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Abstract 

The synthesis of core-shell silica@polyaniline nanoparticles is of interest for many 

applications including electrorheology and inkjet printing. Formation of such structures by 

simple adsorption of aniline onto silica surfaces followed by polymerization is rather difficult. 

Chemical grafting of alkoxysilane monomers on silica surfaces followed by polymerization 

has been used to prepare silica@polyaniline microspheres but has never been applied to silica 

nanoparticles. Here, we report an efficient method to prepare silica@polyaniline nanoparticles 

of different sizes. This study goes far beyond the simple synthetic procedure. It also evidences 

a general law that can be applied by all to anticipate the efficient encapsulation of silica 

nanoparticles by polyaniline. Here, silica nanoparticles of different sizes (90 to 300 nm) were 

firstly synthesized by Stöber process and then functionalized with N-[3-

(Trimethoxysilyl)propyl]aniline. The last step implied the room temperature polymerization 

of aniline in the presence of these functionalized-silica nanoparticles using ammonium 

persulfate as oxidant. Several sets of particles were prepared using different amounts of 

aniline monomers resulting in different polyaniline thicknesses. SEM, TEM, IR, TGA and 

XPS were then used to characterize thoroughly these core-shell particles.  

The highlight of this paper is that efficient encapsulation of silica particles by polyaniline 

occurred if, and only if, the ratio between the polyaniline thickness and the particle diameter 

was close to 10%. Higher ratio led to the presence of isolated polyaniline granules while 

lower ratio resulted in uncompleted encapsulation.  
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1. Introduction 

Since their discovery in the beginning of the 70’s, conducting polymers (CPs) including 

poly(3,4-ethylenedioxydethiophene) (PEDOT), polypyrrole (PPy) and polyaniline (PANI) 

have been widely used for energy storage, sensors and electrochromic applications.[1-4] In 

particular, PANI is a non-toxic and low-cost polymer that presents good thermal stability and 

good conductivity. Different PANI-based composites have been prepared with porous carbon, 

graphene, carbon nanotubes and metal oxides for application in energy storage conversion,[5] 

anticorrosion protection,[6-8] microwave absorption,[9, 10] and sensing.[11, 12] Among the 
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different composites, core-shell particles are the most interesting as the shape is given by the 

particles core and the properties are driven by the shell. Moreover, after removal of the core, 

hollow shell structures are obtained and might be of interest for sensing and catalytic 

applications.[13] Many research groups have investigated the formation of SiO2@CPs core-

shell structure for in inkjet-printing,[14] photonic crystals and electrorheology 

applications.[15-18] While the synthesis of SiO2@PEDOT seems straightforward,[19] the 

formation of SiO2@PANI or SiO2@PPy particles is rather more difficult. Armes and 

collaborators described in 1991 the first synthesis of core-shell structures using micrometer-

size silica particles as the core and PANI as the shell. [20] However, despite the use of a low 

oxidant and monomer concentration to slow the reaction down and to promote polymerization 

on the surface rather than in the bulk, SEM micrographs have shown that silica particles were 

not uniformly coated with polyaniline. In two separate reports Jang and collaborators 

described the formation of SiO2@PANI core-shell nanoparticles.[21, 22] In the first 

publication in 2006, particles less than 30 nm in diameter with a thin PANI layer (2 nm) were 

obtained by controlling the pH of the silica suspension in order to favor electrostatic 

interactions between anilinium cations and the negatively charged silica surface.[21] We 

recently reinvestigated the first synthesis of Jang and collaborators and found that core-shell 

SiO2@PANI particles cannot be obtained using their procedure. Instead, in accordance with 

other groups, we confirmed that large silica particles were coated, at least in part, with 

polyaniline, while the use of small particles led to raspberry-like morphology.[23] In the 

second paper, the same authors used self-stabilized dispersion polymerization carried out in 

an aqueous/organic liquid system at -30°C to obtain core-shell particles with diameter ranging 

from 18 to 130 nm depending on the silica NPs used but thicknesses were not determined.[22] 

Beside the physical adsorption of PANI onto silica nanoparticles another strategy relies on the 

in-situ or post-synthesis grafting of a polymerizable ligand followed by polymerization to 

generate the polymer shell.[24] In the case of silica particles, the presence of hydroxy groups 

on their surface allowed the grafting of polymerizable ligands bearing silanol functions. 

Among the different alkoxysilanes reported in the literature, 3-aminopropyl(triethoxysilane) 

(APTS) and N-[(3-trimethoxysilyl)-propyl] aniline (TMSPA) have been most widely used for 

the preparation of SiO2@PANI particles.[25] Park et al. described the synthesis of 

SiO2@PANI microspheres to prepare electrorheological material. Silica microspheres of 1µm 

diameter were coated with TMSPA followed by polymerization in the presence of aniline 

using ammonium persulfate (APS) as the oxidant. In the resulting microspheres, a PANI shell 

of about 50 nm was measured by TEM analysis.[26] Yeh and collaborators used the in-situ 



4 

 

method to graft TMSPA on silica particles. For this, a co-condensation method was used. 

Tetraethoxysilane (TEOS) and TMSPA were co-hydrolyzed in the presence of ammonium 

hydroxide using poly(ethylene glycol) as stabilizer resulting in the formation of silica 

particles of 720 to 840 nm diameters. Then, the chemical oxidative polymerization of aniline 

led to PANI thickness of 60-120 nm. In this paper, the main objective was to obtain 

raspberry-shaped hollow spheres after removal of the silica core by HF etching. These hollow 

spheres present good conductivities of 1.2-5.6×10-3 S.cm-1.[27] These previous studies have 

shown that it is possible to prepare SiO2@PANI microspheres. However, for application in 

catalysis,[28] dyed sensitized solar cells[29] and sensors,[30] smaller core-shell particles 

presenting higher surface area will be more useful.  

In this paper, we report an efficient and simple method for the synthesis of SiO2@PANI 

nanoparticles of various diameters (90-300 nm) by grafting of TMSPA on silica surface 

followed by chemical oxidative polymerization of aniline. The resulting SiO2@PANI 

particles have been fully characterized by SEM and TEM observations, FT-IR, TGA and XPS 

measurements.  

 

2. Experimental section 

 

2.1. Chemicals  

 

The following chemicals were purchased and used as received: tetraethoxysilane 98% (TEOS) 

and ammonium persulfate (APS) from Acros Organics, ethanol 99.7% from VWR, ammonia 

35% and Aniline 99.5% (Ani) from VWR, N-[3-(Trimethoxysilyl)propyl]aniline (TMSPA) 

from Alfa-Aesar. 

 

2.2. Characterization 

Morphologies of resulting silica@PANI samples were examined by Scanning Electron 

Micrography using a HITACHI S4800 FEG HR Scanning Electron Microscope or a FEI 

Quanta FEG 200 apparatus without previous metallization of the samples. Transmission 

Electron Microscopy (TEM) observations were carried out at 100 kV (JEOL ARM 200). 

Samples for TEM measurements were deposited from ethanol solutions on copper grids. 

Zeta potential and hydrodynamic sizes of particles were determined at 25°C using a Malvern 

Zetasizer NanoZS equipped with a He–Ne laser (λ = 632.8 nm). For hydrodynamic size 
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measurements, the back-scattered mode was used at an angle of 173 ̊. After dilution to 0.5 

g.L-1 in 10-2 mol.L-1 NaCl, the silica particles suspensions were sonicated for 2 min before 

measurement. An equilibration time of 2 min was set before measurement. The cumulant 

method was used to determine the apparent equivalent hydrodynamic diameters (DH). Each 

measurement was performed twice, and the expressed diameter is an average of these two 

measurements. ζ-potential was calculated using the Smoluchowski approximation. Here 

again, two measurements were performed to determine the mean ζ-potential values. 

Infrared spectra were recorded with a 2 cm-1 resolution on a Bruker Vertex70 FTIR 

spectrometer using a Platinum ATR accessory equipped with a diamond crystal.  

Thermogravimetric analysis (TGA) was carried out in an alumina crucible using a TA 

instruments Q600. Samples were heated under an air flow up to 800 °C with a heating rate of 

10 °C.min-1  

X-ray photoelectron spectroscopy (XPS) spectra were collected on a Versaprobe 

5000 (Physical Electronics) equipped with a monochromatic Al Kα (1486.7 eV) source. 

Analyzed surface had a 200 µm diameter. Shirley method was used to remove the background 

signal.[31] Photoelectron peaks areas were used to determine the surface atomic 

concentrations using the atomic sensitivity factors reported by Scofield and corrected by 

transfer function of analyzer.[32] Binding energies (BE) referred to the C-C/C-H of C1s 

carbon at 284.8 eV. 

 

2.3. Synthesis  

2.3.1. Synthesis of silica particles (Si-OH) 

We used our previously reported procedure to synthesize three population of silica 

particles.[23] Typically, NH3 was added to a mixture of EtOH and distilled water and the 

resulting solution was stirred at room temperature for 20 min. The control of the resulting 

silica particles sizes was achieved using three ammonia concentrations: 1.0, 0.38 and 0.27 

mol.L-1. After that, TEOS was added dropwise and the resulting mixture was stirred at room 

temperature for 24h. This led to the formation of a white suspension of colloidal silica. The 

SiO2 particles were then centrifuged at 16 000 rpm for 10 minutes and then, washed three 

times with ethanol and finally with distilled water until the pH of the supernatant reached 8.5-

9. Between each washing step, the particles were sonicated. The products were finally dried at 

80°C for 16 hours. The amounts of reagents used are given in Table 1. 

 

Table 1. Reagents and quantities used in the preparation of silica particles Si-OH. 
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Silica 

particles 

Dh 

(nm) 

VEtOH 

(mL) 

VH2O 

(mL) 

VNH3 

(mL) 

VTEOS 

(mL) 

300-SiOH 300 124.4 8.6 8.3 6.6 

160-SiOH 160 124.5 8.6 3.3 6.6 

90-SiOH 90 132.3 8.6 2.4 6.6 

 

2.3.2. Aniline modified particles (Si-Ani) 

To 500 mg of unmodified Si-OH particles suspension dispersed in 42 mL of dried toluene 

under ultrasound were added appropriate amounts of N-[3-(Trimethoxysilyl)propyl]aniline 

(0.036-0.16 mmol) (TMSPA). The mixture was allowed to reflux overnight under N2. After 

cooling down to room temperature, the functionalized Si-Ani particles were then collected by 

centrifugation during 10 minutes at 16 000 rpm. Here again, they were washed three times 

with ethanol and deionized water. Each washing step involved a sonication step. To finish, the 

products were dried at 80°C for 16 hours. The amounts of reagents used are given in Table 2. 

Table 2. Quantities of TMSPA used for the preparation of modified silica particles Si-Ani. 
 

Samples VTMSPA (µL) 

300-Si-Ani 8.7 

160-Si-Ani 16.2 

90-Si-Ani 37.0 

 

2.4. Preparation of core-shell particles SiO2@PANI 

In a typical experiment, 150 mg of functionalized silica particles (Si-Ani) were dispersed in 

50 mL of distilled water under ultrasound. After that, aniline was added and the pH was 

stabilized to 3.5 by addition of small amount of HCl 1.0 mol.L-1. The resulting suspension 

was stirred for 90 min at room temperature. An aqueous solution of APS oxidant ([APS] = 

0.345 mol.L-1) was then added dropwise to the suspension to obtain a ratio [APS]/[Ani] of 

1.25. This ratio was chosen after optimization.[23] The reaction mixture was stirred until the 

end of the polymerization process as observed by the formation of the green color and 

stabilization of the pH value around 1.5. The particles were recovered by centrifugation, 

washed four times with ethanol and deionized water and finally dried at 80°C for 16 hours. In 

Table 3, samples are named x-Si@PANIy where x represents the hydrodynamic diameter 

(nm) and y is the theoretical PANI content (% wt). 
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Table 3. Quantities of aniline used for the preparation of core-shell SiO2@PANI particles. 

 

Silica particles Theoretical PANI  

content (% wt) 

VAni  

(µL) 

Time  

300-Si@PANI65 65 273 16 h 

300-Si@PANI30 

300-Si@PANI10 

160-Si@PANI84 

160-Si@PANI49 

160-Si@PANI20 

90Si@PANI40 

90Si@PANI23 

30 

10 

84 

49 

20 

40 

23 

63 

16 

772 

141 

37 

98 

43 

16 h 

7 days 

16 h 

16 h 

16h 

16h 

4 days 
 

3. Results and discussion 

3.1. Synthesis and characterization of surface-modified silica particles 

The general synthesis procedure followed to prepare the surface functionalized particles and 

the core-shell particles is summarized in Scheme 1.  

 

 

Scheme 1. Strategy used for the synthesis of SiO2@PANI particles. 

Three sizes of silica nanoparticles (Si-OH) were synthesized by sol-gel synthesis according to 

a procedure described by Stöber et al.[33] and Matsoukas and Gulari.[34] i.e by hydrolysis of 
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TEOS in an alcoholic medium in the presence of water and ammonia. For this, three different 

concentrations of ammonia were used: 1.0, 0.38 and 0.27 mol.L-1. SEM images evidenced the 

formation of spherical and monodisperse particles (Fig. 1) with mean diameters DSEM of 285 

± 30 nm, 160 ± 30 nm and 80 ± 20 nm (values are based on counting 100 spheres on SEM 

images). DLS measurements performed on the same particles led to hydrodynamic diameters 

that were only slightly larger than those obtained by SEM measurements (Dh = 300 ± 70 nm, 

Dh = 160 ± 70 nm and Dh = 90 ± 15 nm) (Fig.2). 

These particles were then functionalized by reaction with N-[3-

(Trimethoxysilyl)propyl]aniline (TMSPA) in refluxing toluene resulting in the chemical 

grafting of aniline monomers on the silica surface. 

 

Fig. 1. SEM images of silica particles synthesized using ammonia concentrations of (left) 1.0 

mol L-1, (middle) 0.38 mol.L-1 and (right) 0.27 mol L-1 with their size distribution. 
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Fig. 2. Particles size distributions of Si-OH particles measured by DLS. 

 

The zeta potential for both functionalized (Si-Ani) and non-functionalized (Si-OH) silica 

particles was measured at different pH values. As shown in Figure 3, the zeta potential of the 

Si-OH silica particles is negative for pH value higher than 3 (corresponding to the isoelectric 

point of silica) due to the deprotonation of silanol groups to form silanolate. The evolution of 

ζ with pH is the same for the three kinds of functionalized Si-Ani particles investigated. Their 

surfaces are positively charged at pH below 5.0 and negatively charged for pH values above 

6.0. The isoelectric point was thus found around 5.5 in accordance with the pKa of N-

propylaniline.[35] The surface charges of the functionalized particles are positive at pH<5.0 

due to the protonation of the amino functions. This confirmed the efficient functionalization 

of our particles. At pH above 6, the surface charges become negative and resemble those 

obtained with unmodified silica meaning. At these pH values, the propylaniline group is 

neutral and the surface potential is now governed by the presence of remaining silanols 

functions.  
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Fig. 3. Zeta potential versus pH for silica particles before and after TMSPA functionalization. 

 

Further surface analysis and TGA measurements were performed on both neat (90-Si-OH) 

and functionalized SiO2 particles (90-Si-Ani) of 90 nm diameter presenting the highest 

surface area. XPS measurements evidenced the surface modification of these particles. (Table 

4). Indeed, the survey spectrum of the Si-OH nanoparticles shows Si, O and a minor amount 

of C, N and Cl elements due to contamination during XPS measurements (Fig. 4). After 

functionalization of the particles, a decrease of the Si and O contents and an increase of the C 

content is observed. The carbon-to-nitrogen ratio C:N value of 10.4 is close to the theoretical 

value of 9.0 if TMSPA molecules were totally hydrolyzed and condensed into silica. The 

slightly higher ratio found might be due to carbon contamination or to the incomplete 

hydrolysis of TMSPA. 

 

 
Fig. 4. XPS survey spectra of 90 nm silica particles before and after functionnalization. 

 

Table 4. Surface composition of naked particles and functionalized silica particles as 

determined by XPS. 

 

Sample Elemental composition (atomic %) 

 C N O Si Cl 

90-SiOH 1.8 0.3 68.3 29.5 0.2 

90-SiAni 5.2 0.5 65.7 28.6  

 

Fig. 5 represents the TGA traces of Si-OH and Si-Ani silica particles. The first weight loss 

below 150°C is attributed to the loss of adsorbed water while the weight loss from 150°C up 

to 800°C is characteristics to the simultaneous decomposition of organic component and the 

condensation of silanol groups.  
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The amount of water released during the first step is lower for the functionalized silica in 

comparison with pristine silica. This is attributable to the presence of grafted TMSPA which 

renders the silica surface more hydrophobic resulting in lower water adsorption. The weight 

loss of the functionalized silica in the second stage is slightly larger than that of neat silica due 

to the presence of grafted TMSPA. The calculation of quantity of grafted TMSPA is based on 

the weight loss between 150 and 800oC. The TMSPA grafting density of modified silica (y) 

was calculated using equation (1) and was estimated to be 1.89×10-6 µmol.m-2. 

y = (�����	�
�����	�)(∗�)  (equation 1) 

where ∆m2 and ∆m1 represent the weight loss of functionalized and bare silica from 150 to 

800°C, respectively. Res1 and Res2 refer to the residual weight of the same samples at 800°C. 

M is the molecular mass of the degradable part of TMSPA which is 134 g.mol-1 and S is the 

specific surface area (S = 67.4 g.mol-1).[23] 

 

Fig. 5. TGA of the 90 nm silica particles before and after functionalization with TMSPA. 
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with the 300-Si-Ani particles with the objectives to incorporate 65, 30 and 10 wt% of PANI 

(samples 300-Si@PANI65, 300-Si@PANI30 and 300-Si@PANI10) corresponding to 

thicknesses t of 85.1, 27.5 and 8.1 nm, respectively, which were evaluated with the following 

equation:[36]  

 

� = � �����%����×��� ���%�� �×����� + 1#$ − 1& (equation 2) 

where t is the polyaniline overlayer thickness, R is the radius of the silica particles, wt%PANI 

and wt%SiO2 are the mass fraction of PANI and SiO2, respectively, ρSiO2 and ρPANI are the 

density of silica (ρSiO2 = 2.04 g.cm-3)[37] and PANI (ρPANI = 1.33 g.cm-3).[38]  

In the second sets of experiments, we used 160-Si-Ani particles and kept these thicknesses 

constant resulting in samples containing 84, 49 and 20 wt% polyaniline (small differences in 

thicknesses between 300-Si particles and 160-Si particles are due to the fact that values have 

been calculated based on the real amount of aniline introduced). In the last sets of 

experiments, using 90-Si-Ani particles, we expected these thicknesses to be too high 

compared to the particles size and have thus decided to study only two t values of 11.9 and 

5.9 nm representing 10 and 22 wt% of polyaniline. 

In table 5 are also summarized the φ value calculated as being the ratio between the 

theoretical thickness t and the hydrodynamic diameter of silica particles Dh. 

 

Table 5. Theoretical and experimental PANI content and thicknesses in the PANI@SiO2 

particles. 

Samples Dh  

(nm) 

PANI content 

(%wt) 

t  

(nm) 

φd 

(%) 

  Theora Expb Theora Expc  

300-Si@PANI65 300 65 nd 85.1 nd 28.4 

300-Si@PANI30 300 30 27.7 27.5 25 ± 4 9.1 

300-Si@PANI10 300 10 10.1 8.1 6 ± 3 2.7 

160-Si@PANI84 160 84 nd 86.7 nd 54.2 

160-Si@PANI49 160 49 nd 28.2 nd 17.6 

160-Si@PANI20 160 20 18.7 9.1 10 ± 2 11 

90-Si@PANI40 90 40 nd 11.9 nd 27 

90-Si@PANI23 90 22 22.0 5.9 7 ± 2 13 
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a theoretical values determined from equation (2);b experimental values determined by TGA;  

c experimental values determined from TEM images; d φ = t/Dh*100 

 

The morphology of the resulting particles was determined by SEM (Figure 6). Sample 300-

Si@PANI65 contains clearly a mixture of PANI granules and PANI@SiO2 particles while 

samples 160-Si@PANI84, 160-Si@PANI49 and 90-Si@PANI40 present particles that are 

glue together. Stejskal and collaborators have demonstrated that polymerization of aniline in 

the presence of silica surfaces occurred preferentially on the silica surface rather than in bulk 

solution.[39] Later on, the same group has also shown that smaller particles, with higher 

surface area, led to less amount of precipitated PANI particles.[40] Based on their results, our 

observations can be explained as follow: in the presence of silica particles with low surface 

area and a high aniline content (sample 300-Si@PANI65), polymerization occurs first on the 

silica surface but the excess of aniline monomer in solution is high enough to lead to the 

formation of PANI granules. Using particles with higher surface area, the polymerization of 

aniline in the bulk is suppressed and the polymerization occurs only on the particles surfaces. 

However, in the presence of high aniline content, PANI chains grow further and are prone to 

interact with each other’s leading to particles gluing (samples 160-Si@PANI84, 160-

Si@PANI49 and 90-Si@PANI40). For the other samples, the encapsulation looks rather 

homogeneous. From these first observations, we can conclude at a first approximation, that 

only φ values below 15% result in the formation of core-shell particles. 

  

300-Si@PANI65 300-Si@PANI30 
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300-Si@PANI10 160-Si@PANI84 

  

160-Si@PANI49 160-Si@PANI20 

  

90-Si@PANI40 90-Si@PANI23 

Fig. 6. SEM images of the SiO2@PANI particles. 

 

In order to observe the core-shell structure for the four remaining samples with φ < 15%, 

TEM measurements were performed as shown in Figure 7. In all cases, the core-shell 

structure is confirmed. Thicknesses were determined on these TEM images and the resulting 

values are reported in Table 5. These values agree very well with the theoretical ones 

confirming the efficient formation of the core-shell structures. 
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300-Si@PANI30 

  

300-Si@PANI10 

  

160-Si@PANI20 

  

90-Si@PANI23 

Fig. 7. TEM images of the SiO2@PANI particles. 
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3.2.2. Infrared spectroscopy 

Fig. 8 illustrates the ATR-IR spectra of SiO2@PANI particles, silica and PANI. The spectrum 

of naked colloidal SiO2 particles shows four characteristic absorption bands at 1065, 950, 795 

and 450 cm-1 attributable to asymmetric vibration of Si-O-Si siloxane bonds, asymmetric 

vibration of Si-OH, symmetric vibration of Si-O-Si and racking mode of Si-O-Si, 

respectively.[41] The spectra of the SiO2@PANI particles look rather the same but contain 

also bands characteristic to the presence of polyaniline in its emeraldine salt form. Indeed, 

bands of the quinoid (Q) and benzenoid (B) rings are clearly visible in the region 1570–1590 

and 1480–1500 cm-1, respectively. In the 1200-1350 cm-1 region, a band at 1300–1310 cm-1 

and a shoulder at 1220 cm-1 are characteristics of the C-N stretching of secondary aromatic 

amine and to the C-NH+ stretching.[42-44]. The presence of polyaniline is also confirmed by 

the presence of C-H bands at 860–880, 690–700, and 570–580 cm-1. The presence of silica-

PANI interactions is evidenced by a shift to higher wavenumbers of the bands located at 1490 

and 1587 cm-1. The most important shift is obtained for 300-Si@PANI30 sample (∆ν = 18 

and 50 cm-1) and the lowest shift is obtained for samples 300-Si@PANI10 (∆ν = 10 and 2 cm-

1). Such shifts have been observed previously by other groups and have been attributed to 

hydrogen bonding between remaining silanols groups on silica and the π-electron cloud of the 

PANI phenyl groups.[42, 44-46] Based on this, the highest shift found for 300-Si@PANI30 is 

characteristic to highest silica-PANI interactions.  

 

 

Fig. 8. ATR-IR spectra of resulting SiO2@PANI particles. 
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3.2.3. Thermogravimetric analysis 

The polyaniline contents in the core-shell particles was determined by thermogravimetric 

analyses under air up to 800°C. The temperatures of decomposition corresponding to a 5% 

loss of the total mass are given in Table 5. The thermogravimetric traces depicted in Figure 9 

show that thermal profiles of core-shell particles present two main losses. The first one occurs 

below 100°C and is attributed to the loss of absorbed water while the second decomposition 

step occurs from 350°C to 700°C and is attributed to the decomposition of polyaniline. At 

800°C, only the inorganic silica part of the particles remains. Based on this, the PANI content 

can be determined from the weight loss occurring in the second step. As expected, the 

experimental PANI contents correspond well with the theoretical ones (See Table 5).   

 

Fig. 9. TGA traces of SiO2@PANI particles under air flow (rate: 10 °C.min-1). 

3.2.4. XPS measurements 

The surface chemistry of the SiO2@PANI particles was investigated by XPS, and the 

resulting atomic compositions (in at%) are shown in Table 6. As expected, the incorporation 

of PANI shell around the silica particles results in an increase of both the C and N contents 

with a concomitant decrease of Si and O contents. The presence of a small amount of chlorine 

atoms is also detected due to the use of HCl to reduce the pH to 3.5 to perform the 

polymerization. This also means that PANI is in its doped state and contains Cl- counter-

anions. A strong decrease of the Si/N ratio is also observed after polymerization for the core-

shell particles. In the case of sample 300-Si@PANI10, this ratio is relatively high (Si/N = 

6.28) suggesting an incomplete encapsulation. This result is somehow surprising compared to 

the conclusion made based on SEM and TEM observations showing uniform PANI shell. A 

possible explanation for these discrepancies might come from the fact that the PANI thickness 
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(≈ 6 nm) is close to the X-Ray penetration depth or might be accounted to the SEM and TEM 

observations which are not representative to a whole sample. For the other samples, the ratio 

Si/N is much lower showing an efficient encapsulation and even reaches a value of 0.42 for 

the sample 300-Si@PANI30 that presents the highest thickness of 25 nm. Interestingly these 

results can be linked to the shift observed in IR spectra. Indeed, the sample 300-Si@PANI10 

presenting the highest Si/N ratio shows the lowest IR shifts while sample 300-Si@PANI30 

that presents the lowest Si/N ratio was the one with the highest IR shift (see above). 

Note that our multiple attempts to prepare compressed pellets for conductivity measurements 

failed. Indeed, the prepared core-shell particles contain a very high amount of silica which 

renders the pellets very fragile. 

 

Table 6. Surface composition of PANI and SiO2@PANI particles as determined by XPS. 

 

Sample Elemental composition (atomic %) 

 C N O Si Cl S Si/N 

PANI 75.1 11.8 10.6 0.3 0.8 1.4 0.03 

90-Si-Ani 5.2 0.5 65.7 28.6 - - 57.20 

300-Si@PANI30 71.1 9.7 13.8 4.1 0.8 0.5 0.42 

300-Si@PANI10 28.6 3.2 46.2 20.1 - nd 6.28 

160-Si@PANI20 58.3 7.9 23.8 8.7 0.6 nd 1.10 

90-Si@PANI23 40.7 5.3 36.5 13.7 0.5 nd 2.58 

 

3. Conclusions 

In this paper, we report an easy procedure to prepare SiO2@PANI nanoparticles of different 

diameters. The synthesis starts with the functionnalization of synthesized silica particles with 

N-[(3-trimethoxysilyl)-propyl] aniline followed by chemical oxidative polymerization of 

aniline at room temperature. The resulting core-shell particles have been carefully 

characterized by TGA, IR, SEM, TEM and XPS analysis thus eluding any doubts about the 

formation of the core-shell structures. Interestingly, based on our results, we draw a general 

guide for those who may be interested in the synthesis of SiO2@PANI nanoparticles. First, 

based on SEM observations we demonstrate that formation of PANI granules and PANI-

Silica composites that are glue together can be avoid if the ratio φ between the particle 

thickness and its diameter is kept below 15%. These first assumptions have been confirmed 

by TEM observations from which theoretical thicknesses were measured and agreed well with 
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theoretical ones. A more detailed study of the SiO2@PANI nanoparticles surface by XPS 

analysis finally shows that, when this φ value is too low, the encapsulation is not total. In this 

case, the amount of polyaniline is not high enough to cover the whole particles surface. For an 

efficient encapsulation, a reasonable φ value that can be used is 10%. This study may inspire 

other authors interested in the elaboration of different core-shell nanoparticles based on an 

organic part and an inorganic one. 
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