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Abstract
Indium phosphide (InP) nanoparticles face at problems such as aggregation and photobleaching, and formation of 
core–shell structure is promising to solve the problems. This paper examined the method of coating the InP nanoparticles 
with silica via sol–gel reaction in reverse micelles. Fabrication of silica-coated InP (InP/SiO2) nanoparticles was performed 
by using the reverse microemulsion method, in which the sol–gel reaction of tetraethyl orthosilicate and water with 
ammonia is performed in reverse micelles composed of polyoxyethylene (5) nonylphenylether, branched in cyclohexane 
containing InP nanoparticles. The InP nanoparticles did not aggregate because of physical barriers of silica shells. The 
silica coating controlled photobleaching of the InP nanoparticles; the colloid solution of InP/SiO2 nanoparticles emitted 
more stable fluorescence than that of the shell-free InP nanoparticles, even after the InP/SiO2 nanoparticles were placed 
in a dark box in an atmosphere set to room temperature.
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1 Introduction

Luminescent semiconductor nanoparticles, which are 
luminescent quantum dots (QDs), have yet to be examined 
for their excellent fluorescence properties. In particular, 
Cd-related QDs, such as CdSe and CdTe, have been studied 
to develop high-quality light-emitting devices [1–3]. The 
Cd-related QDs harm the human body due to toxicity of Cd 
contained in the Cd-related QDs [4–6]. Therefore, the use 
of Cd-free QDs is desired for safety. Apart from Cd-related 
QD, indium phosphide (InP) nanoparticles, which are one 
of the Cd-free QDs, have recently been examined as a new 
luminescent QD [7–9].

The QDs tend to aggregate based on their small 
size. Such aggregation makes luminescent QDs come 
closer, which may weaken their luminescence [10–12]. 

Accordingly, luminescent QDs have to be highly dispersed. 
The formation of core–shell structures prevents aggrega-
tion; the shell works as a physical barrier between the core 
and medium surrounding the particle, which inhibits the 
core from hitting against other cores after the aggregation 
of cores. Accordingly, the core–shell formation controls the 
aggregation of luminescent QDs, which sustains the lumi-
nescence of QDs.

The fluorescence of QDs needs to be strong, and its 
intensity is required to be stable for long periods. The 
optical stability of the QDs is susceptible to the surround-
ing environment. Exposure of the QDs to air, solvent, and 
light might lead to unsteady fluorescence in the conse-
quence of oxidation of their surface, as several researchers 
have suggested [13–17]. The formation of the core–shell 
structure has other functions besides the prevention of 
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particle aggregation, including the prevention of oxida-
tion, because the physical barrier of the shell can keep the 
QDs from touching oxygen molecules that are contained 
in the air around them.

Silica is a promising material for shell production 
because of the chemical stability in many kinds of sol-
vents and its lower toxicity compared with other materials 
[18–20]. From this viewpoint, several methods for silica-
coating particles, such as metallic nanoparticles, metal 
oxide nanoparticles, polymer nanoparticles, and QDs, are 
based on a sol–gel process [21–28]. Our research group 
has also performed silica coating of various kinds of par-
ticles [29, 30]. In particular, our research group has used 
silica to coat fluorescent microbeads [31, 32], and the silica 
coating has been found to have an effect on the abiding 
stability of fluorescence emitted from the particles. Our 
previous findings suggest that silica coating provides fluo-
rescence stability for particles other than the fluorescent 
microbeads. In addition to our works on the fluorescent 
microbeads, our research group has also performed silica 
coating of quantum rods (QRs) that are one of the lumi-
nescent semiconductor nanoparticles [33], and the silica 
coating had the same effect on the fluorescence stability 
as in the case of the fluorescent microbeads. In our work 
on the QRs, the QRs were surface-modified with polyeth-
yleneimine (PEI) to disperse the QRs in water, and then the 
QRs were coated with silica with hydrolysis of tetraethyl 
orthosilicate (TEOS) in water/ethanol solution. Thus, the 
process performed in our work on the QRs was also per-
formed for the InP nanoparticles in a preliminary experi-
ment: Surface modification of InP nanoparticles with PEI 
followed by silica coating of the surface-modified InP 
nanoparticles was performed preliminarily. However, sil-
ica-coated InP nanoparticles (InP/SiO2) were not obtained, 
though the reason for the unsuccessful silica coating is 
still unclear. Pietra et al. [34] have studied the encapsu-
lation of single CdSe/CdS core/shell nanorods in a silica 
shell by using the reverse microemulsion method, in which 
a sol–gel reaction is performed in reverse micelles con-
taining the CdSe/CdS nanorods. In the present work, the 
reverse microemulsion method was extended to the silica 
coating of the InP nanoparticles. Accordingly, the silica 
coating performed in the present work is quite different 
from the silica coating for QRs performed in our previous 
work: There are differences in fabrication process and 
chemicals used for silica coating between both the silica 
coating processes. Therefore, an effect of silica coating on 
the stability of fluorescence given by the InP nanoparticles 
may differ from that for the QRs. Since such silica-coating 
effect has not been investigated for the InP/SiO2 nanopar-
ticles in detail hitherto, the investigation on fluorescence 
of InP/SiO2 nanoparticles is worth performing for the pur-
pose of practical use of InP nanoparticles.

This article describes silica-coated InP nanoparticles 
(InP/SiO2) that were created via the sol–gel reaction pro-
ceeding in reverse micelles containing InP nanoparticles. 
The present research focuses on the colloidal stability of 
particles among various properties, and the aggregation 
of the InP nanoparticles was controlled by physical bar-
riers of silica shells. The present research also focuses on 
the photostability of fluorescent materials among vari-
ous properties, and the photobleaching of the InP/SiO2 
nanoparticles was studied by measuring the fluorescence 
of the colloid solution. As a result, photobleaching of InP 
nanoparticles was controlled by the silica coating, because 
diffusion of the oxygen molecules inside the InP nano-
particles was considered to be limited by the silica shells. 
Details are described as follows.

2  Experimental

2.1  Materials

A colloid solution of InP nanoparticles dispersed in toluene 
(InP/toluene) at an InP concentration of 5 wt%, which was 
prepared according to Ref. [35], was provided by Merck 
Performance Materials Ltd. Its photograph is included in 
Fig. 1. Its color is dark orange. The source of the silica coat-
ing, the catalyst for the sol–gel reaction, the solvent, and 
the surfactant for formation of reverse micelles were TEOS 
(> 95%; Kanto Chemical), an ammonium hydroxide solu-
tion (28.0–30.0%  NH3 basis; Sigma-Aldrich), cyclohexane 
(99.5%; Kanto Chemical), and polyoxyethylene (5) nonyl-
phenylether, branched (IGEPAL® CO-520) (average Mn: 441, 
Sigma-Aldrich), respectively. All the chemicals were used 
as received. Water that was purified with an Advantech 

Fig. 1  Flowchart for the preparation procedure
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RFD372NC water distillation apparatus was used for all 
preparations.

2.2  Preparation

Figure 1 shows flowchart for the preparation procedure. 
The silica coating was carried out with a base-catalyzed 
reaction of TEOS inside reverse micelles of IGEPAL® CO-520 
in cyclohexane in a hermetically sealed reactor equipped 
with a magnetic stirrer at 20 °C. IGEPAL® CO-520, a diluted 
InP/toluene colloid solution obtained by diluting the as-
provided InP/toluene colloid solution with toluene, and 
TEOS were added in turn to cyclohexane while vigor-
ously stirring. The initiation of the hydrolysis of TEOS was 
performed by the addition of the ammonium hydroxide 
solution, which was followed by the condensation of 
silanol groups generated by the hydrolysis to form a silica 
shell on the InP nanoparticles. The reaction time, i.e., the 
silica-coating time, and the temperature were 24 h and 
25 °C, respectively. The silica coating was performed at 
initial concentrations of 8.0 × 10−5  M InP, 7.6 × 10−1  M 
toluene, 3.4 × 10−3 M TEOS, 2.4 × 10−1 M IGEPAL® CO-520, 
1.8 × 10−1 M  NH3, and 6.7 × 10−1 M  H2O for the InP/SiO2 
nanoparticle colloid solution with a lower InP concentra-
tion (low-concentration InP/SiO2), and at initial concentra-
tions of 8.0 × 10−4 M InP, 7.6 × 10−1 M toluene, 3.4 × 10−3 M 
TEOS, 2.4 × 10−1 M IGEPAL® CO-520, 1.8 × 10−1 M  NH3, and 
6.6 × 10−1 M  H2O for InP/SiO2 nanoparticle colloid solu-
tion with higher InP concentration (high-concentration 
InP/SiO2). The InP/SiO2 nanoparticles were washed by 
treating the reactant solution with centrifugation, remov-
ing the supernatant from the solution, adding water to 
the residual InP/SiO2 nanoparticles, and redispersing the 
nanoparticles in water. The final InP concentration was 
adjusted to  10−4 M for the low-concentration InP/SiO2 and 
to  10−3 M for the high-concentration InP/SiO2 by changing 
the amount of water during the washing process.

2.3  Characterization

Transmission electron microscopy (TEM) and fluorescence 
spectroscopy were used for characterization of the sam-
ples. The particles were observed with a TEM. The TEM was 
carried out with a JEOL JEM-2100 microscope operating 
at 200 kV. The TEM samples were prepared by dropping 
the nanoparticle colloid solutions on a collodion-coated 
copper grid and evaporating their dispersants in an atmos-
phere at room temperature. The average particle size was 
estimated by measuring the diameters of the dozens 
of particles and using the volumes calculated from the 
measured diameters. The particle colloid solutions were 
placed in a dark box set to room temperature in an atmos-
phere, and their fluorescence spectra were obtained with 

fluorescence spectroscopy. The fluorescence spectroscopy 
was carried out with a Hitachi F-4500 spectrometer using 
an excitation wavelength of 405 nm.

3  Results and discussion

3.1  Morphology of particles

Figure 2A shows the photograph of a low-concentration 
InP/SiO2 nanoparticle colloid solution. The InP concen-
tration was too low to recognize the color derived from 
the color of dark orange of the raw InP colloid solution, 
even though the InP nanoparticles were contained in 
the colloid solution. Figure 2a shows the TEM image of 
low-concentration InP/SiO2 nanoparticles contained in 
the colloid solution. Quasi-spherical particles with an 
average size of 23.4 ± 3.1 nm were produced. Darker and 
lighter parts of the particles were determined to be InP 
nanoparticles and silica, respectively, due to a difference 
in the electron density between them. Though the differ-
ence in the electron density is not so large that it was not 
easy to recognize the InP nanoparticles, we could find 
nanoparticles inside the particles, i.e., the production of 
core–shell particles composed of InP nanoparticles as 
core and  SiO2 as shells was confirmed. Several particles 
appeared to aggregate, and the aggregates were about 

Fig. 2  Images of particles. Images A and B are photographs of 
InP/SiO2 particle colloid solutions, and images (a) and (b) are TEM 
images of the InP/SiO2 particles. Samples A and B had the InP con-
centrations of  10−4 and  10−3 M, respectively
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to precipitate. Because no precipitation took place in the 
colloid solution, the aggregates were probably produced 
during the evaporation of solvent on the TEM grid, i.e., 
the preparation of TEM samples. Prior to the perfor-
mance of the present work, it was feared that aggrega-
tion of the InP nanoparticles would occur in the reverse 
micelles, because the InP nanoparticles dispersed well in 
the nonpolar phase of organic solvent (toluene) should 
have been transferred into the polar phase in the reverse 
micelles. However, serious aggregation of the InP nano-
particles did not take place in the present work. The InP 
nanoparticles should have more or less polarity, because 
In and P in InP are trivalent positively and negatively, 
respectively. Thus, the IGEPAL® CO-520 would form the 
reverse micelles containing the InP nanoparticles due 
to attractive interaction between hydrophilic group of 
IGEPAL® CO-520 and polar InP. The InP nanoparticles 
were speculated to be protected strongly with layers 
of IGEPAL® CO-520, so that the InP nanoparticles could 
contact other InP nanoparticles no longer. Consequently, 
the InP nanoparticles did not aggregate dominantly dur-
ing the formation of core–shell structure. Another point 
should be noted for the encapsulation efficiency in the 
formation of core–shell nanoparticles. Information on 
the encapsulation efficiency is also quite important fun-
damentally and industrially. Nevertheless, the encapsu-
lation efficiency could not be determined in the present 
work, because the conventional TEM used in the present 
work did not give us clear images with high contrast 
that would make it possible to estimate the efficiency. 
Information obtained with analysis methods including a 
high-resolution TEM will possibly provide detailed data 

required to determine whether core–shell particles can 
be formed. Further study on the encapsulation efficiency 
is in progress.

Figure 2B shows the photograph of a high-concentra-
tion InP/SiO2 nanoparticle colloid solution. The colloid 
solution had the color of pale orange. Because the color 
could be attributed to the color that was derived from the 
raw InP colloid solution, the presence of InP nanoparticles 
was confirmed by increasing the InP concentration. Fig-
ure 2b shows the TEM image of a high-concentration InP/
SiO2 nanoparticles contained in the colloid solution. Quasi-
spherical particles consisting of InP nanoparticles as core 
and  SiO2 as shells were produced, as well as the case of the 
InP concentration as low as  10−4 M, and the average size 
of the InP/SiO2 core–shell nanoparticles was 39.7 ± 5.3 nm.

In the present work, the silica coating of the InP nano-
particles was performed at concentrations of chemicals 
that were found to be suitable for the successful fabrica-
tion of InP/SiO2 core–shell particles in a preliminary experi-
ment. For example, the silica coating was performed at 
various ammonia concentrations at constant concentra-
tions of chemicals other than ammonia to optimize the 
ammonia concentration for successful silica coating. Fig-
ure 3A–D shows photographs of the high-concentration 
InP/SiO2 nanoparticle colloid solutions prepared at various 
 NH3 concentrations. The colloid solutions had a color of 
pale orange, which indicated the presence of InP nano-
particles in the colloid solutions. Because all the colloid 
solutions were not muddy, they were found to be colloi-
dally stable. Figure 3a–d shows TEM images of the nano-
particles contained in the high-concentration InP/SiO2 
nanoparticle colloid solutions. Fine silica nanoparticles 

Fig. 3  Images of particles. 
Images A–D are photographs 
of the InP/SiO2 particle colloid 
solutions particles fabricated 
at  NH3 concentrations of 
6.6 × 10−2, 1.2 × 10−1, 1.8 × 10−1, 
and 2.4 × 10−1 M, respectively. 
Images (a)–(d) are TEM images 
of the InP/SiO2 particles. The 
image (b) in Fig. 2 was again 
used as image (c)
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with a few nanometers that did not contribute to the 
silica coating were produced on nanoparticles with a 
size of approximately 50 nm at an  NH3 concentration as 
low as 6.0 × 10−2 M. They were probably produced after 
the silica-coating process because of the low sol–gel 
reaction rate based on the low  NH3 concentration. The 
core–shell structure was successfully fabricated at  NH3 
concentrations of 1.2 × 10−1 and 1.8 × 10−1 M. Although a 
few core–shell nanoparticles were produced, the produc-
tion of many of the core-free silica nanoparticles and the 
aggregation of nanoparticles took place with increasing 
an  NH3 concentration up to 2.4 × 10−1 M. The addition of 
the ammonia solution increased the ionic strength of the 
solution. Increased ionic strength reduces the size of the 
electrostatic double layer and repulsive forces [36–38]. The 
increased ionic strength was thus primarily responsible 
for the aggregation of silica nuclei generated at an initial 
sol–gel reaction stage, followed by the growth of aggre-
gates to the core-free silica nanoparticles and the aggrega-
tion of nanoparticles, such as the core–shell nanoparticles 
and the core-free silica nanoparticles. Consequently, the 
ammonia concentration that was determined to be suit-
able for the successful fabrication of InP/SiO2 core–shell 
particles was 1.8 × 10−1 M, which was used for the fabrica-
tion of the samples that are shown in Fig. 2. Another point 
should be noted for the optimization of ammonia con-
centration. The produced core–shell nanoparticles were 
not damaged in the term from the preparation to the TEM 
observation that took a few weeks. Accordingly, the  NH3 
was regarded not to degrade the InP nanoparticles within 
the  NH3 concentrations examined in the present work.

The present research focuses on the colloidal stability 
of the InP nanoparticles, as described in the Introduction. 
The aggregation of the InP nanoparticles was controlled 
by physical barriers of silica shells, which expected that 
deterioration of luminescence property of the InP nano-
particles based on particle aggregation would not take 
place. The above-mentioned results on the dependence of 
the particle morphology on the ammonia concentration 
implied that various preparation parameters, such as the 
surfactant concentration, water concentration, and tem-
perature, should also affect particle morphology, which 
suggests that InP/SiO2 core–shell nanoparticles with a 
greater InP concentration can be produced by the perfor-
mance of optimized preparation conditions.

3.2  Fluorescence properties

The high-concentration InP/SiO2 nanoparticle colloid solu-
tion was used for discussion on its fluorescence properties, 
because it exhibited strong fluorescence, which made it 
easy to measure its fluorescence intensity.

Curves (a) in Fig. 4A, B are the fluorescence spectra of 
the InP nanoparticle colloid solution, which were obtained 
by diluting the as-provided InP nanoparticle colloid solu-
tion with toluene and the high-concentration InP/SiO2 
nanoparticle colloid solution after the washing process. 
Fluorescence was detected for the InP nanoparticle col-
loid solution, and the position of the main fluorescence 
peak was 610 nm. Fluorescence was also detected for the 
InP/SiO2 nanoparticle colloid solution, and its main fluo-
rescence peak position was 600 nm. Because there was 
no large difference in the position between the InP and 
the InP/SiO2, the fluorescence of the InP/SiO2 was emitted 
from the InP inside the InP/SiO2 nanoparticles. However, 
there was a 10-nm difference between the fluorescence 
peak positions, although the difference was slight. Parti-
cles scatter light at a boundary between the particles and 
material around the particles mainly at a wavelength near 
their particle size. Such light scattering, which was given 
by the InP/SiO2 particles, was added to the fluorescence, 
which slightly influenced the fluorescence peak position. 
Looking at the difference from the opposite perspective, 
the detection of the difference proved that the InP nano-
particles were successfully coated with silica shells. The 
fluorescence intensities of the peak position for the InP 
and the InP/SiO2 were 928 and 1326, respectively. Because 
the InP concentration of InP/SiO2 nanoparticle colloid 
solution was  10−4 M, which was ten times larger than that 
of the InP nanoparticle colloid solution  (10−5 M), it was dif-
ficult to compare the two intensities. To precisely discuss 
their fluorescence intensities, it is necessary to compare 
the fluorescence intensities of nanoparticle colloid solu-
tions with the same InP concentration. However, in the 
present work, the concentration of InP nanoparticle col-
loid solution was adjusted to  10−5 M, because we would 

Fig. 4  Fluorescence spectra of A InP nanoparticle colloid solutions 
with the InP concentration of  10−5 M and B low-concentration InP/
SiO2 nanoparticle colloid solutions with the InP concentration of 
 10−4  M. The measurements were taken with an excitation wave-
length of 405 nm at (a) 0, (b) 14, and (c) 21 days after preparation
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have liked to approximately match the fluorescence inten-
sity of InP nanoparticle colloid solution with that of InP/
SiO2 nanoparticle colloid solution, based on sensitivity of 
the fluorescence spectrometer. In order to minimize an InP 
concentration effect in the discussion, the fluorescence 
intensity of the peak position was converted to an inten-
sity with respect to the InP concentration. The converted 
fluorescence intensities of the peak positions for the InP 
and the InP/SiO2 were 9.28 × 107 (928 divided by  10−5 M) 
and 1.33 × 107 M−1 (1326 divided by  10−4 M), respectively. 
Thus, the converted fluorescence intensity of the peak 
position for the InP/SiO2 was 14.3% of that for the InP, 
which indicated that the silica-coating process decreased 
the fluorescence intensity of the InP. Two possibilities were 
considered for the decrease. One was the influence of the 
silica-coating process. Hydrolysis of TEOS with water con-
tained in  NH3 aq. took place around the InP nanoparti-
cles in the reverse micelles, so that the silica shells formed 
on the InP nanoparticle surfaces. Because water prob-
ably contains oxygen, more or less, the InP nanoparticles 
were partially oxidized with oxygen. The partial oxidation 
lost the nature of InP nanoparticles, i.e., deteriorated the 
original fluorescence property of InP, which provided a 
decrease in the fluorescence intensity. The other possibil-
ity was the light scattering given by the InP/SiO2 particles. 
The light scattering given may have reduced the excitation 
light for InP nanoparticles inside the InP/SiO2 particles. As 
a result, fluorescence with low intensity was detected for 
the InP/SiO2 because of low-intensity excitation light.

Curves (b) and (c) in Fig. 4A and those in Fig. 4B show 
the fluorescence spectra of the diluted InP nanoparticle 
colloid solution (the sample for the curve (a) in Fig. 4A) 
and the high-concentration InP/SiO2 nanoparticle col-
loid solution after washing (the sample for the curve (a) 
in Fig. 4B), respectively, after placing in a dark room. The 
absolute fluorescence intensities are plotted in Fig. 5A. 
The absolute fluorescence intensities for InP and InP/SiO2 
were normalized by the fluorescence intensity of the as-
prepared samples, that is, by the value at a placing time of 
0 day. The normalized fluorescence intensities are plotted 
in Fig. 5B. In the case of the InP nanoparticle colloid solu-
tion, its normalized fluorescence intensity declined from 
1 to 0.25 with the lengthening of the placing time from 0 
to 21 days. Contrarily, for the InP/SiO2 nanoparticle col-
loid solution, its normalized fluorescence intensity was still 
as large as 0.91 despite a placing time as long as 21 days. 
The dependence of the normalized fluorescence intensity 
for the InP/SiO2 on the placing time was not as strong as 
that of the InP nanoparticles. Accordingly, the result on 
the dependence confirmed that the InP/SiO2 nanopar-
ticles exhibited more stable fluorescence than the InP 
nanoparticles did. In our previous works on silica-coated 
fluorescent polystyrene microspheres and silica-coated 

nanoparticles of Cd compounds, the fluorescence of both 
silica-coated particles diminished more slowly than that 
of the particles before the silica coating [31–33]. Oxygen 
molecules in the singlet state, that is, at the exited stage, 
decompose dye molecules [39, 40]. QDs suffer from oxida-
tion that takes place at their surface under exposure to 
oxygen molecules in air, solvent, and light [13–17], which 
decreases the fluorescence intensity of QDs. Hence, it was 
concluded in the previous works that the oxidation was 
controlled by the physical barrier of silica shells, which 
provided the slow weakening of fluorescence for the dye 
molecules and the Cd compound contained in the silica-
coated particles. The fluorescence of the InP nanoparticles 
was considered to be retained with respect to its inten-
sity by the silica coating in the present work according 
to a mechanism similar to that in the previous works, as 
follows. Oxygen molecules contained in air would be dis-
solved in the solvent. Diffusional limitation of the oxygen 
molecules inside the InP nanoparticles was considered to 
be provided by the silica shells. The diffusional limitation 
controlled the photo-oxidation of the InP nanoparticles in 
the InP/SiO2 nanoparticles, which stabilized the fluores-
cence property for the InP/SiO2 nanoparticles.

Fig. 5  Intensities of fluorescence peaks detected at approximately 
610–610 nm as a function of time after preparation. ○: InP, ●: low-
concentration InP/SiO2. The absolute intensities were plotted in A, 
and they were normalized by the intensities that were measured at 
day 0 in the plot (B)
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4  Conclusions

The present work examined a method for stabilizing 
the fluorescence of indium phosphide (InP) nanopar-
ticles. The method revolved around the formation of 
silica shells on the InP nanoparticles, that is, the InP/
SiO2 nanoparticles. The silica coating was based on the 
sol–gel reaction of tetraethyl orthosilicate and water 
with ammonia in the reverse micelles composed of 
polyoxyethylene (5) nonylphenylether, branched that 
formed in cyclohexane and contained the InP nanopar-
ticles. The execution of the sol–gel process fabricated 
the silica shells on the InP nanoparticles or produced a 
core–shell structure composed of the InP nanoparticle 
core and the silica shells, meaning that aggregation of 
InP nanoparticles was controlled with the silica coating. 
The InP/SiO2 nanoparticle colloid solution exhibited 
steady fluorescence compared with that of the silica 
shell-free InP nanoparticles.
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