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Efficient photocatalytic activity with carbon-doped SiO2

nanoparticles

Dongen Zhang,ac Jinbo Wu,a Bingpu Zhou,b Yaying Hong,a Shunbo Lia

and Weijia Wen*a

Photocatalysis provides a ‘green’ approach to completely eliminate various kinds of contaminants that are

fatal for current environmental and energy issues. Semiconductors are one of the most frequently used

photocatalysts as they can absorb light over a wide spectral range. However, it is also well known that

naked SiO2 is not an efficient photocatalyst due to its relatively large band gap, which could only absorb

shortwave ultraviolet light. In this report, nanoscale particles of carbon-doped silicon dioxide (C-doped

SiO2) for use in photocatalysis were successfully prepared by a facile one-pot thermal process using

tetraethylorthosilicate (TEOS) as the source of both silicon and carbon. These particles were

subsequently characterized by thermogravimetric analysis, X-ray diffraction, standard and high

resolution transmission electron microscopy and X-ray photoelectron spectroscopy. The C-doped SiO2

displayed outstanding photocatalytic properties, as evidenced by its catalysis of Rhodamine B

degradation under near-UV irradiation. We propose that carbon doping of the SiO2 lattice creates new

energy states between the bottom of the conduction band and the top of the valence band, which

narrows the band gap of the material. As a result, the C-doped SiO2 nanoparticles exhibit excellent

photocatalytic activities in a neutral environment. The novel synthesis reported herein for this material is

both energy efficient and environmentally friendly and as such shows promise as a technique for low-

cost, readily scalable industrial production.
Introduction

Dye pollutant discharges resulting from industrial operations
are currently a signicant source of environmental contami-
nation. Over the past several decades, various physical, chem-
ical, and biological techniques for the decolorization of dye
effluents have been developed. Conventional treatments such
as coagulation,1–3 occulation,4 adsorption,5 ultraltration,6

reverse osmosis7 andmembrane technologies,8 however, merely
transfer the dye from the liquid to the solid phase, necessitating
further treatment and leading to secondary pollution.9

Destructive techniques such as chemical oxidation and
advanced oxidation processes (AOPs) may mitigate these prob-
lems, but still suffer from high costs and incomplete degrada-
tion.10 Among the AOPs, photocatalysis is arguably one of the
most efficient methods. Photocatalysis is a process by which a
semiconductor material absorbs light of energy greater than or
equal to its band gap, resulting in the excitation of valence
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electrons to the conduction band. Such charge separation leads
to the formation of electron–hole pairs which may react with
hydroxyl groups and oxygen molecules adsorbed on the surface
of the catalyst, generating hydroxyl radicals and superoxide
radical ions, respectively, both of which are highly reactive and
can readily oxidize organic compounds.10,11

Photocatalysis has several advantages over other processes.
It is cost-effective, may use ultraviolet (UV), near-UV or solar
light as an energy source, may operate at or near room
temperature, has no requirement for the addition of other
chemicals, is able to efficiently mineralize most organic
compounds and can be readily implemented in conjunction
with other conventional technologies to form hybrid systems.12

As a result of these benets, photocatalytic processes have, in
recent years, received signicant attention and are considered
as promising advanced oxidation technologies for environ-
mental remediation.13–20 Photocatalysts used in ultraviolet (UV)
light-activated processes are semiconductor materials such as
TiO2, ZnO, Al2O3 and MgO.21 Despite their remarkable features,
there exist certain associated drawbacks such as faster charge
carrier recombination, low photo-induced reaction efficiency
and rapid deactivation due to the accumulation of less reactive
by-products on the photocatalyst's surface.22 In this regard,
development of non-TiO2-based nanomaterials as efficient
photocatalysts was explored. Consequently, from an application
Nanoscale, 2013, 5, 6167–6172 | 6167
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point of view, choosing a material with an appropriate surface
area, particle size, porosity and band gap will dramatically
improve its photocatalytic activity.23

To date, various oxide, sulde and oxynitride semiconductor
materials have been investigated for use as photocatalysts,24–26

the exception being SiO2, which has not been considered owing
to its wider band gap that only absorbs shortwave ultraviolet
light (<300 nm).27 SiO2 appears only rarely to have been used as
a photocatalyst on its own,28–30 although numerous reports on
the preparation of SiO2-based composites for use in the pho-
tocatalytic degradation of dyes appear in the literature. In these
instances, SiO2 is generally added to the composite as a support
material to enhance the thermal stability of the photocatalyst
and to increase its surface acidity, which is an efficient means of
improving catalytic activity.31–33 To date, however, the non-metal
doping of SiO2 materials for the photocatalytic degradation of
dyes has not been reported.

In this report, we present a new class of stable, efficient and
environmentally friendly C-doped SiO2 photocatalysts, prepared
via the thermal decomposition of tetraethylorthosilicate (TEOS)
through a facile, reproducible, one-pot synthetic method. The
activity of these materials has been carefully evaluated by
studying the photocatalytic decomposition of Rhodamine B
(RhB) in aqueous solution under near-UV-light illumination.
The results show that these novel photocatalysts display excel-
lent photocatalytic activity as a consequence of new
energy states generated between the bottom of the conduction
band and the top of the valence band resulting from C doping
of SiO2.
Methods
Sample preparation

All chemicals used in this study were of analytical grade and
were used as-received without further purication. In a typical
synthesis, tetraethylorthosilicate (TEOS, Janssen Chimica, 99%,
0.5 mL), oleic acid (Aldrich, 90%, 1 mL), oleylamine (Aldrich,
70%, 1 mL), and octadecene (Aldrich 90%, 4 mL) were mixed
using a magnetic stirrer, aer which the mixture was heated
gradually to 260 �C, and held at that temperature for 2 h. The
resulting yellowish solution was then cooled to room tempera-
ture and ethanol (Scharlau, 99.9%, 40 mL) was added with
continuous stirring, forming a yellow precipitate which was
separated via centrifugation. The precipitate was subsequently
dissolved in cyclohexane and again centrifuged to remove any
insoluble material. The cyclohexane solution was evaporated to
dryness overnight at 40 �C and the resulting dry powder was
calcined at 600 �C for 2 h. For comparison, a control sample
(denoted as pure SiO2) was prepared: TEOS (3 mL) was added
dropwise to a mixed solution of ethanol (16 mL) and ammonia
(28%, 2 mL) at 60 �C under magnetic stirring. Aer the addition
of TEOS, the clear solution gradually turned opaque owing to
the formation of a white precipitate. Aer continuous stirring
for 2 h, the white precipitate was ltered. The products were
repeatedly washed with water and ethanol four times, then
dried in a vacuum oven at 80 �C for 4 h, nally calcined at 600 �C
for 2.5 h in a muffle furnace.
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Characterization

The calcined products were characterized by TEM and HRTEM
using JEOL 2010 and 2010F microscopes at an accelerating
voltage of 200 kV. Samples for TEM measurements were
prepared by sonicating the calcined product in ethanol for 30
min and evaporating a drop of the resulting suspension onto a
carbon-coated Holey lm supported on a copper grid. An
energy-dispersive X-ray spectrometer was attached to the JEOL
2010F and XRD analyses were performed using a Philips PW-
1830 X-ray diffractometer with Cu Ka radiation (l ¼ 1.5406 Å) at
a scanning speed of 5� min�1 over the 2q range of 10–50�. The
XPS spectra were measured on a Perkin-Elmer model PHI 5600
XPS system with a resolution of 0.3–0.5 eV using a mono-
chromated aluminum anode X-ray source with Ka radiation
(1486.6 eV). The samples were dispersed on a carbon tape
attached to the sample holder. The binding energies of the Si
2p, O 1s and C 1s peaks from samples were calibrated with
respect to the C 1s peak from the carbon tape at 285 eV.
Photocatalysis measurements

To analyze the photocatalytic activity, RhB was dissolved in
distilled water at a concentration of 0.1mM. Prior to irradiation,
2 mg of the photocatalyst were mixed with 5 mL of the RhB
solution in a 10 mL beaker and the beaker was covered. The
suspension was then illuminated with a Dymax near-UV Curing
Lamp System with the radiation centered at 365 nm. The light
intensity at the center of the beaker was measured at approxi-
mately 70 mW cm�2 using a photometer (ABM Model 150).
During irradiation, the suspension wasmagnetically stirred and
maintained at room temperature. Following irradiation,
suspension aliquots of approximately 2 mL were taken and
centrifuged at 14 000 rpm min�1 for 5 min. The total organic
carbon (TOC) was measured with a Shimazu TOC-Vcph
analyzer. The dye concentration in the resulting solution was
then measured by determining the RhB absorption intensity
using a PerkinElmer Lambda 20 UV/Vis spectrometer.
Results and discussion

Fig. 1(a) shows the X-ray diffraction (XRD) pattern of the
synthesized material. The amorphous nature of the SiO2 within
the product is evident by the broad peak at approximately
15–30� 2q,34 and is further conrmed by the energy-dispersive
X-ray spectroscopy (EDX) spectrum (Fig. 1(b)), which indicates
that, apart from traces of Cu and C resulting from the trans-
mission electron microscopy (TEM) grid, only Si and O are
present. The chemical binding states of the SiO2 were investi-
gated by X-ray photoelectron spectroscopy (XPS). The two major
peaks identied at 103.3 and 532.8 eV are shown in Fig. 1(c) and
(d) respectively, and correspond to the binding energies of Si 2p
and O 1s.35,36 The XPS data indicate that Si and O atoms are
present in the ratio of 1 : 2, providing further evidence that the
synthesized material is SiO2. The microstructure of the material
was examined via both TEM and high resolution TEM (HRTEM)
and the images obtained are shown in Fig. 1(e) and (f). The TEM
image clearly shows that the SiO2 nanoparticles have a typical
This journal is ª The Royal Society of Chemistry 2013



Fig. 1 (a) XRD pattern, (b) EDS spectra, (c) Si 2p and (d) O 1s XPS spectra, (e) low-
magnification TEM image and (f) HRTEM image (with the corresponding SAED
pattern, inset) of a synthesized SiO2 sample.

Fig. 2 (a) UV-vis absorption spectra and (b) photograph of RhB solutions before
and after irradiation, using SiO2 prepared at 260 �C; (c) kinetics of degradation; (d)
comparison of photocatalytic degradation of RhB with pure SiO2 and C-doped SiO2

as catalysts by irradiation for 3.5 h. The original concentration of RhB is 0.1 mM.

Paper Nanoscale
mesoporous structure and that the average particle size may be
estimated at approximately 20 to 30 nm. The mesopores
between nanoparticles will allow light scattering inside their
pore channels and thus enhance the light harvesting efficiency
of this material. The HRTEM image of the sample demonstrates
that the sample is entirely amorphous with no crystalline core,
as conrmed by its electron diffraction pattern (inset).37

Furthermore, the mesoporous SiO2 has a three dimensionally
interconnected and disordered globular-like mesopore struc-
ture and the size of mesopore is almost homogeneous, which is
similar to the MSU mesoporous silica as discussed
elsewhere.38,39

The photocatalytic decomposition of RhB in aqueous solu-
tion under UV irradiation and in the presence of the synthesized
SiO2 material was subsequently evaluated. Fig. 2(a) shows the
UV/vis spectra of the RhB–SiO2 solution both before irradiation
and at regular intervals during near-UV irradiation (l¼ 365 nm)
up to 3.5 h. It can be seen that the characteristic absorption
band of RhB at 554 nm decreases signicantly with increasing
irradiation and has essentially completely disappeared aer
approximately 330 min. The blue shi of the absorption band
following prolonged irradiation is attributed to the stepwise de-
ethylation of RhB. In this process, the ethyl groups of the tet-
raethylated RhB molecule are removed one at a time, resulting
in N,N,N0-triethylated rhodamine with absorption at 539 nm,
N,N0-diethylated rhodamine (522 nm) and N-ethylated rhoda-
mine (510 nm).40,41 Concurrent with the irradiation, the color of
This journal is ª The Royal Society of Chemistry 2013
the RhB solution changes from its initial pink/red to a trans-
parent light yellow, as shown in Fig. 2(b). In addition, the TOC
value of the dye decreased about 86% aer 3 h of irradiation,
which indicates that the RhB mineralization by the C-doped
SiO2 photocatalyst is possible. Fig. 2(c) shows the ln(C/C0) versus
reaction time curve of the photocatalytic degradation of RhB
over C-doped SiO2 catalysts. The kinetic data of the photo-
catalytic degradation approximately t to the apparent rst-
order reaction kinetics aer irradiation for 0.5 h and the reac-
tion rate constant (�k) calculated from the slope of the curve is
0.8351 h�1. Fig. 2(d) also shows the degradation rates of RhB
over different samples. We can see that the synthesized SiO2

exhibits higher photocatalytic activities than pure SiO2. These
results clearly demonstrate that RhB bleaching occurs mainly
via the destruction of the molecule's aromatic structure and
that the synthesized SiO2 has demonstrated substantial photo-
catalytic activity.

Based on photocatalytic theory, we have developed a
proposed reaction mechanism for the SiO2-catalyzed photo-
degradation of aqueous RhB. In our work, the process used for
the synthesis of SiO2 employed solely organic reagents, and thus
all reactions were carried out under anhydrous conditions,
where TEOS will produce both silica and various organic
compounds. These organic groups may then decompose on
heating to form Si–O–C structures and create substitutional
carbon defects for Si.42,43 Similar forms of carbon doping have
been shown to reduce the band gap of catalysts such as TiO2

and ZnO.44,45 The UV/Vis absorption spectrum of the C-doped
SiO2 displays a red shi as compared with the spectrum of pure
SiO2, as reported by Sailor et al.43 Therefore, the band gap
(3.28 eV, Fig. 3(a)) of the SiO2 synthesized in this study is likely
Nanoscale, 2013, 5, 6167–6172 | 6169



Fig. 3 Proposed photocatalytic mechanism over the C-doped SiO2

nanoparticles.

Fig. 4 (a) Broad-range XPS survey spectrum and (b) high-resolution C 1s XPS
spectra of C-doped SiO2 prepared at 260 �C and calcined at 600 �C.

Fig. 5 Photocatalytic degradation of RhB by C-doped SiO2 prepared at various
temperatures.
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reduced because of the carbon doping according to the K–M
model, such that new energy states are created between the
bottom of the conduction band and the top of the valence band.
When the synthesized SiO2 is used as a photocatalyst, it is
capable of simultaneous adsorption/absorption of both the
reactants (the organic substrates and dissolved dioxygen) and
the requisite light energy. Fig. 3(b) shows the illustration of the
basic photocatalytic process, in which excited electrons gener-
ated by absorption of near-UV-light are rst transferred to the
defect level, then they absorb additional energy less than that of
the rst excitation to transfer to the conduction band, with the
formation of the excited-state species SiO2*. This excited-state
species is a more powerful redox reactant than normal SiO2 as a
result of the formation of electron–hole pairs, and the holes and
electrons in the SiO2* subsequently react with OH� and O2

molecules on the catalyst surface to form _OH radicals and
superoxide anion radicals (_O2

�), respectively. The _O2
� radicals

then interact with adsorbed H2O to produce more _OH radicals,
which are known to be a powerful oxidizing species, which then
react with the RhB molecule to degrade it.46 As the decompo-
sition of the dye progresses, the adsorption equilibrium is
shied and more RhB can move from solution to the catalyst
interface where it is subsequently decomposed. This proposed
mechanism is partly based on several published studies con-
cerning the generation of _OH radicals during photolysis in
aqueous TiO2 solutions.47–49
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To clarify the origin of the aforementioned spectral absorp-
tion shi observed for the synthesized SiO2 prepared at 260 �C
as compared with pure SiO2, XPS analysis was carried out to
elucidate the material's surface chemical composition and
electronic states. The broad-range XPS spectrum shown in
Fig. 4(a) conrms that the synthesized SiO2 contains C in
addition to Si and O. Fig. 4(b) shows the high-resolution XPS
spectra of the C 1s region for the SiO2, which exhibit three
contributing peaks. The rst main peak at 284.8 eV is attributed
to the residual C from the synthesis as well as adventitious
hydrocarbons from the XPS instrument itself. The second peak
at 286.7 eV is attributed to Si–O–C groups in the material, while
the last peak at 288.6 eV is due to carbonate or carbon dioxide
adsorbed on the SiO2 surface.45 From this we conclude that
lattice C-doping is responsible for the observed red-shi in the
SiO2 absorption edge and its enhanced near-UV-light
absorption.

The effects of the temperature applied in the synthesis
reaction on the catalytic activity of the resulting C-doped SiO2

during the photodegradation of RhB are shown in Fig. 5. From
these plots it is evident that, as the reaction temperature is
increased from 150 to 280 �C, the photocatalytic activity rst
increases and then decreases, and the maximum activity is
associated with a reaction temperature of 260 �C. It is likely that,
below 260 �C, the increased reaction temperature promotes
greater degrees of C-doping which in turn increases the catalytic
activity. At reaction temperatures above 260 �C, however, the
This journal is ª The Royal Society of Chemistry 2013
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rising C content is increasingly proportional to the concentra-
tion of oxygen vacancies, which, according to the photocatalytic
theory, can become recombination centers for photo-produced
holes and electrons,50 leading to the decrease in photocatalytic
activity. In addition, at higher reaction temperatures, larger
particle sizes are generated which reduces the material's
specic surface area, which in turn leads to fewer active sites
and fewer substrate molecules to be adsorbed. As a result of all
these factors, samples prepared by thermal treatment at 260 �C
display the highest photocatalytic degradation efficiency.

The effects of post-thermal treatment on the photocatalytic
activity of C-doped SiO2 were also studied. Fig. 6(a) shows the
effects of calcination at different temperatures on the photo-
catalytic activity of the prepared materials during degradation
of RhB. These results demonstrate that increasing the calcina-
tion temperature from 600 to 1500 �C reduces the material's
photocatalytic activity. This can be explained by noting that
carbon bonded to the catalyst will be released as free carbon
and will subsequently undergo oxidation with increasing
calcination temperatures, which of course will reduce the C
content of the lattice. This effect can be seen by comparing the
XPS spectrum of the material calcined at 600 �C (Fig. 4(b)) with
the material calcined at 1500 �C (Fig. 6(b)).

Our studies also indicated that other organic pollutants,
such as methylene blue (MB) and methyl orange (MO), may be
decomposed under near-UV irradiation using C-doped SiO2
Fig. 6 (a) Photocatalytic degradation of RhB by C-doped SiO2 calcined at various
temperatures and (b) high-resolution C 1s XPS spectra of C-doped SiO2 samples
prepared at 260 �C and calcined at 1500 �C.

Fig. 7 (a) UV-vis absorption spectra of methylene blue (blue line) and methyl
orange (orange line) before and after irradiation for 3 h in the presence of the
SiO2. The original concentration of solutions was 10�4 M. (b) UV-vis absorption
spectra of RhB solutions after photodecomposition following repeated trials with
recycled C-doped SiO2 samples.

This journal is ª The Royal Society of Chemistry 2013
(Fig. 7(a)). In addition, additional work showed that the SiO2

material, because of its relatively high density, slow diffusion
and high mobility, can be readily separated from the slurry
mixture following the photocatalytic reaction. The SiO2, aer
being recycled and used for a total of ten RhB photodegradation
trials, did not exhibit any signicant loss of activity (less than
10%, Fig. 7(b)), indicating that the material was not photo-
corroded during the photocatalytic oxidation of pollutant
molecules in a neutral environment (pH ¼ 7). Therefore, the
C-doped SiO2 synthesized in this work is sufficiently robust to
be considered for applications as a photocatalyst in environ-
mental purication on an industrial scale, when used in neutral
solutions.
Conclusions

It is well known that SiO2 as a support is most commonly
investigated for use in composite photocatalysts, because of its
relative ease of preparation, good environmental stability and
excellent compatibility with other materials. To the best of our
knowledge, this is the rst report of the near-UV-light photo-
catalytic activity of C self-doped SiO2 samples. The formation of
new energy states in this C-doped SiO2 between the conduction
band and the valence band is directly responsible for the
reduction of the band gap and the material's associated pho-
toactivity in conjunction with near-UV light. The synthesis of
this material was designed such that it could be readily applied
to industrial-scale processing, and included the use of low-cost,
stable precursors and minimal production of undesirable
byproducts. This one-step, environmentally friendly synthesis
method may provide a new means of designing and synthe-
sizing series of C-doped metal oxide semiconductors based on
oxides such as TiO2, ZnO, MoO3, CeO2, a-Fe2O3, ZrO2, WO3 and
SnO2 for use in photo-assisted catalytic reactions. Furthermore,
other non-metal elements, such as B, S, F and N, may also be
doped into SiO2 and may narrow the band gap sufficiently so as
to shi the optical absorption of SiO2 into the visible region. As
a result of their low cost and potentially tunable properties,
such materials should prove to be effective in future industrial
applications related to pollution control and solar energy
conversion.
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