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1 Introduction

Abstract: A fast, simple, and energy-saving microwaveassisted approach was successfully developed to prepare
carbon microspheres. The carbon microspheres with a
uniform particle size and good dispersity were prepared
using glucose as the raw material and HCl as the dehydrating agent at low temperature (90°C) in an open
system with the assistance of microwave heating. The
carbon microspheres were characterized by elemental
analysis, XRD, SEM, FTIR, TG, and Raman. The results
showed that the carbon microspheres prepared under the
condition of 18.5% (v/v) HCl and heating for 30 min by
microwave had a narrow size distribution. The core–shell
structure of the carbon core and TiO2 shell was prepared
with (NH4)2TiF6, H3BO3 using the microwave-assisted
method. The hollow TiO2 microspheres with good crystallinity and high photocatalytic properties were successfully prepared by sacriﬁcing the carbon microspheres.

The functionalized carbon microspheres with hydrophilic
–OH and C]O groups have attracted great attention
(1). These functional groups on the surface layer can
bind metal cations through coordination or electrostatic
interactions (2). Due to the abundant resource availability, nontoxic nature, environmental friendliness,
and chemical stability, carbon microsphere has been
widely used as energy storage (3–7), adsorbents (8–10),
and catalyst supports (2,11,12). Simple monosaccharides,
such as glucose (13), sucrose (14), etc., have been eﬀectively employed as raw materials of carbon microspheres
(15). However, the preparation of functionalized carbon
microspheres has frequently been performed in harsh
conditions. The preparation methods include hydrothermal method (16,17), chemical vapor deposition
(18–20), template method (21–23), and pyrolysis technologies (21,24,25). The main barrier to the widespread use
of carbon microsphere is the long duration and high reaction temperature required for the synthesis following the
conventional methods (26). It makes the preparation
costly and less competitive. It is reported that carbon
microspheres can also be obtained by microwaveassisted hydrothermal method (3–5) with the advantages
of saving time and competitive costs. However, as mentioned in literature, hydrothermal method was used in
most cases of synthesis of carbon microspheres with
microwave, which also requires a higher temperature
(130–180°C) and high pressure (sealed reactor) (4). To
our knowledge, carbon microspheres prepared by microwave-assisted method in open systems are less explored.
Titanium dioxide (TiO2) was one of the most studied
photocatalytic semiconductor materials due to its nontoxic, chemical stability, high catalytic activity, and low
price in various semiconductor photocatalysts. Due to
the unique properties of hollow microspheres such as
good surface permeability, high refractive index, and
large light-harvesting eﬃciencies (27), the preparation
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of hollow TiO2 microspheres has been receiving more and
more attention.
In this study, carbon microspheres with good dispersity were prepared using glucose and HCl at 90°C by
a fast and simple microwave-assisted method in an
open system. Hollow TiO2 microspheres were prepared
by sacriﬁcing the carbon microspheres. Then the photocatalytic performance of hollow TiO2 was evaluated by
the degradation of rhodamin B solution under the UV
light irradiation.

2 Materials and methods
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water several times, and dried at 80°C. The product was
calcined at 500°C for 1 h to get the hollow TiO2 microspheres.

2.4 Photocatalytic decomposition of
rhodamin B
The photocatalytic activity of the prepared TiO2 and the
commercial Degussa P25-TiO2 (P25-TiO2) was determined
by measuring the photocatalytic degradation of rhodamin
B (RhB). A 50 mL 5 × 10−5 mol/L RhB aqueous solution
containing 0.03 g TiO2 sample was radiated for diﬀerent
durations under 360 W UV lamp. The concentration of RhB
was monitored by a UV-visible spectrophotometer.

2.1 Materials
2.5 Characterizations
Glucose (analytical grade), hydrochloric acid (analytical
grade), and boric acid (analytical grade) were provided
by Sinopharm Chemical Reagent Co., Ltd. Ammonium
hexaﬂuorotitanate (analytical grade) was provided by
Shanghai Shifan Chemical Co., Ltd. Rhodamin B (analytical grade) was provided by Shanghai Jingchun Reagent
Co., Ltd. Degussa P25-TiO2 was provided by Evonik Degussa
Co., Ltd.

2.2 Synthesis of carbon microspheres
In a typical synthetic process, 4.0 g glucose in HCl solution was heated in a microwave reaction instrument
(MAS-3-type universal microwave synthesis instrument;
Xinyi Microwave Chemical Technology Co., Ltd., of input
power 1,360 W) under normal pressure and 90°C. The
product was separated by centrifugation and washed
with deionized water for several times and dried at 80°C.

2.3 Synthesis of hollow TiO2 microspheres
Carbon microspheres of 0.08 g were dispersed in deionized water with ultrasonic, and 0.6 mL of 0.50 mol/L
H3BO3 aqueous solution was added. The mixture was
heated at 90°C under microwave for 50 min. Then 0.3 mL
of 0.50 mol/L (NH4)2TiF6 aqueous solution was added to the
mixture, which was heated at 90°C under microwave for
further 60 min. After completion of reaction, the product
was separated by centrifugation, washed with deionized

The X-ray diﬀraction (XRD) was analyzed with a diﬀractometer (RIGAKU Max-2250PC X-ray diﬀractometer) employing Cu-Ka radiation. Surface morphology of the sample
was observed using ﬁeld-emission transmission electron
microscope (FETEM; JEOL JEM-2100F). The functional
groups of carbon microspheres were analyzed by using a
US Nicolet/NEXUS-670 FTIR. The thermostability of carbon
microspheres was tested using simultaneous thermal analyzer
(TG, STA449F3). The elemental analysis of carbon microspheres was analyzed by using elemental analyzer (EA,
Elmentar Vario EL III). The Raman spectrum was recorded
on a Horiba Scientiﬁc LabRAM HR Evolution spectrometer.

3 Results
Carbon microspheres were synthesized by microwaveassisted carbonization in an open system, in which glucose
and HCl were utilized as carbon source and dehydration
catalyst, respectively. Then the TiO2 shell was formed on
the surface of the synthesized carbon microspheres under
microwave radiation. Finally, the hollow TiO2 microspheres
with high photocatalytic properties were prepared by sacriﬁcing carbon templates.

4 Discussion
The reaction conditions for carbon microspheres using
HCl as dehydration catalyst are listed in Table 1. In the
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condition of HCl and microwave-assisted heating, glucose molecules were dehydrated rapidly to form oligosaccharides and further hydrophobic polymers (1). The
increasingly hydrophobic polymers further accelerated
the phase separation and formed carbon microspheres
by surface tension (28). Within the carbonaceous spherical polymer phase, the internal condensation reactions were also induced by the thermal and nonthermal
eﬀect of microwave and led to the ﬁnal dehydration
carbonization.
Table 1 shows the reaction temperature had a significant inﬂuence on the formation of carbon microspheres.
It was found that no particles were formed in the solution
below 90°C. It was proposed that the growth of carbon
microspheres under microwave-assisted heating also followed LaMer model (29). When the temperature was
below 90°C, the dehydration carbonization of glucose
did not occur. As a result, the concentration of the aromatic compounds and oligosaccharide could not reach
the critical concentration and the nucleation would not
occur (30). The carbon microspheres could be only
observed when the reaction temperature was above
90°C. However, this formation temperature was still
lower than the reported temperature of hydrothermal
formation of carbon microspheres (160–180°C) (31–33).
The nonthermal eﬀect of microwave irradiation should
play a key inﬂuence on the formation of carbon microspheres at 90°C in an open system.
The elemental analysis (C, O, and H) of carbon microspheres in Table 1 shows that the carbon content (wt%)
increases from ∼36% in glucose to ∼60% in carbon microspheres. It was noticed that the carbon content of samples A–C did not show signiﬁcant change with increase
in HCl concentration. For reaction time of 120 min, the
carbon content of samples D–F showed a slight increase
with an increase in HCl concentration. The results indicated

that the inﬂuence of HCl concentration on the elementary
composition was weaker than that of the reaction time. The
reason was that the nonoxidative hydrochloride acid mainly
acted as a dehydration catalyst during carbonization process, so the concentration of HCl didn’t show a signiﬁcant
inﬂuence on the dehydration carbonization of glucose. It
was found that all the samples of carbon microspheres contained less content of oxygen, which indicated the samples
were partly carbonized. It was also noted in Table 1 that the
H/C and O/C ratios of the carbon microspheres are much
lower than those of glucose. According to the Van Krevelen
diagram (34) (Figure 1), the evolution from glucose to
carbon microspheres followed the diagonal line. This suggested that the decrease in H/C and O/C ratios of carbon
microspheres was mainly caused by dehydration carbonization of glucose (34) under the hydrochloride acid and microwave irradiation.
The structure and composition of the products were
investigated by XRD (Figure 2). The single broad peak in
XRD at 2θ of ∼23.0° corresponded to the (002) facet of
carbon (partially graphitized) (35), which was characteristic of amorphous structure. This was consistent with the
result of EA. The chemical structure of such partially carbonized materials could be described as –OH and –COOH
substituted amorphous aromatic carbon (36). As compared with samples A, B, and D, the diﬀraction peaks of
sample C, E, and F shifted to low degree, which indicated
the space of graphite layer increased (37). As a result, the
space of graphite layer of sample C, E, and F increased
with the increase in the concentration of HCl and the
reaction time.
The FETEM images in Figure 3 showed that the morphology of all products was almost spherical. However,
the dispersity of samples A and D prepared under a low
HCl condition was better when compared to other samples. Comparing the carbon microspheres prepared for

Table 1: Inﬂuence of reaction conditions on particle diameter and elemental analysis of carbon microspheresa
Sample

A
B
C
D
E
F
Glucose
a

Reaction time (min)

30

120

—

Reaction temperature was 90°C.

HCl conc. (v/v)

18.5%
25.9%
37.0%
18.5%
25.9%
37.0%
—

Avg. particle diameter (nm)

340
290
280
360
310
360
—

Elemental analysis (wt%)

Atomic ratio

C

H

O

H/C

O/C

60.04
60.94
60.38
59.54
63.28
62.81
36.36

4.37
4.20
4.18
4.47
4.32
4.24
7.07

35.59
34.86
35.44
35.99
32.40
32.95
56.57

0.87
0.82
0.83
0.90
0.82
0.81
2.33

0.44
0.43
0.44
0.45
0.38
0.39
1.17
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Figure 1: Van Krevelen diagram of glucose and carbon microspheres
prepared under diﬀerent conditions.

Figure 2: XRD of carbon microspheres prepared under diﬀerent
conditions. Samples (a–c) were prepared at 90°C for 30 min with
diﬀerent concentrations of HCl: (a) 18.5%, (b) 25.9%, (c) 37.0%.
Samples (d–f) were prepared at 90°C for 120 min with diﬀerent
concentrations of HCl: (d) 18.5%, (e) 25.9%, (f) 37.0%.

30 min (Figure 3a–c) and 120 min (Figure 3d–f), it was
obviously found that the heating time aﬀected not only
the diameter of carbon microspheres but also the aggregation of carbon microspheres. The possible reason was
that the increasing system acidity accelerated the dehydration carbonization of glucose and further the polymerization reaction, which promoted the critical polymer
concentration for nucleation. However, the polymer-
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rich condition also resulted in severe aggregation between
carbon microspheres and broadened the size distribution.
Sample A was chosen to detect the crystal form using
FETEM testing because of its good spherical morphology.
No lattice line was observed on the FETEM image (Figure 3a’),
which indicated sample A was an amorphous structure.
And the result was consistent with XRD.
FTIR spectra were used to identify the functional
groups on the carbon microspheres (Figure 4). As compared with glucose, the spectra of carbon microspheres
showed a signiﬁcant change. The new band of carbon
microspheres at ∼1,640 cm−1 was attributed to the aromatic C]C vibrations (1), which indicated the aromatization of glucose during microwave-assisted heating.
The presence of bands of carboxyl (–C]O) groups at
∼1,700 cm−1 and –OH stretching vibration at ∼3,400 cm−1
indicated that the reactive products with an abundance of
hydroxyl functional groups, such as –COOH, were formed
under the presence of hydrochloride acid and microwave
irradiation. These hydroxyl functional groups further accelerated the condensation reactions and polymerization. The
decrease in bands at 1,000–1,300 cm−1 assigned to the
C–OH stretching and –OH bending in carbon microspheres
(Figure 4a–f) also implied the condensation reactions and
polymerization (38).
TG and DTG curves for glucose and carbon microspheres are shown in Figure 5. It was noticed that all
the carbon microspheres showed similar TG curves, which
indicated that the carbon content of carbon microspheres
was almost the same. The diﬀerence in the TG curves
between carbon microspheres and glucose revealed the
dehydration of glucose under hydrochloric acid and
microwave-assisted heating. Two weight loss stages were
observed in the TG curves of carbon microspheres. The
ﬁrst weight loss that occurred at 95–110°C matched the
moisture loss. The second stage of samples A–F was
the main region of decomposition caused by the thermal
decomposition of carbon microspheres. The extrapolated
onset temperature of the second decomposition stage of
samples A–F started at 241.8°C, 254.9°C, 280.5°C, 253.2°C,
281.8°C, and 287.1°C, respectively. And the correspond
weight losses of the samples were 44.4%, 47.7%, 42.3%,
43.9%, 45.0%, and 43.6%. Little discrepancies were
observed and it also suggested that the carbon contents
in the samples were almost the same. All samples exhibited a single peak of slow thermal degradation. The temperature at maximum (Tmax) degradation rate of samples
A–F was 354.3°C, 380.6°C, 396.9°C, 354.6°C, 388.1°C, and
397.6°C, respectively. The TG curves showed that the
carbon microspheres did not fully decompose even at
900°C, resulting in a consistent carbon residue. The initial
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Figure 3: FESEM images of carbon microspheres prepared under diﬀerent conditions and FETEM image of sample (a’). Samples (a–c) were
prepared at 90°C for 30 min with diﬀerent concentrations of HCl: (a) 18.5%, (b) 25.9%, (c) 37.0%. Samples (d–f) were prepared at 90°C for
120 min with diﬀerent concentrations of HCl: (d) 18.5%, (e) 25.9%, (f) 37.0%.

Preparation of carbon microspheres by microwave heating
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Figure 4: FTIR of glucose and carbon microspheres prepared under
diﬀerent conditions. Samples (a–c) were prepared at 90°C for
30 min with diﬀerent concentrations of HCl: (a) 18.5%, (b) 25.9%,
(c) 37.0%. Samples (d–f) were prepared at 90°C for 120 min with
diﬀerent concentrations of HCl: (d) 18.5%, (e) 25.9%, (f) 37.0%.

Figure 5: TG and DTG curves of glucose and carbon microspheres
prepared under diﬀerent conditions.

8000

G

7000
6000

Intensity(a.u.)

decomposition temperature of the second stage of samples
A, B, and C (reaction time 30 min) and D, E, and F (reaction
time 120 min) and the Tmax increased with an increase in
HCl concentration. This indicated the thermal stability and
carbonization degree of carbon microspheres increased
with an increase in HCl concentration. It could be found
that in the carbon microspheres prepared under the same
HCl concentration, i.e., A and D, B and E, and C and F, the
thermal stability of the carbon microspheres increased
with the increasing reaction time.
In the next experiment, the carbon microsphere
(sample A) was selected as the template to prepare hollow
TiO2, and the structure of carbon microsphere (sample A)
was characterized by Raman spectroscopy (Figure 6). The
spectrum was characteristic of carbonized materials and
two peaks appeared. The peak at approximately 1,380 cm−1
was assigned to the disordered graphite (D band) and the
other at approximately 1,588 cm−1 corresponded to a splitting of the E2g stretching mode of graphite and reﬂected
the structural intensity of the sp2-hybridized carbon atom
(G band) (39). This result was consistent with XRD.
The formation of TiO2 shell on carbon microspheres was
the key step for the formation of hollow TiO2 microspheres.
First, H3BO3 was adsorbed by carbon microspheres under
microwave-assisted heating. Then the adsorbed H3BO3
molecules reacted with the added (NH4)2TiF6 molecules on
the surface of carbon microspheres. Due to the eﬀective and
unique heating mean of microwave, the formation and
nucleation of TiO2 were both shorted. The hydrolysis reaction of (NH4)2TiF6 in solution was as follows:
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Figure 6: Raman spectrum of sample A.
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Figure 7: Schematic diagram of preparing hollow TiO2.

b

[TiF6]2 − + nH2 O → [TiF6 − n(OH)n ]2 − + nHF
H3 BO3 + 4HF → BF−4 + H+ + 3H2 O

a

(002)

[Ti(OH)6 ]2 − + 2H+ → TiO2 + 4H2 O
The schematic diagram was shown in Figure 7.
Figure 8 showed the sharp peaks corresponded to the
anatase phase of TiO2 (JCPDS No. 21-1272, space group
I41/amd (141)), and the broad peak in Figure 8a and b
at 2θ of ∼23.0° corresponded to the (002) facet of carbon
(40). This indicated that anatase TiO2 was loaded on the
carbon microspheres. All peaks in XRD (Figure 8c) of the
calcined TiO2–C could be indexed as anatase phase of TiO2.
The broad peak of carbon microspheres at ∼23.0° disappeared after calcination. This indicated that the pure anatase TiO2 was obtained after calcination. The pure TiO2 was
also synthesized by the mentioned microwave-assisted
method and characterized by XRD (Figure 8d). The result
also indicated the formation of typical anatase TiO2.
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Figure 8: XRD of diﬀerent samples: (a) carbon microspheres;
(b) TiO2–C; (c) the calcined TiO2–C; (d) TiO2.

FESEM image of the core–shell (TiO2–C) structure
and the calcined TiO2–C is shown in Figure 9, and the
TiO2–C core–shell structure (Figure 9a) had a regular ball
shape with a rough surface and relatively uniform particle
size (about 590 nm). The overall morphology of the calcined
TiO2–C is shown in Figure 9b. A few broken microspheres
with dark contrast in the center region was observed, indicating their hollow structures. The hollow structure was

Figure 9: FESEM images of TiO2–C and hollow TiO2 microspheres and FETEM images of hollow TiO2 microspheres: (a) TiO2–C;
(b and c) hollow TiO2 microspheres.
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Figure 10: Photocatalytic activity of prepared hollow TiO2 microspheres and P25-TiO2.

further evidenced by FETEM (Figure 9c). Figure 9c was a
magniﬁed view of a representative hollow microsphere. It
could be seen (Figure 9c) that the microsphere was hollow
and nanoporous and formed by colloidal aggregation, consistent with Figure 9b. The diameters of hollow TiO2 microspheres were about 263 nm with a thickness of about 44 nm
(Figure 9c).
The photocatalytic activity of P25-TiO2 and the prepared hollow TiO2 microspheres were evaluated by the
UV photocatalytic degradation of RhB aqueous solution
at the ambient temperature. Figure 10 shows the degradation ratio of RhB. It could be seen that the hollow TiO2
microspheres had a high photocatalytic activity. After
30 min of catalysis by hollow TiO2 microspheres under
UV irradiation, the photocatalytic degradation rate of
RhB reached 85% higher than that of P25-TiO2 (71%).
After 60 min, the photocatalytic degradation rate reached
96% (P25-TiO2 78%). This indicated that the hollow TiO2
microspheres had high photocatalytic properties. It had
been suggested that hollow spherical microstructures
with hierarchical shell walls
could be beneﬁcial to increase light harvesting (41) or
increased the photocatalytic activity by solvent entrapment and sequestration (42).
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method. The carbon microspheres with uniform particle
size and good dispersity were prepared using glucose as
raw materials under low HCl concentration (18.5%). The
HCl concentration and microwave heating time did
not show signiﬁcant inﬂuence on the elemental composition, thermal stability, and carbonization degree of
carbon microspheres. By using carbon microspheres as
template, the hollow TiO2 microspheres were successfully
prepared with (NH4)2TiF6 and H3BO3 as raw materials.
This simple method provided an eﬃcient and easy-controlling method to synthesize carbon microspheres and
the hollow TiO2 microspheres from environmentally
friendly materials under mild reaction condition. Moreover,
the hollow TiO2 microspheres had high photocatalytic
properties.
Research funding: Authors state no funding involved.
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