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ABSTRACT: We demonstrate that particle−particle inter-
action affects the photocatalytic efficiency of colloids. Colloid
silicon carbide nanoparticles were examined by varying their
size, size distribution, and surface chemistry, and we found that
surface moieties show no effect on the individual particles but
dramatically affect the collective photocatalytic efficiency of the
system.

■ INTRODUCTION

Heterogeneous photocatalysts offer great potential for a variety
of applications by converting photon energy into chemical
energy.1−3 However, finding the best material to catalyze
photochemical reactions is strenuous owing to numerous
factors that should be examined.1,4 It has been inferred that the
size and shape of a semiconductor particle play a major role
concerning photocatalysis.5,6 In bulk semiconductor photo-
catalysts, either holes or electrons are available for reaction
because of band bending. However, in colloid semiconductor
particle suspensions, electrons and holes may simultaneously be
present on the surface, allowing several reaction routes.
Decreasing the average particle size increases the number of
surface sites available for charge transfer, while the rate of
charge recombination also increases.7,8 Further decrease in size,
however, induces changes in the physical properties, too. When
the spatial dimensions of the material are comparable to the de
Broglie wavelength of carriers, quantum confinement leads to a
transition from continuous to discrete energy levels that could
significantly affect the photocatalytic activity. The gap between
the occupied and empty energy levels increases, yielding a
larger redox potential that, together with an unchanged solvent
reorganization free energy, is expected to increase the
photocatalytic activity.7,9 However, contradictory results are
often reported.5,6,9,10 The inconsistency in the literature
highlights the complexity of the particle behavior with size
close to the exciton Bohr radius. Physical properties are no
longer independent of the particle size, raising the importance
of size distribution as the system may contain particles with
various photocatalytic efficiencies. Usually, only the collective
behavior can be monitored. As a result, unexpected differences
in materials properties, that is, size distribution, size-dependent
surface chemistry, and so forth, can lead to dramatic changes in

the collective properties, that is, photocatalytic efficiency.
Colloids are often described as uniformly dispersed particles
in a continuous phase neglecting particle−particle interactions.
However, dissipative structures are observed in many real
systems.11 The interaction between particles having the same
composition but different photocatalytic properties, that is,
slightly different band structures or charge affinity, or different
shapes, can lead to the temporary formation of heterostructures
or composites, and such assemblies can show photocatalytic
behavior distinct from the individual particles. Surface
chemistry may play a major role in this process that can
control the interaction of nanoparticles (NPs). Tuning the
surface chemistry to form NP ensembles can lead to significant
changes in the overall properties without modifying the
behavior of the individual particles.
By studying semiconductor NPs in the quantum confinement

regime where size has a huge impact on the photocatalytic
properties, we found that surface moieties regulate the
interaction between the NPs in solution that results in the
size-distribution-dependent photocatalytic activity. We used
silicon carbide (SiC) as a model material. We found that
particles with a diameter just above twice the exciton Bohr
radius (2aB) have significant photocatalytic efficiency com-
parable to ZnS, but SiC NPs with a diameter below 2aB show
negligible activity. However, such molecular-sized SiC NPs can
enhance the efficiency of the larger particles, demonstrating the
importance of size distribution. We find that this effect can be
regulated by the surface chemistry of the NPs.
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SiC is a chemically inert and biocompatible wide band gap
semiconductor that has intermittently been investigated as a
photocatalytic material candidate to generate organic fuels from
CO2,

12,13 to promote photoreduction, to produce hydrogen
from water,14−17 or to decompose organic pollutants,18,19

making it eligible for our experiment. A study on electro-
chemical hydrogen evolution using SiC NPs showed20 that thin
films containing SiC NPs in the range of 3−8 nm have
exceedingly high efficiency when used for water splitting, while
larger particles (20 nm) show negligible effect. The sensitizer
property of SiC NPs with a diameter of about 4 nm was studied
on ZnS/SiC heterostructures.21 SiC NPs enhanced the
photocatalytic efficiency of ZnS as demonstrated in a dye
degradation study. Recently, it was shown that the optical
properties of SiC NPs drastically change at around 4 nm22 with
respect to those with the larger size. These findings, together
with the mentioned size-dependent photocatalytic activity,
prove that the photocatalytic efficiency of SiC is extremely size-
dependent. Despite the suitable band gap position for water
splitting, even for cubic type of SiC with a band gap as small as
2.3 eV, SiC as a photocatalyst is far from being under-
stood.23−25

On the other hand, molecular-sized SiC NPs are exceedingly
promising candidates to realize bioinert nonperturbative
fluorescent NPs for in vivo bioimaging and sensing,26−29 and
the photocatalytic property of a label for bioimaging may affect
its viability. Unwanted photoactivity of a NP can lead to
phototoxicity,30 while at the right place, phototoxicity can
promote microbe disinfection, including antibiotic-resistant
bacteria,31 and kill cancer cells with photodynamic ther-
apy.31−33 Thus, examination of the photocatalytic behavior of
the molecular-sized SiC NPs is of immediate importance when
it is applied as a fluorescent biomarker.

■ EXPERIMENTAL SECTION
SiC NPs were prepared by stain etching22,34 using 10 g of SiC powder.
This solution has a broad size distribution (as-prepared). To study the
photocatalytic efficiency of SiC NPs as a function of size, we used
membrane separation to make two fractions from the as-prepared
sample. Using a 30 kDa centrifuge filter (Pall, Macrosep), we can
differentiate the NPs by size. NPs with diameters below 2aB (1−4 nm,
SiC-I) were collected, and the retentate contained the particles larger
than 4 nm (4−16 nm, SiC-II). Detailed description of size separation
as well as the results of further characterizations can be found in the
Supporting Information. The size distribution of NPs was charac-
terized by atomic force microscopy (Figure 1A). Besides NP size,
surface states also affect the photocatalytic efficiency. Surface
terminations of SiC NPs were measured by Fourier transform infrared
(FTIR) spectroscopy, and we found no difference between the
infrared-active moieties on SiC-I and SiC-II samples (Figure 1B).
The photocatalytic activity of different NPs was evaluated by the

degradation of methylene blue (MB) under UV illumination. MB is a
model cationic dye employed by industries such as textile industry for
a variety of purposes. The reaction route during photocatalytic
degradation is often unknown. Nevertheless, it is proposed that the
photocatalytic degradation pathway of MB in water is a continuous
oxidation process where hydroxylation leads to aromatic ring opening
and subsequent mineralization.37 When a photon with energy equal to
or larger than the semiconductors band gap is absorbed, an electron−
hole pair, that is, an exciton, is generated. The oxidation of MB can be
due to the direct reaction with the holes; however, the oxidizing
reagent is most likely molecular oxygen in its radical form that is
formed when either the excited electron reacts with the dissolved
oxygen or the hole reacts with a water molecule.
A catalyst (0.5 mg/mL) was used in a 6.3 × 10−6 M MB solution.

For excitation, we used artificial light from a 450 W Xe lamp of a

spectrofluorometer in the 310−350 nm wavelength range. The
absorption of MB between 300 and 450 nm is low, whereas SiC-I
NPs have an absorption peak at about 320−340 nm. Therefore, we can
both eliminate self-photodegradation and maximize photon efficiency
by applying photoexcitation in the wavelength region of 310−350 nm.
The solutions were kept overnight in the dark before illumination. To
make our results comparable with the literature data, we synthesized
ZnS NPs and a ZnS/SiC NP composite according to ref 21 using 10
mL of SiC-I solution for the ZnS/SiC composite. The average size of
ZnS NPs is 3.5 nm; however, they form aggregates with about 100 nm
diameter.21 Figure 2A,B represents ultraviolet−visible (UV−vis)
absorption spectra of MB solution as a function of time over SiC-I
and SiC-II NPs under illumination, respectively. MB has a character-
istic absorbance in the 600−700 nm range and SiC NPs in the
wavelength range below 300 nm. As can be seen, SiC-I NPs have
higher absorbance than SiC-II.22

■ RESULTS AND DISCUSSION
Degradation kinetics was measured as a change over time in the
absorption band of MB at 663 nm. Figure 2C depicts the MB
absorbance ratio (C/C0) versus illumination time, where C and
C0 denote the characteristic absorption of MB after and before
irradiation, respectively. As can be seen, the as-prepared SiC has
a photocatalytic efficiency comparable to the ZnS/SiC
composite studied before.21 SiC-II is also able to degrade
MB, but the efficiency is much lower. Interestingly, the SiC-I
solution, which contains molecular-sized SiC NPs only, does
not show any measurable photocatalytic activity, as MB
absorbance in SiC-I is identical to that of the control sample
(MB without catalyst). As the surface termination of SiC-I and
SiC-II is the same inferred from FTIR, we conclude that size
differences and variation in size distributions are responsible for
the variety in photocatalytic activity of SiC-only samples. We
identified both samples as SiC NPs (see Supporting
Information). We note here that it is proposed that
electrochemical etching of SiC can produce carbon fluorooxide
(CFO) particles, too, with about 1−2 nm in size.38 We use
stain etching for the preparation of SiC NPs. The chemical
dissolution mechanism during pore formation is usually
described similarly; however, we recently proposed a no-

Figure 1. (A) Size distribution of as-prepared SiC, SiC-I, and SiC-II.
(B) Infrared spectra of SiC-I and SiC-II. Spectra were taken by
attenuated total reflectance and converted to absorbance. The main
difference shows up as a peak at around 800 cm−1 that corresponds to
SiC longitudinal optical (LO) phonon modes. The intensity of the LO
mode is known to decrease in small SiC particles.35,36
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photon exciton generation model to describe stain etching
processes, which describe the stain etching mechanism
differently.39 Nevertheless, we cannot entirely exclude that
CFO NPs might be present in SiC-I samples.
The result shows that size distribution significantly affects the

photocatalytic efficiency of SiC NPs. Therefore, we studied the
effect of size distribution by maintaining the concentration of
SiC-II at a constant value (0.5 mg/mL), whereas the
concentration of SiC-I particles was increased from 0.0125 to
0.5 mg/mL and measured the photocatalytic efficiency of the
prepared systems. It can be seen in Figure 2D that the
photocatalytic efficiency increases with the growth of the SiC-I
concentration. We probably reach the efficiency maximum at
0.5 mg/mL as further increase has no detectable effect.
This result implies that the molecular-sized SiC NPs act as

sensitizers for larger SiC NPs. Similar sensitizing effect was
found for ZnS/SiC colloids (Figure 2). SiC NPs smaller than 4
nm have increased absorbance and luminescence quantum yield
compared to the bulk material that has negligible luminescence
as a result of its indirect band gap. The reported 1−10 ns decay
times for SiC-I,40 however, imply a fast carrier recombination
rate and explain the negligible photocatalytic efficiency of SiC-I.
By contrast, larger NPs (SiC-II) have bulklike optical
properties22 and exhibit longer carrier lifetime, although with
an increased absorption efficiency compared to bulk SiC
because of the relaxation of the optical selection rules, caused
by the surface and other imperfections of the NPs. As a result,
the higher absorption coefficient of SiC-I explains the detected
sensitizing effect plausibly. However, such a mechanism needs
particle−particle interaction at least during excitation which is
rare in a stable colloid solution.

Indeed, NPs were easily fractioned by size using membrane
filtration. Photocatalytic sensitizers act through energy transfer
(ET) that requires close proximity of the sensitizer and the
sensitized particles. Nevertheless, taking ET under examination,
molecular-sized SiC NPs (SiC-I) can be excited in a relatively
narrow wavelength range with a maximum at around 320 nm.
Above 370 nm excitation, the photoluminescence intensity of
SiC-I solution is negligible. Therefore, the expected ET can be
verified through the wavelength-dependent photocatalytic
efficiency study and by measuring the photoluminescence
quenching of SiC-I NPs also in the presence of SiC-II NPs.
We illuminated the mixed solution that contains an equal

amount of SiC-I and SiC-II particles (0.5 mg/mL), which
showed the best photocatalytic efficiency, in the 360−400 nm
region, where only SiC-II particles are excited, to check whether
excitation of SiC-I particles is the key of the efficiency
enhancement of SiC-II particles. The photocatalytic efficiency
of the solution, in this case, decreased back to the efficiency of
the pure SiC-II solutions. This experiment verifies that the
excitation of the small particles is needed for the photocatalytic
enhancement of the larger particles as the photocatalytic
efficiency of pure SiC-II solution was wavelength independent
in this optical excitation region.
To further study the ET mechanism, we maintained the

concentration of the SiC-I constant, whereas the SiC-II
concentration was increased. We recorded the emission spectra
of SiC-I over different amounts of SiC-II under 320 nm
excitation. Figure 3A shows that the addition of SiC-II

decreases the luminescence intensity of SiC-I. In parallel, the
weak SiC-II-related emission slightly increased compared to the
pure SiC-II solution with the same concentration.
Both the wavelength-dependent photocatalytic efficiency

study and the quenching of SiC-I luminescence implies ET
between the molecular-sized SiC NPs and the larger SiC NPs.
The plot of the photocatalytic efficiency as a function of SiC-I
concentration shows a bimodal distribution, and it can be fitted
well with a simple Langmuir adsorption model (Figure 3B).
Both previous results21 and the convergence of the efficiency
indicate that SiC-I particles adsorb on the surface of SiC-II
particles, and the efficiency increases till the maximal possible
coverage is reached. Indeed, the particle−particle interaction
can explain the measured ET in a colloid solution and its
concentration dependency. Both resonant ET41,42 and Dexter

Figure 2. (A,B) UV−vis absorption spectra of MB solution as a
function of time over SiC NPs with different sizes under UV
illumination. We marked the particular absorption range of SiC-I and
MB. (C) Plot of MB concentration ratio C/C0 vs illumination time
over various photocatalysts. (D) Plot of MB concentration ratio C/C0
vs illumination time over increasing concentration of SiC-I (mg/mL)
in 0.5 mg/mL solution of SiC-II.

Figure 3. (A) Luminescence quenching effect. SiC-I concentration was
maintained at 0.5 mg/mL, whereas the SiC-II concentration was
increased. The orange curve is the very weak emission spectrum of
pure SiC-II NPs. The excitation wavelength was 320 nm. (B)
Photocatalytic efficiency (1 − C/C0) vs SiC-I concentration (mg/mL).
The plot is fitted with a Langmuir−Freundlich adsorption sigmoidal
function.
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electron transfer43,44 are well-known for semiconductor
quantum dots. Quantum confinement results in the enlarge-
ment of the gap between occupied and empty energy levels
when the size of a semiconductor particle is reduced below the
exciton Bohr radius. SiC-I particles show luminescence, and the
energy of the emitted photon is about 2.75 eV (450 nm)34 (see
Figure 3A). The band gap of SiC-II is close to that of bulk SiC
(2.34 eV, i.e., 530 nm).22 Thus, particle−particle interaction
leads to type I-like junction for proximate particles with
different sizes similar to semiconductor composites or
heterojunctions (see Figure 4). However, this type I junction

is built up from materials with the same chemical composition
in a colloid solution of uniformly charged particles. In other
words, a type I homojunction is formed in the solution. We
already demonstrated that wave functions of SiC NPs overlap
when a thin film is created from SiC NPs.22 It seems that such
interaction is possible in solution, too. Furthermore, particle−
particle interactions should be regulated by surface chemistry,
as the surface groups determine the interaction between the
particles. The major moieties on SiC NPs are the carboxyl
groups and the hydroxyl groups after the synthesis; both are
suitable for hydrogen bonding in aqueous solution. To study
the effect of surface chemistry, we repeated the described
experiments by using hydroxylated SiC NPs40 by reducing the
carboxyl surface moieties. Isolated hydroxylated SiC-I or SiC-II
samples showed no differences in their photocatalytic efficiency
compared to that of the samples before surface modification;
however, if hydroxylated particles replaced either one of them
or both SiC-I and SiC-II particles, the sensitizing effect did not
appear in the mixed solution. This result implies that carboxyl
groups play a major role in ET. Either hydrogen bonding
between carboxyl moieties or interaction between the carboxyl
and hydroxyl groups45 in aqueous solution allows temporal
cluster formation and subsequent ET.46 However, the fact that
the SiC-I and SiC-II particles are easily separated suggests that
such particle−particle interaction should be weak.

■ CONCLUSIONS
We measured the photocatalytic properties of SiC NPs below
10 nm and found that SiC NPs of sizes between 1 and 4 nm do

not have a photocatalytic activity. SiC NPs of sizes between 4
and 10 nm do have photocatalytic activity which is comparable
to that of 100 nm ZnS NPs.
Size distribution and surface chemistry affect the overall

efficiency of the system. As a result, SiC NP solutions with
broad size distribution show surface-dependent photocatalytic
activity as carboxylic-terminated SiC NPs exhibit higher
performance than hydroxyl-terminated NPs do. Without
separation, one can conclude that surface carboxyl groups
cause significant enhancement to the photocatalytic efficiency.
However, substitution of carboxyl moieties with hydroxyl
groups does not affect the activity of the individual particles in
the studied size range but changes the interaction between NPs
that leads to dramatic change in the photocatalytic activity.
Carboxyl-terminated SiC NPs with varying sizes tend to form
temporary type I-like junctions enhancing the efficiency.
Hydroxyl-terminated particles do not assemble; therefore, the
sensitizing effect of the molecular-sized SiC NPs does not
occur. Our result highlights the importance of surface
moieties47 in the photocatalytic activities of NPs beside the
known geometry48 as often organic molecules with carboxyl
and hydroxyl groups are employed for colloid stabilization, but
they may indirectly influence the overall photocatalytic
efficiency of the entire solution via the varying ensemble
formation of the NPs.
We also note that our results have implications on the

biological applications of SiC NPs. We demonstrated that
ultrasmall SiC NPs have no photoactivity; however, larger ones
than 4 nm do, and the presence of larger particles can influence
the viability tests or leads to an unwanted cell disease. However,
proper regulation of the particle size and surface chemistry may
open the door for programmed photoactivity in therapy.
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