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Abstract 

The pristine (p-SiO₂) and sulfonated silica (s-SiO₂) particles were created using the sol-gel and Stober 
methods. Furthermore, this study sought to show the impact of calcination time and surface changes 
on the morphology, and hence functionality, of the silica nanoparticles synthesised as potential fuel 
cell membrane additives. Tetraethyl orthosilicate (TEOS) was used as a silica precursor dissolved in 
water, with sulphuric acid serving as the sulphonation agent. Parametric data on particle 
morphology, such as particle size, porosity, total surface area, and agglomeration, were measured 
and evaluated using BET, Fourier transform infrared (FTIR), X-ray diffraction (XRD), and scanning 
electron microscopy (SEM). The amorphous nature of silica nanoparticles was confirmed by XRD 
analysis. The BET outcome data acquired for the synthesised silica particles were surface area ranges 
from 271 to 487 m²/g, pore diameter 12.10 nm - 21.02 nm, and total pore volume 0.76 - 1.58 cm³/g. 
This data gives crucial characteristics for designing appropriate silica nanofillers for hybrid fuel cell 
membranes. As a result, the gathered data can be used to make future decisions about silica 
synthesis methods for fuel cell applications. 

Keywords: sol gel; Stober; silica nanoparticles; sulfonated silica; pristine silica; total pore volume 
 

1. Introduction 

Silica exists ubiquitously in the environment in different forms. Apart from not being present in 
nascent form, it is always present in compounds such as hydroxides, silicic acid or oxides, as in silica 
[1,2]. The earth’s crust is made up of 78% silicon and oxygen compounds [3]. Silica nanoparticles are 
prominent in scientific study due to their ease of preparation and vast range of industrial applications 
including catalysis, pigments, pharmaceuticals, electronic and thin film substrates, electronic, 
thermal insulators and humidity sensors. Recently, silica has attracted strong interests as a candidate 
for fuel cell membrane applications. Such fuel cell membranes include sulfonated membranes 
(SPEEK, SPS, SPAES, SPI), fluorinated membranes (Nafion), and various organic polymer matrixes 
[4–6]. In fuel cells, silica is the most commonly used inorganic filler, particularly in proton exchange 
membrane fuel cells and direct alcohol fuel cells [4]. This is owing to the amenable properties of silica 
such as its high stability, excellent conductivity, and its ubiquitous in nature (lower costs). 
Furthermore, silica particles can be modified to improve the electrical, physiochemical properties of 
the membrane [7,8]. For example, sulfonic group functionalised silica particles show improved 
qualities which makes it more suitable as an additive (guest) in polymer membranes. The 
introduction of sulfonated silica particles in chitosan polymer, for example, increases the tensile 
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strength, thermal stability, and proton conductivity [7,9,10]. Subsequently, these changes have the 
overall effect of enhancing fuel cell performance [7,9]. 

According to literature, traditional processes such as flame synthesis, sol gel procedures, the 
Stober process, and micro emulsions have been used to produce silica [11,12]. The sol gel and Stober 
process are commonly used to produce silica nanoparticles. These processes involve the 
simultaneous condensation and hydrolysis of an alkoxide [13,14]. The rate at which condensation 
occurs is dependent on the reaction conditions that can lead to the formation of a three-dimensional 
network or a single monodisperse particle [14]. The sol gel technique is commonly employed to 
produce nanoparticles due to its effectiveness. Various benefits include the ability to conduct 
synthesis at reduced temperatures, resulting in high purity. The reaction kinetics can also be 
regulated by changing the composition of the reaction mixture [15].The qualities of the material are 
greatly influenced by the parameters that are utilized to generate synthetic silica, including the 
synthesis temperature, the synthesis time for condensation and hydrolysis, the concentration of the 
solvent, and the techniques for washing and drying. Typical silica characteristics affected by these 
parameters include particles size and their size distribution of SiO2 particles are affected by these 
characteristics [16,17]. The disadvantage of this method is that at higher (excess) TEOS, i.e. when 
TEOS surpasses a critical value, another population of particles appears, with completely different 
morphology and functionality properties. 

2. Materials and Methods 

2.1. Reagents 

Chitosan flakes, Medium molecular weight, (Merck); Tetraethyl orthosilicate, Si(OC2H5)4, 98%, 
(Merck); Ammonia, NH3, 25%, (Merck); Acetic acid, CH3COOH, 99%, (Merck); Sodium hydroxide, 
NaOH, (Merck); Ethanol, C2H5OH, 99.9%, (Merck); Methanol, CH3OH, 99.9% (Merck); Sodium 
chloride, NaCl, (Merck); Hydrochloric acid, HCl, 37%, (Merck); Sulfuric acid, H2SO4, 99%, (Merck); 
Taurine, C2H7NO3S, 99%, (Merck). 

2.2. Characterization 

Surface morphology, particle size, and form of the silica nanoparticles were examined using a 
scanning electron microscope (SEM, EVO-18, Carl Zeiss, Germany). The XRD patterns of these 
particles were acquired using GBC Emma X-ray Diffraction Spectroscopy, which was outfitted with 
a monochromatic Cu k X-ray detector (=1.5206 at 35.5 KV and 28mA). Fourier-transform infrared 
(FTIR) spectroscopy (IR Tracer-100, Shimadzu, Japan) was used to identify chemical bonds at 
frequencies ranging from 500 to 4000 cm-1. Physical properties such as surface area, pore volume and 
diameter were characterized using the Brunauer Emmett Teller (BET) method. 

2.3. Silica Nanoparticle Synthesis 

2.3.1. Synthesis of Pristine Silica Particles by Sol Gel Method 

Pure silica particles were synthesized using Tetraethyl orthosilicate (TEOS) as a precursor. This 
process includes hydrolysis and condensation of TEOS. 80 ml of TEOS and 200 ml of ethanol were 
mixed at room temperature for 30 minutes. Ammonia and water solution was poured into the first 
solution. Thereafter, the mixture was agitated for one hour at 70 ℃. The obtained sol gel-like product 
was dried at 100 ℃ for 24 h. Then the obtained silica particles were calcinated at 600 ℃ for 2 h and 
24 h respectively to remove volatile contaminants from the silica. 

2.3.2. Synthesis of Unmodified Silica Particles by the Stober Method 

TEOS was used as the precursor for silica during the Stober process. An 80 ml mixture of TEOS 
and ethanol was stirred for 30 minutes at room temperature. This was followed by the dropwise 
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addition of ammonia solution (2.75 ml) before the mixture was further agitated for another hour at 
room temperature. After that, the obtained mixture was centrifuged for 31 minutes 44 seconds at 3700 
rpm. The precipitate (white solid) silica was dried oven dried at 100 ℃ for 24 h and calcinated at 600 ℃ at different periods ranging from 2 h and 24 h. 

2.3.3. Sulfonation of Silica Particles 

The prepared silica particles were sulfonated using sulfuric acid to fabricate their surfaces for 
enhanced proton conductivity. The sulfonation process for both particles produced by the sol gel and 
Stober process was the same. For this process, 10 g of silica particles was mixed with 5ml of sulfuric 
acid and 200 ml methanol. The mixture was stirred vigorously at 1500 rpm for 4 h followed by the 
centrifugation of the sulfonated silica particles for 31 minutes 44 seconds. 

3. Results for the Nanoparticles Calcinated for 2 h 

3.1. FTIR Results 

The FTIR spectra of the synthesized silica particles (Stober and Sol gel methods) are shown in 
Figure 1. The stretch at 3400 cm-1 of Figure 1a,c,d corresponds to the OH- band due to the adsorbed 
water molecule. It can also be ascribed to the OH- stretching vibration of the silanol group, this band 
is more prominent in Figure 1a,d This band (3400 cm-1) is missing in Figure 1b,c. This suggest that 
this frequency is made from the stretching of the silanol OH- groups from the sulfonation process 
since only the silica in (a) and (d) were functionalised with the sulfonated groups. This serves as a 
confirmation for the successful sulfonation of the s-SiO2 in Figure 1a,d [18]. It is also important to 
mention the possible role of adsorbed water molecules in the sulfonated silica particles. This is due 
to the fact that sulfonated particles have higher affinity for water adsorption and retention than the 
pristine silica. This, therefore, means that the OH stretch from the adsorbed water could have aided 
the silanol OH groups in producing a more pronounced overall stretch at 3400 cm-1 [19,20]. 

 

Figure 1. FTIR results for different silica nanoparticles: (a) s-SiO2 Stober (b) SiO2 Stober (c) s-SiO2 sol gel (d) s-
SiO2 -sol gel after calcination for 2 h. 
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The siloxane bond (Si-OH) exhibits a stretching vibration, which correlates to the strong band at 
804 cm-1 as shown in Figure 1a–d. The silica matrix’s structural support is provided by this band [21]. 
However, it is interesting to note that the intensities of this band are reduced in the corresponding 
SiO2 (a) and s-SiO2 (b) spectra due the elimination of volatile components during the calcination of 
silica. Finally, the main peaks located at 1038,1072,1052 and 1047 cm−1 in Figure 1 (a, b, c, and d 
respectively), are caused by the bending vibrations of Si-O-Si. Based on these observations made from 
the FTIR spectra in Figure 1, it can be concluded that silica particles were successfully synthesised 
and that the sulfonation of these particles was successful in Figure 1a,d. 

3.2. XRD for Pure and Sulfonated Silica 

Figure 2 indicate X-ray diffraction (XRD) of silica particles (SiO2 and s-SiO2) synthesized by sol 
gel and Stober processes. As seen in Figure 2a–d, the silica particles’ XRD patterns display standard 
diffraction peaks that correspond to amorphous nano-silica at Bragg’s angle (2𝜃ሻ  of 22° for both 
sulfonated and pristine silica particles synthesised using both the sol gel and Stober methods and 
calcinated for 2 h at 600 oC. All the four spectra of silica in Figure 2a–d show a broad humped peak 
which confirms the short-range ordering of amorphous silica. This implies that the synthetic particles 
are made of amorphous silica, as reported in literature [22,23]. 

 

Figure 2. XRD of (a) s-SiO2 Stober (b) SiO2 Stober (c) s-SiO2 sol gel (d)SiO2 sol gel, calcinated for 2 h. 

3.3. SEM Results for Pure and Sulfonated Silica 

Figure 3 demonstrate SEM results for silica particles produced by sol gel and Stober methods, 
calcinated for 2 h. The SEM image for the sol gel method in Figure 3a,b indicates an uneven 
distribution of the amorphous silica particles. As seen in Figure 3, the morphology of both sulfonated 
and pristine silica nanoparticles shows well rounded/spherical discrete nanoparticles and clusters of 
agglomerated nanoparticles. It can also be observed that the nanoparticles synthesised using the sol 
gel method (Figure 3a,b) exhibit slightly larger nanoparticle size than the once synthesised using the 
Stober nanoparticles. Confirmation of nanoparticle size differences is provided by the BET analysis 
in Section 3.4. These results agree with literature which highlights the Stober mechanism as the most 
efficient method for controlling silica nanoparticle size compared to the sol gel method [24–26]. 
Consequently, the smaller sized silica nanoparticles synthesised by the Stober mechanism have 
higher surface area compared to the ones synthesised using the sol gel method, since it is known that 
the smaller the nanoparticles, the larger the surface area [27,28]. The larger surface area improves the 
catalytic activity and the fuel cell membrane enhancing performance of these nanoparticles, hence 
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makes them more potent. On the other hand, however, the smaller sized Stober -synthesised silica 
nanoparticles show higher degrees of nanoparticle agglomeration. 

 

 

Figure 3. SEM for (a) SiO2 sol gel (b) s-SiO2 sol gel (c) SiO2 Stober (d) s-SiO2 Stober – all calcinated for 2 h. 

3.4. BET Results for the Pristine and Sulfonated Silica Calcinated for 2 h 

Results for nanoparticle parameters such as surface area, total pore volume, and average pore 
diameter of the synthesised silica particles (calcinated for 2 h) are shown in Table 1. Their pore 
diameters range in size from 10.67nm to 21.00 nm, clearly indicating that they are nanoparticles [29–
31]. The pore size information suggests that silica is a mesoporous substance. A mesoporous material 
is one whose pores are smaller than 50 nm in diameter, according to the International Union of Pure 
and Applied Chemistry [32]. It is noteworthy mentioning that sulfonated silica nanoparticles show 
surface areas and pore volumes that are roughly twice small as those of SiO2 particles, with SiO2 
having a surface area of 4872 m2/g and the corresponding sulfonated silica 271 m2/g with pore 
volumes of 1.56 and 0.76 cm3/g respectively. On the same note, it can also be observed that silica 
nanoparticles with high surface area do simultaneously have high pore volume and small pore 
diameter. Similar results were reported in literature [33,34]. The high surface area of SiO2 is likely due 
to the inductive effect of the preformed silica network in the SiO2 [35]. Silica-based mesoporous 
particles are characterised by produced high specific surface areas, facile and varied surface 
chemistry modifications, narrow pore size distribution, customizable properties of the pore network, 
and great biocompatibility with a low incidence of non-specific or negative effects [36]. Another trend 
is also shown in the pore volumes of the sulfonated silica nanoparticles (both the sol gel and Stober-
synthesised) versus the pristine silica nanoparticles. The sulfonated silica shows lower pore volume 
and surface area compared to the non-sulfonated ones. This is because crosslinking sulfonated 
groups may occupy some of the pore spaces of the fabricated silica nanoparticles, thereby reducing 
the pore volumes [37,38]. Due to these reported pore volumes, smaller nanoparticle sizes and large 
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surface area of the synthesised silica nanoparticles, they are promising performance enhancer 
candidates for application in fuel cells. 

Table 1. BET results for the comparison of physical parameters of the synthesised silica particles through the 
two different methods after 2 h calcination. 

 Bet surface area (m2/g) Total pore volume 
(cm3/g) 

Average pore diameter 
(nm) 

s-SiO2(sol gel) 280 0.76 21.00 
SiO2 (sol gel) 398 0.98 10.67 

s-SiO2 (Stober) 271 0.76 20.89 
SiO2 (Stober) 487 1.59 12.45 

Results for silica calcinated for 24 h 

3.5. FTIR for Pure and Sulfonated Silica 

Figure 4 shows the FTIR spectra of the pristine (4. 4a) sulfonated (4.4 c) silica nanoparticles 
synthesised from the sol gel and the Stober ((c) and (d)) methods. The notable peak at 3410 cm-1 in the 
Figure 4b spectrum corresponds to the OH vibrations, possibly due to the adsorbed moisture on the 
nanoparticles. This is the sol gel-synthesised silica with sulfonated surfaces. This is supported by the 
fact that the sulfonation of the silica makes the nanoparticles more hygroscopic. Alternatively, this 
peak may be as a result of the hydrolysis of TEOS, which varies with the concentration of H2O and 
NH3 in the solution. As the concentration of NH3 increases, H2O dissociates, releasing more OH- ions, 
which attack the Si atoms and accelerate hydrolysis [39]. The asymmetric Si-O (1001 cm-1), asymmetric 
Si-OH (996 cm-1), and symmetric Si-O (778 cm-1) vibrations are more visible in the amorphous silica 
particles in Figure 4b while the corresponding spectra (a, c, and d) are not visible except that of 
symmetric Si-O band of (a, b, c, and d) which is around 778 cm-1. The superimposition of distinct SiO2 
peaks and Si-OH bonding peaks, caused by leftover organic groups ascribed as the origin of the 
absorption bands between 800 and 1270 cm-1 in both Figure 4a–d. 

 
Figure 4. FTIR for (a) p-SiO2 sol gel (b) s-SiO2 sol gel (c) p-SiO2 Stober (d) s-SiO2 Stober silica particles 

calcinated for 24 h. 
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3.6. XRD for Pure and Sulfonated Silica Calcinated at 24 h 

Diffraction patterns of the silica nanoparticles produced using the sol gel and the Stober methods 
and calcinated for 24 h is demonstrated in Figure 5. Pure and sulfonated silica particles shown in 
Figure 5 bear amorphous structure due to continuum random network, which maintains crystalline 
connection and distributes the geometric parameters throughout a range [40]. The amorphous peak 
of these particles is situated at 2𝜃=20° [41]. These findings are consistent with the results obtained in 
literature [42,43] which reported that the amorphous silica has 2𝜃 hump between 15° and 35°. Also, 
the outcome is consistent with the silica standard pattern established by the Joint Committee on 
Powder Diffraction (JCPDS) for Standards. Amorphous nano-silica particles can function as a nucleus 
for silicic acid when the right amount of H2O is added to NH3 at the right temperature, resulting in 
microspheres with rounded and smooth surfaces. When nano-silica is formed, silicic acid acts as a 
nucleating agent, creating a substrate on which symmetric particles can grow [44]. 

 

Figure 5. Xray diffraction patterns for (a) SiO2 sol gel (b) s-SiO2 sol gel (c) SiO2 Stober (d) s-SiO2 Stober silica 
particles calcinated for 24 h. 

3.7. SEM for Pure and Sulfonated Silica Calcinated at 24 h 

Surface morphology of the sol gel and Stober-synthesised silica nanoparticles is shown Figure 6. 
The same SEM images can be used for the comparison of the morphology of the pristine versus the 
sulfonated silica nanoparticles, calcinated for 24 h. Since replica silica nanoparticles calcinated at 2 h 
have been previously reported, by extension, comparative studies can therefore be done on the 
influence of the calcination time on the morphology of silica nanoparticles. 

Approximately equal nanoparticle sizes of silica synthesised using the sol gel method is 
observed for both the pristine silica and the sulfonated silica (Figure 6a,b). Compared to the silica 
nanoparticles synthesised using the Stober method (Figure 6c,d), these nanoparticles have relatively 
smaller sizes. This can be explained by the fact that the Stober method is a more efficient way of 
synthesising silica with regulated nanoparticle sizes [45–47]. This can be achieved by altering the 
ratios ethanol, water, ammonia and tetraethyl-orthosilicate during synthesis. 

The surface morphology of sulfonated silica shows more spherical (rounded) and smooth 
nanoparticles than the pristine silica nanoparticles. Compared to the pristine silica nanoparticles, the 
sulfonated nanoparticles show an almost uniform nanoparticle size. Furthermore, there is a lower 
degree of agglomeration on the SEM images of the sulfonated silica compared to the pure silica 
counterparts. Pure silica particles in Figure 6b,c synthesised by the sol gel and Stober processes 
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respectively show variety in size and shape of the particles, thus both the synthesis methods were 
unable to create silica particles that have uniform size distribution. Previous studies [48] show the 
same behaviour of silica. These silica particles in (b) and (c) tend to agglomerate, and it is attributed 
to silica having high energy and surface tension. Both silica particles in Figure 6a–d indicate smooth 
surface morphology. 

 

 
Figure 6. SEM images for different forms of silica synthesised from different methods. (a) s-SiO2 Sol gel (b) SiO2 

Sol gel (c) SiO2 Stober (d) s-SiO2 Stober silica particles calcinated for 24 h. 

3.8. BET Results for Pristine and Sulfonated Silica Calcinated at 24 h 

BET measurements were applied for the determination of nanoparticle parameters such as 
surface are and pore volume. From these results, comparisons were then made for the morphology 
of the sulfonated versus pristine silica and silica synthesised using the sol gel or the Stober method. 
The results are summarised in Table 2. 

Table 2. BET results to demonstrate the differences in the sulfonated versus pristine silica and silica 
synthesised from the sol gel versus the Stober method. All the nanoparticles were calcinated for 24 h. 

 Bet surface area (m2/g) Total pore volume 
(cm3/g) 

Average pore diameter 
(nm) 

s-SiO2(Sol gel) 285 0.77 21.02 
SiO2(Sol gel) 495 1.58 12.10 

s-SiO2 (Stober) 279 0.76 21.52 
SiO2 (Stober) 486 1.56 12.21 

The samples’ BET surface area and pore volume of the silica particles calcinated for 24 h are 
demonstrated in Table 2. High surface area and volume of sol gel and Stober silica particles were 
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recorded. Table 2 further indicates that, when silica was modified, the surface area decreased from 
the highest of 486 m2/g to the lowest of 285 m2/g with a corresponding total pore volume of 1.56 to 
0.77 cm3/g highest and lowest value, respectively. The decrease in surface area of modified silica 
particles was reduced by almost 50%. However, the pore volume increases with an increase in surface 
area and total pore volume. Large surface area is anticipated to play a role in assisting with the 
functionality of silica as a filler in the reduction of methanol permeability as silica tends to absorb 
methanol on its surface which will reduce the methanol permeability of the membrane. Refs. [49,50] 
reported a silica surface area of 236 m2/g and 222 m2/g respectively which are smaller than the ones 
found in this report. The decrease in the surface area of silica after the sulfonation of particles relates 
to what is reported previously in literature and [51]. Thi et al [52] also reported a decrease in the 
surface area of silica particles after sulfonation when propanol solution and hydrogen peroxide were 
used as raw material and 3-mercatopropytrimethoxysilan (MPTMS) as a precursor. Silica particles 
calcinated for 24 h show higher surface area and total pore volume compared to that calcinated for 2 
h. These improvements in surface area are a good factor in enhancing the performance of silica 
particles in the membranes to be modified in terms of increasing their chemical and mechanical 
properties [36]. 

3.9. Calcination Time Effects 

Calcination time is a critical parameter in the synthesis of silica nanoparticles. It significantly 
impacts on the morphology, and hence the activity of silica nanoparticles. For instance, increasing 
calcination time can lead to the production of smaller nanoparticle size due to the complete removal 
of organic pollutants on the nanoparticles. Such findings were observed in titanium oxide 
nanoparticles when calcinated at 500 oC for 1 h and 5 h respectively. The nanoparticle diameter was 
reduced by close to 400% from 83 ± 5 nm to 23 ± 2 nm. Results in this work (Figure 7) likewise show 
the parametric effects of calcination time on the physiological properties of the synthesised silica 
nanoparticles between 2 h and 24 h. A significant decrease in the silica nanoparticles was observer 
can thus be explained using this model of reasoning. On the other hand, research also suggest that 
increasing calcination time may cause the production of larger nanoparticles. This is so because 
longer calcination times tend to result in nanoparticle aggregation (agglomeration), thereby 
increasing nanoparticle size. 

Since nanoparticle size affects the nanoparticle surface area, and by extension the surface 
reactions occurring on the nanoparticles, it follows that surface area is a critical metric for the 
evaluation of nanoparticle activity. 

In this study, there a general silica nanoparticle surface area increasement with increasing 
calcination time from 2 h to 24 h, as seen by comparing Tables 1 and 2 in addition to the further 
information in Figure 7. This effect is more apparent on the pristine silica synthesised using the sol 
gel method, which improved from 380 to 495 cm2/g. This can be explained in terms of the reduced 
nanoparticle size with increasing calcination time. This has a direct impact on the surface area of the 
nanoparticles since surface area is inversely proportional to nanoparticle size. Notably, the same 
trend was observed for the overall nanoparticle pore volumes. An overall increase in the pore volume 
was observed with increasing calcination time from 2 h to 24 h. Similarly, this is attributed to the 
reduced nanoparticle size at increased calcination time. The smaller the nanoparticle size, the larger 
the total pore volume. 

It is noteworthy mentioning that the Stober-synthesised silica nanoparticles show higher surface 
area compared to the sol gel synthesised by the sol gel mechanism for both the pristine and the 
sulfonated nanoparticles. There is no significant difference between the surface areas of the 2 h and 
the 24 h calcinated nanoparticles synthesised using the Stober mechanism whilst the sol gel 
synthesised silica nanoparticles showed enhanced surface are at higher calcination time. This may be 
explained in terms of the differences in the impurity composition between the sol gel synthesised 
silica versus the Stober-synthesised silica. Such impurities include organic pollutants which form a 
surface coating on the silica nanoparticles. Hence, upon their removal during prolonged calcination, 
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the ‘de-coated’ silica nanoparticles then appear smaller and will have larger surface area. To this end, 
only the pristine silica nanoparticles synthesised by the sol gel method showed a marked 
improvement in surface area upon increasing calcination time from 2 h to 24 h. 

 

 

Figure 7. Effects of calcination time on the surface area of silica nanoparticles in pristine and sulfonated silica 
nanoparticles synthesised using the sol gel and the Stober methods. The calcination times at 600 oC were for (a) 

2 h and (b) 24 h. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 October 2025 doi:10.20944/preprints202509.2486.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.2486.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 18 

 

3.10. Effects of Sulfonation on the Silica Nanoparticles 

Compared to the pristine silica nanoparticles, sulfonated silica nanoparticles showed lower 
surface area for both the Stober and the sol gel synthesised silica nanoparticles. This effect was 
observed under different calcination times. The sulfonation processes introduces the negatively 
charged coatation around the nanoparticles. The electrostatic interaction between the negatively 
charged SO3- groups and the partially positive Si in the SiO2 results in strong adherence of the 
sulfonation layer around the silica nanoparticles. This ultimately results in the overall enlargement 
of the sulfonated silica nanoparticles. This nanoparticle enlargement effect is further supported by 
the cross-linked interactions of the SO3- groups and the neighbouring silica nanoparticles, which leads 
to the clustering of the nanoparticles (agglomeration). Consequently, these combined possibilities 
lead to the reduction of the silica nanoparticle surface area since surface area is inversely proportional 
to particle size. 

Finally, there is no big differences between the morphologies of the pristine and sulfonated silica 
nanoparticles. Almost equal and rounded (spherical) nanoparticles were obtained from both sets of 
the nanoparticles, proving that the sulfonation process does not interfere with the overall 
nanoparticle formation. 

3.11. Total Pore Volumes 

The total pore volume (TPV) is a critical parameter of nanoparticle performance since it informs 
of the size of empty spaces surrounding the silica nanoparticles. Generally, TPV is a function of 
nanoparticle size, and it is also used to determine the level of agglomeration of the nanoparticles since 
agglomerated nanoparticles have compromised TVP. The higher the TVP, the more suitable the 
nanoparticles are for chemical reactions, including membrane reactions in fuel cells. This is based on 
the fact that larger pore volumes allow better mass flow to occur. Both the reactants and products 
percolate freely to and from the active sites of the nanoparticles at higher pore volumes thereby 
improving the activity of the nanoparticles. 

From Figure 8, the results in this study show that TPV varies with calcination duration, 
especially for the unsulfonated (pristine) silica nanoparticles synthesised using the sol gel method. 
This is due to the connection between nanoparticle size with pore volumes. The same nanoparticles 
improved its surface area upon increased calcination time, an indication of the nanoparticle size 
reduction effect. As explained earlier, this reduction in nanoparticle size is attributed to the complete 
removal of organic pollutants surrounding the nanoparticles. Because TPV is inversely proportional 
to pore volume, this occurrence is accompanied by increased pore volume, which will subsequently 
result in improved performance of the silica nanoparticles. However, no improved TPV was recorded 
for the sulfonated nanoparticles with increased calcination time. This may be explained in terms of 
limited to no organic pollutants in sulfonated silica nanoparticles. As a result, no significant loss of 
pollutants is observed upon increased sulfonation, to create more empty volumes (pore volumes) 
due to increased calcination. Also, unlike the sol gel synthesised silica nanoparticles, there is no 
significant change in the TPV of the Stober-synthesised silica nanoparticles upon increased 
calcination time. Fundamentally, this is caused by the higher ability of the Stober method to produce 
highly controlled nanoparticle sizes (smaller sizes) with high surface area and pore volumes. Sine 
these parameters are intrinsically connected to the applied method and less dependent on the 
calcination time, it follows naturally that increasing calcination time does not alter the TPV by any 
significant difference. 
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Figure 8. Effects of silica synthesis method and the sulfonation thereof on the total pore volumes at different 

calcination times (a) 2 h and (b) 24 h. 

3.12. Stober Versus Sol Gel Synthesis Methods 

At 2 h calcination time, the Stober method produces silica nanoparticles with higher pore 
volumes than the sol. There is a general increase in TPV with increasing calcination time from 2 h to 
24 h for both methods. As the calcination time is increased to 24 h, the silica pore volumes become 
independent of the synthesis method. This implies that the Stober method produces more pure silica 
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nanoparticles (with less pollutants) compared to the sol gel method. This observation is consistent 
with the surface areas obtained from the produced silica nanoparticles by these two methods and 
calcinated for the respective durations (Figure 7). The trend of increasing surface area of the silica 
nanoparticles synthesised using the two methods upon increased calcination time from 2 h to 24 h is 
observed. There is a marked difference in the surface areas of the pristine silica nanoparticles between 
the Stober method and the sol gel method, especially at lower (2 h) calcination times. The Stober 
method produced silica nanoparticles with higher surface area than the sol gel method. As stated 
earlier in this work, this is attributed to the precise superiority of the Stober method in controlling 
nanoparticle size during synthesis. 

However, literature also highlights some of the advantages of using the sol gel method over the 
Stober method. For example, the sol gel method is more flexible since it accommodates more than 
one precursor alternatives. In the same vein, the sol gel method can be adjusted to influence the 
resulting silica nanoparticles produced morphology. Since each method has its own merits and 
demerits, it follows that the choice of the method employed is usually at the discretion of the user, 
based on the exact intended application of the silica nanoparticles. 

3.13. Electrochemical Characterisation 

The electrochemical properties of the prepared SiO2 nanoparticles were characterized by cyclic 
voltammetry in 0.1 M KCl in the presence of 5mM ferri/ferricyanide at 50 cm.s-1 using FTO as the 
working electrode. It is well known in the electrocatalysis field that the electrocatalyst preparation 
method has a great effect on the properties of the resulting electrocatalyst. This effect is well observed 
in Figure 9a, using Stober and Sol-gel method for the preparation SiO2 nanoparticles. The 
nanoparticles prepared by the Sol-gel method resulted in low current density compared to the 
nanoparticles prepared by the Stober method for both the 2 h and 24 h preparation time, with the 2 h 
Stober prepared electrocatalysts having the highest current density. The low current response of Sol-
gel prepared SiO2 is an indication of low electrocatalytic activity. This is a clear proof that Stober 
method is a suitable method for SiO2 preparation and further proves that indeed electrocatalysts 
preparation method plays a major role in its properties. This results also shows the strong effect of 
electrocatalysts preparation/ calcination time. Upon sulfonation (Figure 9b), the peak current 
increases as a results of the high pore diameter of the sulfonated SiO2 compared to the pristine SiO2 
nanoparticles, confirmed by BET. Large pores reduces mass limitations, enhancing electrocatalytic 
activity. The high peak current response is also attributed to the favourable structural modification 
as a result of electrostatic interactions between the negatively charged sulfur and the neutral SiO2, 
which enhances charge transfer process within the nanoparticles compared to the pristine silica 
nanoparticles and increases their potential applicability in various redox processes. Additionally, the 
increase in current response is an indication of an enhancement in electrochemical surface area 
(ECSA) and reaction kinetics. The shift in peak position potentials is an indication of improved 
electrocatalytic activity. Although the sulfonated SiO2 nanoparticles calcined for 2 h has low current 
response compared to the pristine SiO2, its peak shift shows improved electrochemical properties. 
The low current response might be the results of small ECSA, as the ECSA has a direct relationship 
with the peak current response. Figure 9d shows the Nyquist plot of the Stober prepared 
electrocatalysts over the 100 kHz to 0.01 Hz frequency range. The pristine SiO2 shows high capacitive 
behaviour, with the resistive behaviour decreasing upon sulfonation. This is indicated by the small 
semi-circular segment, an indication of the electron transfer resistance within an electrocatalyst. The 
high conductivity/ electron transfer ability of the sulfonated materials results from the enhanced 
charge mobility during electrocatalysis and strong attractive interactions between the sulfonic groups 
on the SiO2 and the redox probe. The bare FTO electrode shows the highest conductivity compared 
to SiO2 nanoparticles. This shows that FTO is a good electrode for electrocatalysis studies as it will 
not greatly influence the electrochemical analysis results of the materials, enhancing optimal 
characterization. 
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Figure 9. Cyclic voltammogrammes of (a). Bare FTO and SiO2 nanoparticles prepared by Stober and Sol-gel 
methods, (b,c). SiO2 and s-SiO2 nanoparticles prepared by Stober method for 2 and 24h, (d). Nyquist plot of 

SiO2 and s-SiO2 nanoparticles prepared by the Stober method. 

4. Conclusions 

Synthesis of the pristine and the sulfonated silica nanoparticles using the sol gel and the Stober 
methods was successfully done. The obtained nanoparticles were subjected to calcination at 600 oC 
for 2 h and 24 h each. The effects of the synthesis method, calcination time and sulfonation of the 
silica nanoparticles was evaluated on the nanoparticle morphology in terms of surface area 
(nanoparticle size), total pore volumes and shape of the silica nanoparticles produced. The particles 
calcinated for 2 h and 24 h were found within the range of 12 nm to 21 nm with the highest pore 
diameters recorded on silica calcinated for 24 h. Silica particles for Stober and sol gel calcinated for 2 
h and 24 h have short-range ordering resulting in them having amorphous structures. Synthesized 
silica particles tend to agglomerate, and this was more visible in silica particles calcinated for 2 h 
compared to the one calcinated for 24 h using the same method and no visible agglomeration was 
discovered after surface modification of silica. At both shorter and longer calcination times, 
sulfonated silica shows lower total pore volume compared to the pristine silica. The same trend is 
true for the surface areas of the sulfonated versus pristine silica nanoparticles. On the other hand, the 
Stober method produces silica nanoparticles with larger surface area than the sol gel method. At 
lower calcination time, the Stober method produces silica nanoparticles with larger total pore volume 
than the sol gel method. However, the total pore volume becomes independent of the synthesis route 
at higher calcination times. 
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