-TiO/ rGO.

The thermogravimetric analysis (Figure 9) of Mo-TiOy/ rGO
composite showed a 78% mass loss which was similar to that of TiOy/
rGO. This confirmed the mass loss is due to the removal of excess
water and CO; generated from the TiO, counterpart. The mass loss
of rGO was 3% and is due to the loss of adsorbed water and CO;
species present in rGO.

J. Name., 2013, 00, 1-3 | 3
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Figure 9. TGA data of rGO, TiO,/ rGO, and Mo-TiO,/ rGO.

The X-ray photoelectron spectrum of C 1s of the Mo-TiOz/ rGO
composite (Figure 10 a) exhibited peaks corresponding to C=C (284.6
eV), C-0 (285. 3 eV), C=0 (286.1 eV), and O—-C=0 (289.3 eV).>133The
peaks corresponding to O 1s (Figure 10 b) were at 530.5, 532.2, and
531.9 eV which confirmed the presence of lattice oxygen (0%) of
TiOy, surface hydroxyl groups, and chemisorbed water.>45> The peaks
at 457.8, 459.2, and 464.9 eV (Figure 10 c) correspond to Ti3* (2ps/2),
Ti* (2ps2), and Ti** (2py2) respectively.>>>7 Only one peak is
observed for Mo®* (3ds/,) at 232.9 eV (Figure 10 d).57:58

T T T T T T 1
26 228 230 22 234 2% 238
Binding Enargy (V)

a0
Binding Energy (oV)

Figure 10. XP spectra of a) C1sb) O 1sc) Ti 2p d) Mo 3d in Mo-TiO,/
rGO composite.

The acidic site density calculations (Table 2) showed that the Mo-
TiO2/ rGO composite has a higher density of weak acid sites with
compared to pure rGO and TiO,/ rGO composite. The strong acidic
sites of all the materials were the same which shows that the strong
acidic sites are present only in the rGO sheets. The differences in the

4| J. Name., 2012, 00, 1-3
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acidic site densities are significant as compared to literature reported
values.1>9,60

Table 2. Acidity of the composites calculated using neutralization
titrations.

Material Strong Weak Total
acidic acidic (mmol/g)
groups groups
(mmol/g) (mmol/g)
rGO 1.00 11.00 12.00
TiO,/ rGO 1.00 11.15 12.15
Mo-TiO,/ rGO 1.00 11.52 12.52

Catalytic reaction

The catalytic reaction for the formation of 1,1-dimethoxy
cyclohexane (Scheme 1) was studied using the synthesized Mo
doped TiOy/ rGO composite material. The coupling of methanol and
cyclohexanone occurs within 30 minutes with excellent GC yield and
selectivity. The reaction conditions such as catalyst loading, reaction
temperature, reaction time, and the molar ratio between the
reactants were optimized (Figure 11). The reaction proceeds with an
excellent GC yield, selectivity, and turnover frequency at 0°C, 20°C,
and 100°C. Thus, the optimized reaction conditions were found to be
10 mg of catalyst, 20°C, 1:10 cyclohexanone to methanol molar ratio,
and 30 minutes. The catalyst is reusable up to 4 reaction cycles
without losing significant activity (Figure 12 a). The catalyst leaching
test was performed by removing the catalyst after 5 minutes and
proceeding the reaction in the absence of the catalyst (Figure 12 b).
As no catalyst leaching was observed, the heterogeneity was
confirmed. The product formed was filtered an analyzed with GC-MS
(Supplementary information Figure 3). The substrate scope was
analyzed using different ketone and alcohol compounds (Table 2).
The reaction was carried out using pure rGO and TiO,/ rGO
composite where the GC yields were 74% and 78%. Furthermore, the
reaction was carried out without catalyst, with commercial MoOs,
and TiO; as additional control experiments where the obtained GC
yields were 0%. For comparison, commercial zeolites were used as
the catalyst for the acetalization reaction and the products were
analyzed using GCMS (Supplementary information Figure 4) where
lower yields (8%, 0%) were observed (Supplementary information
Table 1).

o—

OF% - e
(1)

Scheme 1. Synthesis of 1,1-dimethoxy cyclohexane.

o]
Catalyst (10 mg)

SR
0 20°C, 30 min.

2MeOH(l) ——

This journal is © The Royal Society of Chemistry 20xx
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Figure 12 a) Catalyst reusability test b) catalyst leach test.
dimethoxy cyclohexane per mol of acidic sites in the catalyst per hour.

Reaction conditions a) 0.1 mmol cyclohexanone, 0.5 mL methanol,
20°C, 10 mg catalyst, 10 minutes b) 0.1 mmol cyclohexanone, 0.5 mL
methanol, 10 mg catalyst, 20°C, 30 minutes].

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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[Reaction conditions a) 0.1 mmol ketone/ aldehyde, 0.5 mL alcohol, 20°C,
10 mg catalyst, 30 minutes].

Discussion

The well-developed sheet structure of graphite is shown by the sharp
peak of its PXRD pattern and upon oxidation, the exfoliated graphene
oxide sheets are restacked and peak broadening is observed
(Supplementary information Figure 5). The increase in d spacing of
graphene oxide is due to the formation of epoxy, hydroxyl, carbonyl,
and carboxyl groups upon oxidation.®162 Upon reduction, the oxygen
containing functional groups are removed and the reduced graphene
sheets are arranged randomly. As a result, the PXRD peak is broad as
compared to graphite. The reason for the poor arrangement of the
rGO sheets may be due to the presence of single or few layers.51 In
rGO the peak with less intensity which is seen at 43.0 degrees is due
to the turbostratic band of disordered carbon materials.®3 The peak
broadening of the PXRD pattern of Mo-TiO,/ rGO is due to the
presence of carbonaceous species in the form of reduced graphene
oxide. The PXRD peaks of rGO in the composite might be masked
from the peaks of the crystalline TiO, counterpart. The absence of
PXRD peaks corresponding to molybdenum could be due to the
insertion of Mo®*ions into the TiO, lattice replacing some of the Ti*
ions. Another possibility is that molybdenum can be present in a non-
crystalline or poorly crystalline phase.

The Raman spectrum of graphite (Supplementary information Figure
6) showed a large intense peak at 1585 cm™ which corresponds to
the characteristic G band. This is due to in plane sp? carbon vibrations
and a doubly-degenerate phonon modes with E;; symmetry at the
Brillouin zone centre.5* The D band corresponds to sp3 carbons,
structural defect sites, or edge planes. The intensity of the D band is
lower in graphite and upon oxidation the intensity increases due to
the presence of a higher number of defects. The peak present at 2705
cm?is known as the 2D band and arises due to the presence of
second-order zone-boundary phonons. 6265 The position and the
shape of the 2D band can be used to determine the number of layers
(single layer or multi-layer). Furthermore, the 2D peak could be
sensitive to doping as well.5* In this study, the 2D bands of graphene
oxide, reduced graphene oxide, and composite materials showed
similar shapes and intensities. As all the 2D bands were broad, the
formation of multi layered structures is confirmed. The characteristic
Raman bands corresponding to pure TiO, (Supplementary
information Figure 7) were observed at 145, 198, 399, 516, and 640
cmL, In the composite materials the peak intensities of the Raman
bands corresponding to TiO, were lower compared to the bands
corresponding to rGO.

Upon formation of rGO, the porous nature and surface area increase
due to the stirring and hydrothermal treatment. The initial surface
area of graphite (6 m?/g) increases up to 104 m2/g. When the TiO,/
rGO composite is formed, the surface area is increased due to the
presence of TiO, nano particles with high surface area. However,
when Mo dopant is added the aggregation of TiO, particles is
reduced and as a result, the surface area has further increased up to
263 m2/g. This result was observed in SEM and TEM images as well.
When only TiO; particles are present on rGO sheets, particle
aggregation was seen where Mo-doped TiO, particles were
homogeneously distributed.

6 | J. Name., 2012, 00, 1-3

The XP spectra of C 1s and O 1s of the Mo-TiO,/ rGO composite
showed the presence of characteristic C-C, C=0, lattice O, and
surface hydroxyl groups which are in accordance with literature
reported data. However, the bands of Ti 2p showed the presence of
Ti3* 2p3/2 (457.8 eV) and a shift in the Ti** 2p3/; (459.2 eV) peak to a
higher value. The reported binding energy of Ti** 2ps;, is 458.5
eV.57%6 There could be several reasons for the afore mentioned shift
in the Ti* peak and for the presence of multivalent Ti. The presence
of a high valent dopant (Mo®*) in the TiO; lattice would produce
multiple oxidation states of Ti, excess oxygen, or Ti** vacancies to
maintain the total charge balance.>”

The proposed reaction mechanism for the acetalization (Scheme 2)
shows that the acidity of the catalyst is the key factor for the catalytic
acetalization reaction. The afore mentioned proposal is confirmed by
the GCyields of the acetalization when rGO, TiO,/ rGO, and Mo-TiO,/
rGO materials were used as catalysts. The material with the highest
number of acidic sites showed the highest activity towards the
reaction. In the rGO counterpart, the COOH groups act as strong
acidic groups and carbonyl, epoxy, hydroxyl groups are weak acidic
sites.! In the Mo doped TiO, counterpart, the surface hydroxyl groups
act as weak acidic groups which further facilitate the catalytic
reaction. The reaction mechanism was supported by the reactions
done with the ion exchanged Mo-TiO,/ rGO catalyst where only 85%
of GC yield was obtained when the strong acidic sites were
exchanged with NaCl and 0% GC yield was obtained when all the
strong and weak acidic sites were exchanged. Thus, weak acidic sites
are responsible for the acetalization reaction.

According to a reviewer, one could calculate the size of the acidic
sites using the surface area of the materials. However, the above
phenomenon could not be the case for the materials synthesized in
this study as the total surface areas were measured. The total surface
area consists of both acidic and non-acidic sites. Thus, the total areas
are not the active surface areas. Furthermore, the size of the acidic
sites varies as they can be different types of Brgnsted acidic sites
(form reduced graphene oxide surface and metal oxide surfaces) and
Lewis acidic sites (from Ti and Mo). Thus, the calculation of the size
of the acidic sites using surface area would not be accurate in this
study. However, to estimate the sizes of the acid sites present,
different types of bases were used. The kinetic diameters of the
bases used are as follows; ammonia 0.26 nm, pyridine 0.54 nm, and
2,6-dimethylpyridine 0.67 nm.67.68 After neutralizing the acid sites
with the bases given above, the catalytic reaction was performed.
The yields for the catalytic reactions after neutralizing acid sites with
ammonia, pyridine, and 2,6-dimethylpyridine are 0%, 47%, and 19%
respectively. All the acid sites are neutralized with ammonia due to
the smaller size. Thus, the size of the acid sites should be similar or
larger than ammonia. Pyridine has deactivated only a portion of acid
sites where 2,6-dimethylpyridine has neutralized the surface acidic
sites which are accessible due to the large kinetic diameter.

A reviewer has suggested that the size of the acid sites may be
important in these reactions. We are not aware of methods that have
been developed to do this. One can envision taking different sizes
and shapes of base titrants and quantitatively comparing differences
between these species. That may lead to information about the exact
size of acid sites. However, such studies will need to be developed
and are beyond the scope of this paper.

This journal is © The Royal Society of Chemistry 20xx
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The post catalyst analyses were performed to investigate the
reusability and to monitor the changes of the catalysts after 4
catalytic reaction cycles. The PXRD (Supplementary information
Figure 8), SEM (Supplementary information Figure 9), TEM
(Supplementary information Figure 10), and XPS (Supplementary
information Figure 11) analyses showed that there are no significant
differences in Mo-TiO,/ rGO before and after the reaction. However,
after 4 reaction cycles the nitrogen sorption isotherms
(Supplementary information Figure 12) exhibited a decrease in
surface area from 263 to 240 m?/g. This could be the reason for the
slight reduction in activity after 4 reaction cycles.

Ho + Ho Ho
0 \O o) 0 +_R
+ /R ~
H HO H
T
-H*
+ R H o+ H Ho
OR 0~ __R 0o _R
| -H,0 o FHY o
>
_OH
R
R
R R _R
Jo__0O e o__0O

Scheme 2. Proposed reaction mechanism for the acetalization

Experimental
Materials

All the chemicals were used as received. For the synthesis of
graphene oxide, potassium permanganate (99.0%), sulfuric acid
(95.0-98.0%), and hydrogen peroxide (30 wt.% in H,0) were
purchased from Sigma-Aldrich. Graphite powder and sodium nitrate
were purchased from Asbury Graphite Mills Inc. and Janssen Chimica
respectively. As the precursors for the composite, titanium (IV)
isopropoxide (97%) was purchased from Alfa Aeser while
hydrochloric acid (37%) and ethanol (99.5%) were purchased from
Sigma-Aldrich. Anhydrous acid molybdic was purchased from (99.8%)
Bakers Analyzed. For the acid site determination, sodium chloride
and sodium hydroxide were purchased from J.T. Baker and Sigma
Aldrich.

Methods
Synthesis of graphene oxide (GO)

For the synthesis of graphene oxide Hummer’s method® was used
where, graphite (1 g), sodium nitrate (1 g), and concentrated sulfuric

This journal is © The Royal Society of Chemistry 20xx
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acid (50 mL) were stirred in an ice bath for 30 minutes. Upon addition
of potassium permanganate (8 g) to the mixture, the solution turned
in to green. The green sol was further stirred for 30 minutes in the
ice bath and was transferred in to a 40°C water bath followed by
stirring for another 90 minutes to ensure the complete oxidation of
graphite. Then, distilled water (100 mL) was added slowly to the
resultant green sol and stirred for 30 minutes. The reaction was
quenched by adding hydrogen peroxide (12 mL) which turned the
mixture in to a golden-brown sol. After adding more distilled water
(100 mL), the brown precipitate formed was separated from the
yellow colored supernatant and the brown precipitate was washed
with distilled water until it is neutral. The resultant golden yellow
colored solution was used for the synthesis of the composite. To
obtain graphene oxide powder the solution was dried at 80°C.

Synthesis of Mo doped TiO, reduced graphene oxide composite

First, titanium (IV) isopropoxide (3 mL) was added dropwise to a
mixture of ethanol (2.5 mL) and hydrochloric acid (3.5 mL). To the
resultant solution, graphene oxide (10 wt.% of Ti) solution was added
followed by the addition of anhydrous acid molybdic (5 mol% of Ti).
The solution mixture was stirred for 1 hour and placed in a Teflon
lined autoclave followed by the hydrothermal treatment at 150°C for
12 hours. The black colored powder obtained was separated and
vacuum dried overnight. To synthesize TiO,/ rGO composite, the
procedure given above was followed without the molybdenum
dopant.

Catalytic reaction

The catalytic acetalization was monitored by the formation of 1,1-
dimethoxy cyclohexane from the reaction between cyclohexanone
and methanol. For the optimized reaction conditions, cyclohexanone
(0.1 mmol) and methanol (0.5 mL) were stirred at room temperature
for 30 minutes in the presence of Mo-TiO/ rGO catalyst (10 mg). The
product formed was filtered and identified by GC-MS.

Acidity measurement

The neutralization titration method was used to calculate the surface
strong acid and weak acid densities.>>%0 For the calculation of strong
acid sites 0.10 g of Mo-TiO,/ rGO was added to 100 mL of 1M NaCl
(excess) and was stirred overnight. The supernatant was separated,
and an aliquot was titrated with 0.1 M NaOH in the presence of
phenolphthalein indicator. To calculate the combination of strong
acid and weak acid sites, 100 mg of Mo-TiO,/ rGO was mixed with
0.05 M NaOH and stirred overnight. An aliquot of the supernatant
was back titrated with 0.1 M HCl in the presence of phenolphthalein
indicator. As control experiments the acidic site densities of rGO and
TiO,/ rGO composite were calculated. The ion-exchanged Mo-TiO,/
rGO catalyst was used in a generic reaction to investigate the effect
of ion-exchange on the GC yield.

The size estimation of the acid sites was done using bases with
different sizes. First, Mo-TiO,/rGO powder (50 mg) was stirred for 8
hours with ammonia (0.5 mmol), pyridine (0.5 mmol), and 2,6-

J. Name., 2013, 00, 1-3 | 7
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dimethylpyridine (0.5 mmol) in separate containers. Then, the
powder was separated and dried at 60°C. Catalytic reactions were
performed using the resultant solid materials. Mo-TiO,/rGO (10 mg),
cyclohexanone (0.1 mmol), and methanol (0.5 mL) were stirred at
room temperature for 30 minutes and the products were analyzed
using GCMS.

Characterization

Structural characterization was performed using PXRD patterns
obtained from a Rigaku Ultima IV diffractometer with Cu Ka
radiation (A = 1.5406 A). The samples were scanned from 20 = 2 to
75 degrees (rate of 2 degrees per minute) with a 44 kV beam
voltage and 44 mA current. A Renishaw System 2000 microscope
which is equipped with an Ar* ion laser excitation source (A = 514
nm) was used for the Raman analysis. A Quantachrome Autosorb
iQy automated gas sorption analyser was used to obtain the
nitrogen sorption isotherms which were used to calculate the
surface areas and pore data. The samples were degassed (150°C —
4 hours) prior to the analysis and the Brunauer—Emmett-Teller
(BET) isotherms were used to calculate the surface areas. The
Barrett, Joyner, and Halenda (BJH) method which uses the
desorption branch of the isotherms was used to determine pore
diameters and pore volumes of the synthesized materials. The
particle morphology and the distribution of TiO, on reduced
graphene oxide sheets were analyzed using an FEI Nova NanoSEM
450 equipped with a high current Schottky gun which is operated
at 2.0 kV. To analyze the distribution of TiO, and Mo on the surface
and to calculate the atomic percentage of Mo with respect to Ti,
energy dispersive X-ray (EDS) analysis was performed using an
Oxford Aztec Energy Microanalysis system with an X-max 80
silicon drift detector.
microscopic (HR-TEM) images were obtained to observe the

High-resolution transmission electron

reduced graphene oxide sheets and to further analyse the particle
distribution, particle size, and atomic percentages using a Talos
F200X microscope operating at 200 kV and equipped with an energy
dispersive spectrometer (EDS). The thermogravimetric analyses
were performed on a NETZSCH TG 209F1 Libra equipped with a
NETZSCH QMS 403C mass spectrometer. The temperature range was
from 27-900°C with a ramp of 10°C min-1 under nitrogen atmosphere
(flow rate 60 mL min?). A Quantum 2000 Scanning ESCA
Microprobe (Physical Electronics Corporation -Division of ULVAC-
PHI) with a monochromatic Al Ka X-ray (1486.6 eV) source with a
beam diameter of 10 um was used for the XPS analyses. The
binding energy spectra were corrected based on assigning a C 1s
peak to adventitious carbon (Egnoine = 284.8 eV) as a primary
correction. The products obtained from the catalytic reaction
were analyzed using an Agilent gas-phase chromatography-electron
impact-quadrupole mass spectrometer (GC-MSD) 5975.

Conclusions

A novel, mesoporous composite material with high surface area
(263 m2/g) is fabricated via an in-situ hydrothermal synthesis
method. The composite contains 5% Mo doped TiO;
nanoparticles on reduced graphene oxide sheets. The catalytic
acetalization reaction was monitored using the synthesis of 1,1,

8 | J. Name., 2012, 00, 1-3

-dimethoxy cyclohexane as the generic reaction. The weak
acidic sites of the composite material play a major role in the
acetalization process. The catalyst heterogeneity, reusability,
ambient reaction conditions, lower reaction time, reusability of
excess reactants (alcohol), high GC yield, and selectivity make
this a “green”, industrially feasible process.
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