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Abstract Carbon quantum dots-titanium dioxide com-
posite (CQDs-TiO,) has been synthesized by a simple
hydrothermal process. It was used as a heterogeneous cata-
lyst for oxidation of alcohols using water as a solvent. The
morphologies and composition of the resulting catalysts
were characterized to show that the CQDs were uniformly
dispersed on the surface of the TiO, with well combination
with each other. The obtained catalyst showed enhanced
catalytic activities compared to the pure CQDs catalyst.
The enhanced catalytic activities were mainly attributed to
the highly dispersive CQDs with more active centers which
caused by the TiO, support. The CQDs-TiO, catalyst can
also be reused without any significant loss in their catalytic
activities after five times.
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1 Introduction

The selective oxidation of alcohols to its aldehydes or
ketones is playing a vital role in organic synthesis [1-5],
because the obtained products are highly valuable interme-
diates for pharmaceutical, dyestuff, perfumery, and agro-
chemical industries. However, stoichiometric oxidants,
such as permanganate and perchlorate, were broadly used
in homogenous reaction, leading to lots of environmental
pollutions in traditional industrial production. Therefore,
noble metals (Pd [4, 6], Au [5, 7], Ag [8], Ru [9], etc.) and
metal oxides (RuO, [10] and MnO, [11]) were developed.
These catalysts showed high catalytic activities. But these
noble metal based catalysts are so relatively expensive and
generated a lot of environmental problems.

Carbon quantum dots (CQDs) is a new class of nano-
carbons with size below 10 nm, which have been received
increasing attention due to their unique chemical and physi-
cal properties. Compared to the traditional semiconductor
quantum dots, CQDs possess low toxicity, good biocom-
patibility, highly aqueous solubility and also have high
natural abundance [12]. Therefore, CQDs have gradually
become promising carbon nanomaterials for lots of impor-
tant applications, such as photocatalysis [13, 14], solar cells
[15], fuel cell catalyst [16] and have been successfully uti-
lized in bioimaging [17]. Considering the superior activi-
ties of the CQDs, our group has developed a transition
metal-free CQDs catalyst for oxidation of alcohols with
cheap NaClO oxidant using water as the only solvent [18].
The CQDs showed high catalytic activities for oxidation of
alcohols. However, owing to the nanosize of the CQDs, the
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aggregation of the CQDs could not be avoided during the
reaction process. Thus, in order to improve their catalytic
performance, one of the solutions is that the CQDs should
be dispersed on the surface of the support.

TiO,, one of the established photocatalysts under
UV light, which has also been extensively probed in the
research areas of energy conversion [19] and degradation
of contaminants [20] because of its cost-effective nature
and fine chemical stability. TiO, by heteroatom doping
possess highly value in solar energy utilization. For this
reason, recently, much effort has been devoted to develop
visible-light-active photocatalysts. On the side, modifying
TiO, with a carbonaceous substance on its surface can also
induce visible-light-responsive activity. In recent years,
CQDs-TiO, composites had been largely reported as pho-
tocatalysts and showed enhanced photocatalytic perfor-
mances [21, 22]. These researches pointed out that CQDs
can be well dispersed on the surface of the TiO,. In con-
trast, CQDs-TiO, nanocomposites have not been used as
heterogeneous catalysts for organic transformations and
synthesis.

To the best of our knowledge there are no reports in the
literature concerning the use of CQDs-TiO, composites
as heterogeneous catalysts in the oxidation of alcohols. In
this work, CQDs were prepared by a simple electrochemi-
cal method and then were hydrothermally combined with
TiO, to obtain a new composite, CQDs-TiO,. The compos-
ite was used as a catalyst of the oxidation of alcohols with
cheap oxidant using only water as the solvent. The reasons
for the enhanced catalytic activity of CQDs-TiO, have been
discussed based on the experimental results and on recent
literatures.

2 Experimental
2.1 Catalyst Synthesis
2.1.1 Preparation of CQDs

All chemicals were commercially available and were used
without further purification. Carbon nanotubes were got
from Tsinghua University and Graphene were got from
Ningbo institute of industrial technology. CQDs were pre-
pared based on a facile one-pot electro-chemistry method
[25, 28]. In a typical process, two graphite rods were
inserted parallel into the deionized water as the electrode
with a separation of 10 cm, static potentials of 15-60 V
were applied to the two electrodes using a direct current
(DC) power supply. After about 120 h continuous stirring,
a dark-yellow solution appeared gradually in the reactor.
The solution was then filtered with slow-speed quantitative
filter paper, and the resultant solution was centrifuged at
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10,000 rpm for 10 min to remove the precipitated graphite
particles. Finally, the obtained solution was water soluble
CQDs. Bulk quantities of CQDs can be recovered by dry-
ing at 363 K.

2.1.2 Preparation of CODs Based Composites

The CQDs-TiO, composite was prepared via a hydrother-
mal method. Different amount of the above of CQDs was
added into 40 mL of distilled water and 20 mL ethanol.
Then 100 mg of TiO, were added and the resultant mix-
ture was ultrasonicated for 10 min. The mixture was put
into reaction at 393 K for 2 h in a hydrothermal reactor.
The final mixture was dried at 353 K to obtain the desired
CQDs-TiO, composite. In addition, ZnO, Al,O5, Fe,0; and
CuO were used and the preparation of other composites is
similar to this method.

2.2 Characterization of Catalyst

The morphologies and structure details of the as-synthe-
sized samples were studied by using transmission electron
microscopy (TEM, JEOL-JEM-2010F, Japan), with an
accelerating voltage of 200 kV. The crystal structures of
the samples were characterized by X-ray diffraction (XRD)
(Bruker D8 Advance diffractometer, Germany) at a scan-
ning rate of 4°/min (Cu Ka radiation, k=0.15418 nm).
X-ray photoelectron spectroscopy (XPS) analysis was per-
formed with an ESCAL a-b220i-XL electron spectrometer
(VG Scientific, England) using 300 W Al Ka radiation.
Fourier transform infrared spectroscopy (FT-IR) experi-
ments were conducted on a Nicolet 670 FT-IR (Thermo-
electric, USA) spectrometer in the form of KBr pellets.

2.3 Catalytic Oxidation of Alcohols

The selective oxidation reactions were carried out in a
100 mL flask (for a condenser) including 1 mmol alcohol,
0.09 g CQDs-TiO,, and 25 mL deionized water as solvent.
The alcohols used were benzyl alcohol, cinnamyl alcohol,
cyclohexanol, n-army alcohol and n-heptanol. The mix-
ture were stirred to form suspension. Then 7 mL of 10%
NaClO was gradually added. The reactions were conducted
at 50°C under ambient pressure for 7 h. When the reaction
was finished, the mixture was extracted by ethyl acetate
(3%30 mL).Then ethyl acetate was removed in vacuum.
Oxygenated products were analyzed by an Agilent 7890 A
Gas Chromatographer (GC). Furthermore, for the test of
reusability, the used catalyst was removed from the reaction
by filtration and washed with deionized water and acetone,
and dried in the air for reuse.
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3 Results and Discussion
3.1 The Effect of the Supports

In order to prove that the addition of supports can improve
the dispersion of CQDs, the oxidation of benzyl alcohol
was tested to help choosing the suitable support from four
different nano-metal oxide supports. The result is shown
in Table 1. The results show that the nanocomposite cata-
lysts possess higher catalytic activities compare with pure

Table 1 Oxidation of benzyl alcohol on different metal oxide sup-
ported CQDs

Entry Catalyst Conv. (%) Select. (%)
1 CQDs-TiO, 88 >99
2 CQDs-ZnO 77 >99
3 CQDs-Al, 04 82 >99
4 CQDs-Fe,05 79 >99
5 CQDs-CuO 86 >99

Reaction conditions: benzyl alcohol (I mmol), catalyst (90 mg),
NaClO (7 mL), H,0 (25 mL), 7 h, 50°C

CQDs. Therefore, the existence of supports indeed can pro-
mote the dispersion of CQDs. Among the four supports, the
CQDs-TiO, showed the highest catalytic properties. Thus,
the TiO, was chosen as the support for CQDs.

3.2 Characterization of Catalysts

To verify the combination between TiO, and CQDs, the
morphologies of the CQDs and 67 wt% CQDs-TiO, com-
posites were first conducted and the results are clearly
shown in Fig. 1. Figure la shows the TEM image of the
TiO,, which was in shape of nanoparticle with average
diameter about 40 nm. Figure 1b shows the obtained CQDs,
revealing that the average diameters of CQDs are about
4 nm. As shown in Fig. 1c, after the hydrothermal reaction,
the CQDs were uniformly deposited on the surface of the
TiO,. The HR-TEM image from Fig. 1d exhibits the crystal
lattice spacing around 0.31 nm agrees well with the (002)
spacing of graphitic carbon (JCPDS card no. 46-0943) and
the inter planar spacing of 0.20 nm is assigned to the (210)
plane of rutile TiO, (JCPDS card no. 89-4920). The above
results indicated that the CQDs can be well dispersed on

Fig.1 TEM and HRTEM images of TiO, (a), CQDs (b) and 67 wt%CQDs-TiO, (c, d)
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Fig. 2 XRD patterns of CQDs (a), TiO, (b) and 67 wt%CQDs-TiO,
©

the surface of the CQDs, demonstrating the well combina-
tion between the CQDs and TiO,.

The XRD patterns of CQDs, TiO, and 67 wt% CQDs-
TiO, composites were shown in Fig. 2. As shown in Fig. 2,
the CQDs samples reveals that the electrochemical oxida-
tion process leads to weak and broadened graphite peaks.
The decrease in the peak intensity indicates the transforma-
tion of crystalline graphite into nano-size structure carbon,
and the partial conversion of sp’-hybridized C=C in the
aromatic ring into sp>-hybridized C=C in the CQDs [14,
18]. Figure 2b shows the XRD pattern of TiO,, showing
the mixing phases of anatase and rutile titania, which can
be assigned to the commercial P25. On the other hand, as
shown in Fig. 2c, it is interesting to note that the intensity
of the peaks at 21.9° and 26.5° are presented in 67 wt%
CQDs-TiO,, thus suggesting that the CQDs were dispersed
on the surface of TiO, and can be well detected [23]. The
powder XRD patterns for the CQDs and 67 wt% CQDs-
TiO, samples are in good agreement with the HR-TEM
results shown above, thus showing the crystalline graphitic
carbon structure and the good combination with each other.

FT-IR spectra were also carried out to further character-
ize the formation between the CQDs and TiO, (Fig. 3). The
characteristic absorption peaks of the 67 wt% CQDs-TiO,
at 3441, 2926, 2855, 1720 and 1387 cm™' associated with
the O-H, sp® and sp> C-H, C=0 and C-OH in Fig. 3a.
TiO, spectrum displays three characteristic peaks at 3370,
1630 and 650 cm™! associated with stretching vibrations
of hydrogen-bonded water molecules and hydroxyl groups,
bending vibrations of O-H group and Ti—O-Ti bridging
stretching mode respectively. Comparison with the Fig. 3b,
the characteristic absorption peaks of C=0O has been
reduced, indicating the formation of C=0-O-Ti group
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Fig. 3 FT-IR spectra of CQDs (a) and 67 wt%CQDs-TiO, (b)

with TiO,, confirming the combination between CQDs
and TiO,. The broad absorption band below 1000 cm™ is
attributed to the combination of the Ti—O-Ti and Ti—-O-C
vibrations [22].

The presence of CQDs was also detected by XPS in
67 wt% CQDs-TiO, and not in TiO, sample (Fig. 4a). This
confirms that the CQDs are present in the 67 wt% CQDs-
TiO, composite. Figure 4a shows the XPS spectra of Cls,
from which we can see that there were four clear peaks
assigned to four types of carbon with different chemical
valences: non-oxygenated ring C (284.6 eV), carbon in
C-0 bonds (285.1 eV), carbonyl C (288.0 eV), and carbox-
ylate carbon (O—C=0) (288.5 eV) [24], which is consist-
ent with the results from FI-IR. The Ti2p high resolution
spectra for 67 wt% CQDs-TiO, are shown in Fig. 4b. For
the 67 wt% CQDs-TiO,, the binding energies of Ti2p3/2
and Ti2p1/2 are positioned at 458.8 and 464.7 eV, respec-
tively. Compared to the TiO,, the Ti2p peaks of 67%CQDs-
TiO, are shifted towards a higher binding energy. The shift
of 0.3-0.5 eV suggests that the chemical environment of
Ti in the 67 wt% CQDs-TiO, composites changed due to
strong interaction between TiO, and CQDs with formation
of Ti—~O—C bonds, which was in agreement with the FT-IR
results [25].

3.3 Catalytic Performance

The catalytic activity of CQDs-TiO, was first evaluated
for the oxidation of benzyl alcohol with NaClO oxidant
using water as an only solvent, as shown in Table 2. A
control experiment in the absence of catalyst resulted in
a conversion of about 3%. While in the presence of cata-
lyst, product formation is observed. The reaction using
TiO, and CQDs as catalysts resulted in conversions of 5
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Fig. 4 XPS Spectra of CQDs and 67 wt%CQDs-TiO, samples. a Cls
and b Ti2p

Table 2 Benzyl alcohol oxidation by various amounts CQDs-TiO,
and other carbon materials-TiO, composites

Entry Catalyst Conv. (%) Select. (%)
1 - 3 >99

2 CQDs 59 >99.9
3 TiO, 5 >99.9
4 33%wt CQDs-TiO, 25 >99.9
5 50%wt CQDs-TiO, 55 >99.9
6 67%wt CQDs-TiO, 88 >99.9
7 83%wt CQDs-TiO, 90 96

8 67%wt GO-TiO, 38 >99.9
9 67%wt CNTs-TiO, 13 >99.9
10 CQDs +TiO, 67 >99.9

Reaction conditions: benzyl alcohol (1 mmol), CQDs-TiO, (90 mg),
NaClO (7 mL), H,0 (25 mL), 7 h, 50°C

and 59% after 7 h, respectively. Furthermore, the conver-
sion of benzyl alcohol on CQDs-TiO, gradually increased
with the amount of CQDs used and reaches an opti-
mum level. For instance, 33 wt% CQDs-TiO, afforded a
25% conversion of benzyl alcohol after 7 h. In contrast,

the 67 wt% CQDs-TiO, catalyst drastically enhanced
the conversion of benzyl alcohol to 88% after 7 h. Fur-
ther increasing the loading of CQDs on TiO, to 83 wt%
CQDs-TiO, did enhance the reaction further (90% con-
version) after 7 h. However, the selectivity decreased and
the byproduct was detected to be benzoic acid. Consid-
ering that carbon nanotubes (CNTs) and graphene were
commonly used active catalyst for alcohol oxidation [26,
27], under identical reaction conditions, the catalytic
activity of 67 wt% CQDs-TiO, was compared with that
of other carbon materials such as graphene and CNTs
containing the same weight percentage of TiO, and the
observed results are summarized in Table 1. Conversions
of 38 and 13% of benzyl alcohol were achieved with
67 wt% GO-TiO, and 67 wt% CNTs-TiO,, respectively. In
contrast, the physical mixture of CQDs (60 mg) and TiO,
(30 mg) showed 67% conversion under identical reaction
conditions; this conversion is lower than that of 67 wt%
CQDs-TiO, but higher than that of 67 wt% GO-TiO, and
67 wt% CNTs-TiO, catalysts. These experiments clearly
indicate the superior activity of 67 wt% CQDs-TiO, due
to the highly dispersive CQDs on TiO, as well as optimal
loading of CQDs to achieve maximum yield.

The 67 wt% CQDs-TiO, catalyst was also found to be
active for the oxidation of different alcohols, such as cinna-
myl alcohol, n-amyl alcohol, and n-octanol and cyclohex-
anol. The catalyst performance data are given in Table 3.
Cinnamic alcohol was oxidized into cinnamic aldehyde
with a conversion of 67% in 7 h without any byproduct. In
addition, n-amyl alcohol and n-octanol were oxidized into
corresponding aldehydes with 100% conversion in 6 h.
Cyclohexanol was significantly oxidized into cyclohex-
anone with a 80% conversion in 7 h.

Considering the active center of the reaction is the
functional groups of the CQDs, the mechanism for oxida-
tion of alcohols might also follow the Sy1 mechanism [18,
28]. Firstly, a CQDs inclusion complex between CQDs and
substrate was formed in situ, followed by the formation of
carbonium ion. This carbonium ion was then attacked by
ClO™ anion on carbon atom. Further elimination of HCI
gave the corresponding aldehydes. In addition, due to the
presence of TiO,, which has a large number of surface
defect adsorbed the CQDs on the surface and increased the
amount of active site of CQDs. Hence, CQDs-TiO, had a
higher reactivity and conversion compared with the pure
CQDs.

In order to evaluate the recyclability of the catalysts, the
catalyst was separated from the reaction mixture after each
experiment by filtration and washed with deionized water
and acetone, then dried in air. It is apparent from Fig. 5 that
the 67 wt% CQDs-TiO, catalyst could be reused up to five
cycles without obvious loss of catalytic activity, demon-
strating the stability of the catalyst.
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Table 3 Oxidation of various
alcohols on 67 wt%CQDs-TiO : lect.
: Entry  Substrate Product Time (h) g/oo;lv (Soz)e ct
CHO
OH
1 7 88 >99
X oH ~__CHO

2 ©/\/ 7 67 >99

3 AN N"cHo 6 100 >99

4 AN I o 6 100 >99

OH
s (T

o
O/ 7 80 99

Reaction conditions: substrate (1 mmol), CQDs-TiO, (90 mg), 10% NaClO (7 mL), H,O (25 mL), 50°C
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Fig. 5 Reusability of the 67 wt% CQDs-TiO, catalyst for the oxida-
tion of benzyl alcohol. Black conversion, Red selectivity

4 Conclusions

In summary, CQDs were successfully dispersed on the
surface of the TiO, to prepare the CQDs-TiO, nanocom-
posites for oxidation of alcohols with NaClO oxidant
using water as the only solvent. It is found that the cata-
lytic activities of the CQDs-TiO, nanocomposite were
enhanced compared with that of the CQDs. The enhanced
catalytic activities were mainly attributed to the highly
dispersive CQDs with more active centers which caused
by the TiO, support. It can be recovered readily without
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any significant loss in their catalytic activities. Thus,
the CQDs-TiO, can be used as a recyclable catalyst for
the oxidation of alcohols. In addition, the information
obtained for this study may be useful for designing CQDs
catalysts for application towards various other oxides.
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