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A simple green approach to synthesis of sub-100 nm
carbon spheres as template for TiO, hollow
nanospheres with enhanced photocatalytic activities

Yubo Tan', Maochang Liu', Daixing Wei', Heming Tang’, Xinjian Feng’ and Shaohua Shen'’

ABSTRACT Carbon spheres (CSs) have attracted great at-
tention given their wide applications in bio-diagnostics, pho-
tonic band-gap crystals
morphology and size of CSs greatly affect their performances

and drug delivery, etc. The

and applications. Herein, we report a green and catalyst-free
hydrothermal carbonization (HTC) method to synthesize CSs
with glucose as carbon precursor. The diameter of CSs can be
tuned within a wide range from 450 to 40 nm by controlling
the glucose concentration, reaction time and temperature.
Using the obtained CSs as template, hollow TiO, nanospheres
(HTNSs) with controllable diameters are prepared via a sol-gel
method. As photocatalysts for hydrogen generation, the pho-
toactivity of the HTNSs shows strong dependence upon size,
and is much higher than that of solid TiO,. With particle size
decreasing, the photoactivity of the obtained HTNSs gradually
increases. Without any co-catalyst, the highest photocatalytic
hydrogen generation activity is obtained with HTNSs of 40 nm
in diameter, which exceeds that of solid TiO, and commercial
P25 by 64 times and 3 times, respectively.

Keywords: carbon nanospheres, hydrothermal carbonization,
hollow titanium dioxide nanospheres, photocatalytic hydrogen
production

INTRODUCTION

Titanium dioxide (TiO,) is one of the most important
photocatalytic materials because of its nontoxicity, low-
cost, and good chemical stability [1,2]. Compared with
their solid counterparts, hollow TiO, nanoparticles (NPs)
with porous walls have been intensively explored due to
their enlarged surface areas, reduced densities and en-

hanced photocatalytic activity [3-7]. Considerable efforts
have been made in preparing TiO, hollow nanostructures
[7-11]. For the fabrication of TiO, shells, different tem-
plating approaches using hard or soft templates [8,12-14],
layer-by-layer coating or emulsion/interfacial poly-
merization [15,16] have been successfully demonstrated
in past years. In comparison to organic surfactants as soft
templates, hard templates (such as polymer microspheres
[7], metal (Au, Ag, Pt) colloid beads [5,17,18], and silica
spheres) could generate hollow TiO, nanostructures [19]
with controllable monodispersity and size. However, the
hard templating methods mentioned above usually in-
evitably introduce different organic reagents serving as
surfactants or catalysts, and strong oxidative reagents for
precious metal corrosion. These drawbacks not only lead
to high cost, but also limit the subsequent biological ap-
plication .

Colloidal carbon spheres (CSs), which have widely
functioned as catalyst support, adsorbent, anode materials
and biological medicine, etc. [20-26], could also serve as a
hard template for the synthesis of hollow nanostructures
[14,25]. Various techniques including hydrothermal car-
bonization (HTC) [26], chemical vapor deposition [27],
ultrasonic-spray [28], and catalytic pyrolysis of polymers
[29,30], have been applied to synthesize CSs with tunable
diameters ranging from nanometers to micrometers.
Among these approaches, HTC method is the most ver-
satile one, for its relatively low reaction temperature and
facile synthesis procedure. Notably, the hydrothermally
synthesized CSs always possess lots of oxygen-containing
functional groups, avoiding subsequent surface mod-
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ifications when used as template. In 2001, Wang et al.
[31] firstly documented the HTC synthesis of nanosized
CSs, with diameters ranging from 250 nm to 5 um. Later
in 2004, Sun et al. [32] synthesized micro-scale CSs by
using glucose as carbon precursor. More endeavours were
then donated to using glucose as carbon precursor to
fabricate structure and size tailored CSs via the HTC
process, with the assistance of surfactants (polyvinyl al-
cohol, polyethylene glycol, ethylenediamine, etc.), cata-
lysts (inorganic acid, alkalis, metallic oxides, metal salts),
and even both (Table S1). These essential organic or in-
organic additives inevitably introduced impurities in the
CSs. Moreover, the report on the HTC synthesis of CSs
with diameter below 100 nm is still rare, primarily due to
the ineffective capping ability of surfactant (Table S1).
These aforementioned limitations greatly restrict the
controllable and facile synthesis of small-sized (e.g., sub
—100 nm) CSs and their applications in different fields of
energy storage, drug delivery, sensors and hard templates
for the synthesis of hollow structure with small and
controllable size.

Herein, we demonstrated a green and catalyst-free HTC
method for the fabrication of CSs, with the only carbon
precursor, glucose. By varying parameters including glu-
cose concentration, pH value, reaction time and tem-
perature, the diameters of the obtained CSs could be
tailored from 40 to 450 nm. The as-prepared CSs were
then used as sacrificial templates to synthesize hollow
TiO, nanospheres (HTNSs) in different sizes (40, 140,
450 nm), as photocatalysts for photocatalytic H, evolution
from aqueous solution without loading any noble metal
as co-catalyst. It was found that the photoactivity of
HTNSs was size dependent, and the highest photo-
catalytic activity achieved by 40 nm HTNSs could exceed
3 folds that of the benchmarking commercial P25 TiO,.
This study offers a facile and green HTC route to prepare
sub—100 nm CSs and HTNSs, which could also be used to
synthesize other semiconductor nanocrystals possessing
hollow structures.

EXPERIMENTAL SECTION

Preparation of CSs

CSs with tuneable sizes were fabricated through a HTC
method. In a typical synthesis, glucose (1-20 g, > 99.5%,
Sinopharm Chemical Reagent Co., Ltd.) was dissolved in
(100 mL) distilled water to form a clear solution. The pH
value was adjusted from 2.5 to 12.5 by adding ammonium
hydroxide (NH;-H,O, 25.0%-28.0%, Sinopharm Chemi-
cal Reagent Co., Ltd.) or hydrochloric acid (HCI, 36.5%-
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38.0%, ca. 12 mol L', Sinopharm Chemical Reagent Co.,
Ltd.). 10 mL of the obtained solution was transferred into
a Teflon-sealed autoclave (25 mL) and maintained at a
desired temperature (180-200°C) for a certain time
(2-8 h). The autoclave then was cooled down to room
temperature naturally. The as-synthesized products were
separated by centrifugation, purified by several cycles of
centrifugation/washing/redispersion in water and ethanol
(= 99.5%, Sinopharm Chemical Reagent Co., Ltd.), until
the solution turned clear. Finally, the products were dried
in an oven at 80°C for more than 8 h. The detailed ex-
perimental recipes were listed in Table S2. Herein, a ty-
pical process for the synthesis of CSs was defined by
keeping the concentration of CSs at 0.08 g mL "', 180°C,
for 4 h, and pH value at 6.5.

Preparation of HTNSs

HTNSs were synthesized by a sol-gel method. In a typical
synthesis, 20 mg of CSs (40, 140, 450 nm) and 150 pL of
water were added into 48 mL of ethanol, and ultra-
sonicated until uniform dispersion. With continuous
stirring, 120 pL of tetra-n-butyl titanate (TBOT, > 98.0%,
Sinopharm Chemical Reagent Co., Ltd.) was added in the
above mixed solution and kept at 60°C for 2 h. After
centrifugation, the products were dried at 50°C for 12 h
in an oven and the CSs/TiO, core-shell structures were
then obtained. HTNSs were prepared by an oxidation
etching, i.e., the CSs/TiO, core-shell structures were cal-
cinated at 550°C (heating rate: 2°C min ') for 3h in a
mulffle furnace under air condition. Solid TiO, particles
were synthesized via the same procedure without CSs as
template.

Characterization

The morphology and structure of the as-prepared CSs
was investigated by a field emission scanning electron
microscope (FESEM, S$4800, Hitachi, Tokyo, Japan) at an
accelerating voltage of 5kV and a transmission electron
microscope (TEM, F20, FEI, Hillsboro, USA) operated at
200 kV. The size distribution of the as-synthesized CSs
was determined based upon direct measurement over 50-
100 NPs in the FESEM images. The thermal stability of
CSs was characterized by a thermogravimetric analyser
(TGA, TGA-7, PE, USA) with a heating rate of
10°C min ', under oxygen/nitrogen flow. The crystallinity
of the samples was analyzed by X-ray diffraction (XRD,
X’Pert PRO MPD, PANalytical, Netherlands) performed
on a Rigaku diffractometer (40 kV, 40 mA; Cu Ka ra-
diation, A = 1.541874 A; Ni filter; real time multiple strip
(RTMS) detector, X’ Celerator) with 26 varied from 20° to
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80°. Surface functional groups were measured on a
Fourier transform infrared spectroscope (FTIR, Vetex 70,
Bruker, Germany) with dry-pressed tableting samples at
room temperature. The charge carrier behaviour was
investigated on a surface photovoltage (SPV) spectro-
scope (PL-SPS1000, Perfectlight Ltd., Beijing, China).

Photocatalytic activity evaluation

The photocatalytic hydrogen evolution was carried out in
a gas-closed system. Specifically, a 115 mL Pyrex cell with
a flat and round-side window to external light incidence
was employed as the photo-reactor. A 300 W Xe arc lamp
(PLS-SXE300, Beijing Trusttech Technology Co., Ltd,
China) was used as the light source. Photocatalytic reac-
tion temperature was kept at 35°C controlled by ther-
mostatic circulating water. Hydrogen gas was detected by
a gas chromatograph (GC, SP-2100, Beijing Beifen-Ruili
Analytical Instrument Co., Ltd, China) equipped with a
TDX-01 column, thermal conductivity detector (TCD),
with N, as carrier-gas. In a typical photocatalytic ex-
periment, 8 mg of the photocatalyst powder was dis-
persed into 80 mL aqueous solution containing 7.5 mL of
triethanolamine (TEA, > 99.5%, Sinopharm Chemical
Reagent Co., Ltd.) as sacrificial agent to eliminate photo-
generated holes. The suspension was degased by N, for
20 min to remove oxygen before photocatalytic reaction.
Commercial P25 (Evonik Degussa) was used as the re-
ference photocatalyst.

RESULTS AND DISCUSSION

Fig. 1a, b are the FESEM and TEM images of nanosized
CSs prepared via the defined typical process, with glucose
concentration of 0.08 gmL " at 180°C for 4 h, and an
initial pH value of 6.5. The CSs have smooth surface,
good structural integrity and average diameter of ~80 nm.
During the hydrothermal process, the color of the solu-
tion turned from transparent to light yellow, brown and
finally black, as shown in Fig. S1, indicating that LaMar
model should be responsible for the formation of CSs by
HTC method using glucose.

Fig. 1c shows the influence of glucose concentrations
on the diameters of obtained CSs. With spherical shape
well maintained (see FESEM images shown in Fig. S2),
the average size of the obtained CSs increased with the
increasing glucose concentrations, with the smallest
average diameter of 40 nm obtained with glucose con-
centration of 0.01 g mL™". Sub-100 nm CSs could be ob-
tained only when the concentration of glucose was less
than 0.1 gmL". Moreover, from the FESEM images
shown in Fig. S2 and the particle sizes listed in Table S2
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(see samples S28, S33-S35), lower concentration benefits
the narrow size distribution. For example, CSs prepared
by 0.01 gmL "' glucose solution possess uniform size
distribution, with an average diameter of 40 nm and size
deviation of +5nm; while the size deviation becomes
much wider when the concentration of glucose is in-
creased to 0.16 gmL™', with average diameter ranging
from 140 to 185 nm. It is proposed that higher glucose
concentration benefits the formation of 5-hydro-
xymethylfurfural (HFM) nucleus [26], and then the large
amount of HFM nuclei promotes the Ostwald ripening
process as well as the nucleation. As a result, with larger
particles formed, the increasing nucleation rate decreases
the growth synchronicity of seeds into final particles,
resulting in size inhomogeneity.

The effect of initial pH on the average size of CSs was
also investigated, with size distribution and FESEM
images shown in Fig. 1d and Fig. S3, respectively. When
the pH varied from 3.5 to 9.5, no significant change in
CSs diameters was observed. However, when the pH was
higher than 10 or lower than 3, the diameter of CSs
dramatically increased to 400-500 nm, with reduced
uniformity. This indicates that the pH may be closely
related to the reaction rates. Strong acidic/basic condition
is conducive to the higher reaction rate, which may ac-
celerate the degradation of glucose and the growth of CSs
[33]. Instead, a mild pH condition favours the formation
of CSs with size below 100 nm. In addition, surface
properties of CSs could be modified in strong acidity or
basicity, which will be further discussed in the following
FTIR analysis, leading to the change of morphology of
CSs.

The influence of reaction temperature and time on the
growth of CSs was conducted, with the dependence of the
average diameters of CSs on the reaction temperature and
time documented in Fig. le, f based on the FESEM
images in Figs S4, S5. It was observed that with the re-
action temperature increasing from 180 to 200°C, the
diameters of the CSs gradually increased (Fig. le); while
at the temperature lower than 180°C, CSs could hardly
form during the HTC process, no matter how long the
reaction proceeded (Table S2). The asymmetric growth
induced by particle attachment happened at higher tem-
perature (>180°C). For instance, as shown in Fig. S4b, c,
the CSs stick together and form irregular branches. The
effect of reaction time on the growth of CSs cannot be
ignored either. As shown in Fig. 1f and Fig. S5, increasing
reaction time guaranteed the carbonization of glucose
and then the growth of CSs as expected, accompanying
the gradual increase in the diameters of CSs. However,
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Figure 1 (a, b) Typical FESEM and TEM images of the CSs obtained via HTC method. Average diameter of CSs obtained via the defined typical
synthesis process with (c) glucose concentrations varying from 0.01 to 0.16 g mL ', (d) pH varying from 2.5 to 10.5, (e) reaction temperatures varying
from 180 to 200°C, and (f) reaction times varying from 2 to 8 h. The scale bar in (a) and (b) is 100 nm.

the obtained CSs happened to aggregate when the reac-
tion time was extended to 4 h. For example, with time
extending to 8h, the average diameter of CSs reaches
~175 nm, with serious adhesion between neighbour CSs.
This transformation might be due to the slow dehydra-
tion of the surface functional groups on CSs [32,33],
leading to an automatic bonding between the CSs. These
results indicate that there exists critical reaction tem-
perature and reaction time for the formation of CSs with
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good spherical shape and uniform size upon the HTC of
glucose [32].

FTIR analysis was carried out to verify the functional
groups involved in the CSs and the conversion of glucose
in the HTC process. As shown in Fig. 2a, there are several
peaks corresponding to oxygenic groups, including the
C-O stretching peaks between 1,000-1,300 cm ', the
C=0 stretching vibration peak at 1,726 cm ', and the
vibration and deformation peaks of O-H groups around
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Figure 2 (a) FTIR patterns of the CSs obtained with different initial pH values (from 2.5 to 10.5); concentration: 0.08 g mL'; reaction time: 4 h;
temperature: 180°C. (b) TGA curves of CSs performed in air, heated to 600°C.

3,500 cm . Such oxygen-containing functional groups
can not only improve the hydrophilicity and stability of
the CSs in aqueous systems, but also broaden its appli-
cation in the fields of biological, diagnostics, and drug
delivery, especially as templates for hybrid core/shell
structures or hollow/porous materials. The peaks at 890
and 3,000 cm ' resulted from the out-of-plane bending
vibration of C-H on para-disubstituted rings, indicating
the aromatization occurred during hydrothermal treat-
ment. The peaks between 1,450-1,600 cm ! are assigned
to typical C=C vibrations, which implies the presence of
benzene rings and thus the aromatization of the products.
Although the as-prepared CSs synthesized in different
initial pH values have the same kind of characteristic
peaks, it must be mentioned that when the pH value is <3
or >10, the absorption peaks of C-H are significantly
enhanced, consistent with the diameter growth trend of
the CSs prepared in strong acidity or basicity (Fig. 1d and
Fig. S3). Based on Fig. S1 and the analysis above, one
possible reason for the growth of large CSs is that more
stable aromatic structures formed via aromatization re-
actions in strong acidity or basicity promote the forma-
tion and growth of CSs in large size.

In order to confirm the calcination temperature to burn
out CSs for subsequent template application, the as-pre-
pared CSs were further analyzed by TGA. Fig. 2b and Fig.
S6 show the TGA curves of the CSs samples obtained at
different pH values annealed in oxygen and nitrogen at-
mosphere, respectively. Obviously, all the obtained CSs
display good thermal stability in nitrogen atmosphere,
with the morphology kept unchanged even with tem-
perature increased up to 1,000°C (Fig. S6), while the CSs
start to degrade at 270°C and are completely burnt out,
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with the temperature approaching 500°C in air (Fig. 2b).
These TGA results provide the experimental guides for
the subsequent calcination of CSs/TiO, core-shell struc-
tures for the controlled synthesis of HTNSs with CSs as
hard templates. It is worthwhile mentioning that the CSs
could be very stable as the temperature up to 1,000°C in
nitrogen atmosphere (Fig. S6), which implied that the as-
synthesized CSs may have great potential as high tem-
perature material under special conditions.

These oxygen-containing functional groups enriched
CSs were then used as template for the conformal growth
of CSs/TiO, core-shell structures with controlled sizes.
HTNSs were obtained by high-temperature calcination
(e.g., 550°C, 3h) to burn out the core of CSs. Fig. 3a
shows a schematic illustration of the formation of CSs/
TiO, core-shell structure and their subsequent conversion
into HTNSs. Fig. 3b-j show the FESEM and TEM images
of the CSs in different sizes (40, 140 and 450 nm) as
templates, the conformally formed CSs/TiO, core-shell
structure and the HTNSs with CSs burnt out. Three
different sized CSs with perfect spherical shape and uni-
form size distribution (Fig. 3b, e, h) were employed to
control the sizes of the CSs/TiO, core-shell structures and
then the HTNSs. Fig. 3¢, f, i present the FESEM images of
the formed HTNSs in different sizes after calcination,
which clearly demonstrated the hollow interiors and the
porous shells of HTNSs formed by the combustion of
CSs. The three different sized HTNSs formed from the
corresponding CSs as hard template were also found with
good monodispersity in average diameters of ~40 nm
(HTNS-40), ~140 nm (HTNS-140) and ~450 nm (HTNS-
450), respectively. In comparison, without CSs as tem-
plates, irregular TiO, spheres with poor size dispersity
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Figure 3 (a) Schematic illustration of the preparation of HTNSs. (b, e and h) FESEM images of CSs with an average size of 40, 140 and 450 nm,
respectively. (¢, f and i) FESEM images of corresponding HTNSs (HTNS-40, HTNS-140, HTNS-450, respectively), using CSs in different particle sizes
as templates. (d, g and j) TEM images of corresponding HTNSs (HTNS-40, HTNS-140, HTNS-450, respectively), using CSs in different particle sizes
as templates. (k) Typical XRD patterns of HTNSs synthesized with CSs as templates. Inset shows typical XRD patterns of CSs/TiO, core-shell
structures. The scale bar in (b to g) is 100 nm, (h and i) is 1 um, (j) is 500 nm, respectively.

(300-500 nm in diameter) were obtained (Fig. S7). This
indicates the importance of size controlled CSs as tem-
plates for the synthesis of hollow structure in tunable
diameters, which can be further evidenced by the TEM
images shown in Fig. 3d, g, j. It should be noted that, with
the mass ratio of CSs and TBOT kept consistent, the CSs
with smaller size will template the synthesis of HTNSs
with thinner shells (Fig. 3d, g, j). The shell thickness of
HTNS-40 is even less than 5 nm, which is far less than the
particle size of P25 (27 nm). It should be also noted that
this calcination process could not only remove the CSs,
but also increase the crystallinity of the obtained anatase
HTNSs, as supported by the XRD patterns in Fig. 3k. The
XRD pattern of the CSs/TiO, core-shell structure (inset
pattern, Fig. 3k) shows no peaks indicative of the amor-
phous features, whereas after calcination the obtained
HTNSs exhibit sharp and intense diffraction peaks well
indexed to anatase TiO,.

As well known that the SPV response starts to rise as
soon as the photogenerated electrons and holes are se-
parated in a photoexcited semiconductor, SPV spectra
have been widely used to monitor the photogenerated
charge separation in semiconductor photocatalysts [34].
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Figure 4 SPV of different structure of photocatalysts.

Fig. 4 shows the SPV spectra of HTNSs in different sizes,
solid TiO, particles and P25. It can be seen that an ob-
vious positive photovoltage response in the range of
300-400 nm for all the TiO, samples, which is the typical
feature of an n-type semiconductor. The photovoltage
response intensity increases as the particle size of HTNSs
becomes smaller, and the HTNS-40 has the highest
photovoltage response intensity, which is about twice that
of P25. As expected, the solid TiO, particles have the
lowest response intensity. It has been well accepted that
the stronger the photoelectric signal, the higher the
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charge separation efficiency [35]. That is to say, the se-
paration efficiency of photogenerated electron-hole pairs
can be effectively promoted in these HTNSs samples with
thin shell structures; especially for HTNS-40 with the
shell thickness of < 5 nm, the charge recombination could
be effectively inhibited, due to the greatly shortened
distance for charge carriers to transport to the surface,
thus improving the charge separation efficiency [35-38].

Given the hollow structures benefiting photocatalysis
[35], these obtained HTNSs were investigated for their
superiority in photocatalytic hydrogen production in
aqueous solution containing TEA as sacrificial reagent.
Without photocatalyst or irradiation, no hydrogen was
produced. Note that solid TiO, particles show negligible
photocatalytic activity for hydrogen production without
any co-catalyst, as shown in Fig. 5. In comparison, all the
three HTNSs samples in different sizes demonstrate sig-
nificant improvement in the photocatalytic activity for
hydrogen production. The great increase in photo-
catalytic activities for the HTNSs samples should be re-
lated to the promoted charge transport and separation
ability in the hollow structures with thin shell, which
could be reasonably explained by the SPV. Moreover, the
photocatalytic activities increase as the sizes of HTNSs
decrease, and the highest hydrogen production rate of 30
pmol gcafl h™" is achieved over HTNS-40, which is about
64 and 3 times as high as that of solid TiO, and P25,
respectively. The highest photocatalytic activity of HTNS-
40 corresponds well with its highest signal in SPV spectra,
indicating that the hollow structure with thin shell could
ensure efficient photocatalysis. Another considerable
reason for the high photocatalytic activity of HTNSs in
smaller size (e.g., HTNS-40), as compared to HTNSs in
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larger sizes (e.g., HTNS-140 and HTNS-450) as well as
solid TiO, particles and P25 is the larger specific area and
more active sites of the hollow structures, which enable
the effective contact between the catalyst and the solution
in photocatalytic reactions [35,36].

CONCLUSIONS

In summary, CSs with diameter smaller than 100 nm
were synthesized by a green and catalyst-free hydro-
thermal carbonization method for the first time. By
varying the reaction parameters including initial pH va-
lues, glucose concentrations, reaction time and tempera-
ture, the sizes of CSs can be tuned from 450 nm to even
40 nm. Using the CSs as templates, size-controlled
HTNSs were successfully prepared and then employed as
photocatalysts for efficient hydrogen generation even
without any co-catalyst. It was demonstrated that the
photocatalytic activity could be significantly improved by
HTNSs, as compared to solid TiO, and commercial P25;
moreover, higher photoactivities were achieved with
HTNSs with smaller sizes. Such photocatalytic enhance-
ment achieved by the hollow structure with thin shell can
be attributed to the greatly shortened distance for pho-
togenerated charge carriers to the surface, leading to the
improved charge separation efficiency, as well as the large
specific area and enough active sites ensuring effective
catalyst/solution contact and photocatalytic reactions.
This study demonstrated an alternative and green ap-
proach for the facile synthesis of CSs with large-scale
tunable diameters, and their application as templates for
the further synthesis of hollow structures with thin shells
for the potential utilization in different fields, such as
catalysis, solar cells and energy storage devices, etc.
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