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초록: 본 연구는 메조기공 실리카 내로 Iron(III) p-toluenesulfonate(FTS) 산화제를 도입하기 위한 가압(pressurization),           

초음파(ultrasonication), 진공(vacuum) 전처리 방법을 체계적으로 비교하여, 각 공정의 산화제 침투 효율과 그 효과를            

정밀하게 평가하였다. 산화제로 전처리된 실리카는 동일한 반응 조건하에서 동적 기상 중합(dynamic vapor phase            

polymerization, D-VPP)을 이용하여 폴리피롤(PPy)로 코팅되었으며, 이를 통해 기공 활용도와 구조적 발달 양상의 차            

이를 규명하고자 하였다. 전기화학적 측정 결과, 가압 전처리를 적용한 실리카–PPy 복합체가 648.6 mF g1의 가장 높은               

비정전용량을 나타내어, 초음파 처리(381.4 mF g1) 및 진공 처리(350.0 mF g1) 시료 대비 현저한 성능 향상을 보였다.                

이러한 성능 증가는 가압 전처리 과정에서 산화제가 기공 채널 내부로 효과적으로 침투함으로써, 더 높은 PPy 적재량               

(10.1 wt%)과 메조기공 구조 전반에 걸친 균일한 고분자 성장을 유도하고, 그 결과 효율적인 전도 경로가 형성되었기               

때문으로 해석된다. 본 연구 결과는 전처리 조건이 다공성 매트릭스 내부의 산화제 분포와 고분자 성장 거동을 결정               

적으로 제어함을 보여주며, 에너지 저장 응용을 위한 다공성 호스트 재료 내 전도성 고분자 도입 전략을 정밀하게 설                

계하는 데 유용한 설계 프로토콜을 제공한다.

Abstract: This study presents a comparative evaluation of pressurization, ultrasonication, and vacuum pretreatments for 

Iron(III) p-toluenesulfonate (FTS) oxidant incorporation into mesoporous silica, highlighting their relative effectiveness 

in promoting oxidant infiltration. The oxidant-pretreated silica samples were subjected to polypyrrole (PPy) coating via

dynamic vapor phase polymerization (D-VPP) under identical reaction conditions to systematically investigate variations 

in pore utilization and resulting structural development. Electrochemical measurements revealed that the silica–PPy com-

posite prepared using pressurization pretreatment exhibited the highest specific capacitance (648.6 mF g1) compared with 

those treated by ultrasonication (381.4 mF g1) and vacuum methods (350.0 mF g1). The enhanced capacitive perfor-

mance is attributed to effective oxidant penetration into the pore channels during pressurization treatment, which enables 

higher PPy loading (10.1 wt%) and uniform growth within the mesoporous framework, thereby promoting more con-

tinuous electron transport pathways and improved electrolyte ion accessibility. These findings demonstrate that pretreat-

ment conditions critically determine oxidant distribution and polymer growth inside the porous matrix.

Keywords: vapor phase polymerization, polypyrrole, iron(III) p-toluenesulfonate, porous silica, pressure-assisted 

impregnation, electrochemical performance.

Introduction

Electroactive polymers or conductive polymers have been 

widely explored as electrodes for the application of electro-

chemical energy storage in the form of electrochemical capac-

itors because of their higher pseudocapacitance, redox reaction 

rate, and tunability.1,2 Of these polymers, polypyrrole (PPy) is 

considered more attractive because of its higher theoretical 

specific capacitance values, ease of synthesis, and relatively 

higher electronic conductivity.3,4 However, the utilization of 

PPy in the development of supercapacitors (SCs) still suffers 

from certain limitations in its inherent properties of poor cycle 
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stability, volume expansion after cyclic charging and discharg-

ing operations, and less effective utilization of electroactive 

surface areas in the bulk polymer morphology.5

In order to address the given challenges, significant efforts 

have been devoted to nano-structuring PPy and integrating this 

with host materials capable of stabilizing the polymer and 

enhancing charge transport. Porous silica, carbon, metal oxides, 

and metal-organic frameworks have all been used as templates 

or supports for the spatial organization of conducting poly-

mers.6,7 Silica represents an appealing host among various porous 

hosts due to its chemical stability combined with tunable pore 

structure and large surface area.8 Porous silica spatially con-

fines conducting polymers when used as a template, which 

restricts excessive changes in volume, thereby stabilizing the 

polymer against mechanical deformation and improving the 

accessibility of electrolytes.9,10 Having said that, efficient infil-

tration of monomers and oxidants into the internal pore archi-

tecture remains a key challenge to be overcome for templated 

polymer growth.

Conventional liquid phase polymerization can lead to an 

inhomogeneous deposition of the PPy, as the diffusion of the 

monomers as well as the oxidant into the pores is not effi-

cient.11-13 This results in the deposition of the polymers mostly 

on the outer surface of the porous substrate, while the available 

surface area inside remains largely unutilized. Vapor phase 

polymerization (VPP), a more efficient alternative, is used for 

the preparation of conducting polymer films.14,15 The process 

involves the use of an oxidant-coated substrate on which the 

vapor of the monomers is passed, thus ensuring a uniform dif-

fusion of the vapor, which leads to the deposition of the poly-

mers with significantly less agglomeration of the polymers as 

compared to the liquid phase process.

The combination of VPP and porous templates like silica has 

the potential to produce evenly distributed conducting polymer 

networks with a high surface area.16 A crucial factor for the 

success of VPP in a porous material is the effective and uni-

form distribution of the oxidative agent inside the pores. If the 

oxidative agent is confined to the exterior surface or to small 

areas in the material, polymerization will occur only in those 

areas. Thus, a major volume of the pores will not be utilized. 

Some methods that have been adopted to improve the infiltration 

of oxidative agents inside a porous material are ultrasonication, 

vacuum impregnation, and pressurization.17-19 In ultrasonication, 

the increase in mass transport is facilitated due to the formation 

of cavitation bubbles. Pressure-assisted infiltration has also 

been used, where a positive pressure is applied externally to fur-

ther force the oxidant solution into the porous substrate. Each 

of these techniques has its own advantages and disadvantages, 

such that sonication can be beneficial in increasing infiltration 

while also introducing defects, vacuum impregnation is bene-

ficial for pore filling while introducing problems of non-uni-

formities of oxidant distribution, and pressure-assisted techniques 

are beneficial for deeper penetration while requiring precise 

pressure adjustment to avoid pore collapse and non-uniformi-

ties of oxidant distribution. Moreover, there is limited research 

on the correlation between oxidant distribution followed by 

polymerization and its impact on electrochemical activity or 

SC performance. Whereas numerous studies have been made 

regarding VPP onto porous substrates,20-22 most literature deals 

with a single approach to infiltrate oxidant, without providing 

direct comparisons under identical conditions, which restricts 

mechanistic insight.

In this study, we systematically examined the role of various 

methods for introducing iron(III) p-toluenesulfonate (FTS) oxi-

dants into porous silica template, followed by dynamic vapor 

phase polymerization (D-VPP) of PPy. In the D-VPP process, 

pyrrole (Py) monomers are delivered in the vapor phase and 

polymerize upon contact with the oxidant-coated substrate, 

enabling controlled PPy growth, improved infiltration into porous 

structures, and uniform coating under well-defined reaction 

conditions. By using sonication, pressure-assisted infiltration, 

and vacuum impregnation to infiltrate the internal pores with 

oxidants for D-VPP, we expected to examine the various roles 

and effects played by the methods on oxidant distribution, PPy 

structure, and, consequently, electrochemical performance. The 

findings offer a systematic basis for understanding and tailoring

conducting polymer incorporation within porous host materials 

for energy storage applications.

Experimental

Materials and Reagents. The mesoporous silica used in this     

study was SP2408HT (pore volume = 1.5 mL·g1, surface area =

295 m2·g1) purchased from Grace (USA). FTS from Sigma-

Aldrich (USA) was used as the oxidant. Potassium hydroxide 

(KOH, 99.9%, pellets), ethanol (99.9%) from Samchun Pure 

Chemical (Republic of Korea) was used as the solvent for pre-

paring the oxidant solution. Py (99%) monomer was obtained 

from Acros (USA). Ultrasonic treatment was carried out using 

a POWERSONIC 410 unit (40 kHz), and pressure pretreatment 

was performed in an autoclave reactor (Hanwoole Engineering, 

Republic of Korea). Vacuum pretreatment was conducted using 
폴리머, 제50권 제4호, 2026년
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a TRP-12 vacuum pump and a vacuum desiccator. A 6 M KOH 

aqueous solution was used as the electrolyte.

Silica Pretreatment Process. An FTS 10 wt% solution was        

prepared by dissolving 1.8 g of FTS in 18 g of ethanol (22.8 mL)

in a beaker and stirring at 800 rpm for 10 min using a magnetic 

stirrer until the FTS was completely dissolved. Subsequently, 

0.5 g of silica was added to 20 mL of the FTS solution and 

stirred for 12 h. The resulting mixture was then subjected to 

three different pretreatment methods. For the pressure-based 

pretreatment (pressurization), the autoclave reactor was oper-

ated at 10 bar for 1 h so that the oxidant solution was forced into 

the interior of the pores. For the ultrasound-based pretreatment 

(ultrasonication), the mixture was treated for 1 h in an ultrasonic 

cleaner (40 kHz), where cavitation and microstreaming pro-

moted the penetration of the oxidant solution into the pores. 

For the vacuum-assisted pretreatment (vacuum-assisted infil-

tration), the sample was kept under vacuum at −0.1 MPa for 1 h

in a vacuum desiccator, and the vacuum was then rapidly released 

so that the solution was drawn into the pores as the pressure 

returned to ambient. After each pretreatment, the samples were 

washed to remove residual FTS from the surface by mixing with 

ethanol and centrifuging at 3000 rpm for 3 min, repeated five 

times. The washed samples were then dried in a drying oven at 

60 °C for 12 h to remove ethanol, yielding silica that was ready 

for subsequent PPy polymerization.

Polymerization of PPy Using D-VPP Process. D-VPP      

was carried out using a fluidized-bed reactor (FBR) setup. The 

porous oxidant-coated silica powder was placed on a porous 

distributor plate at the bottom of the reactor, beneath which an 

inverted glass funnel was installed. Nitrogen gas was introduced 

at the base of the reactor and rose through the porous plate to 

fluidize the powder and allow it to be exposed evenly to Py 

monomer vapor. During the course of polymerization, the mono-

mer Py was kept in another container, which was connected to 

the nitrogen line, to permit the carrier gas to carry Py vapor into 

the reactor. The fluidized particles of silica were continuously 

exposed to the incoming Py vapor, which ensured efficient 

gas–solid contact and uniform deposition of PPy on the surface 

as well as within the pores of the silica particles. The fluidized 

bed offers greater advantages over the static VPP process, which 

suffers from low mass transfer and clogging during polymer-

ization within the pores.

For comparison, all samples were polymerized under iden-

tical VPP conditions. The samples were placed in the fluidized-

bed reactor and exposed to nitrogen-carried Py vapor, preheated 

to 25 °C, at a flow rate of 10 cc min1 for 20 min. The resulting 

PPy–silica composites obtained under different pretreatment 

conditions were denoted as silica–PPy–p (pressure-treated), sil-

ica–PPy–u (ultrasonically treated), and silica–PPy–v (vacuum-

treated). Pristine porous silica without pretreatment or polym-

erization was used as a control.

Electrochemical Characterization. The composition of the     

electrodes is a mixture of silica-PPy with carbon black (CB) as 

a conductive additive and poly-vinylidene fluoride (PVDF) as 

a binder. The above materials are mixed in a composition of 

80% active materials, to 10% of CB, and 10% of PVDF. To pre-

pare this mixture well, 2 mL of N-methyl-2-pyrrolidone (NMP) 

is to be added to it. The mixture is then magnetically stirred at 

800 rpm for 10 minutes. This is further processed in an ultra-

sonic bath (40 kHz) at 30 minutes. This step should provide a 

well-prepared mixture or slurry. This mixture is evenly deposited 

as a layer on nickel foam with a radius of 0.5 cm, acting as a 

current collector. The electrodes are kept totally dry at 80 °C for 

12 h. For making SC, two identical electrodes are placed in split 

cells separated by Whatman filter paper. The cells are pressed 

between metal plates with spring support to provide proper 

electrical contacts.

The electrochemical measurement was performed with a 

potentiostat SP-150 (BioLogic, France) and a 6 M KOH aqueous 

solution. Electrochemical property tests of the samples included 

cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), 

and electrochemical impedance spectroscopy (EIS). For CV 

tests, the potential range was 0 to 0.8 V, and the GCD tests also 

included a range from 0 to 0.8 V. EIS tests included the appli-

cation of an AC current of 100 µA at a sweep range from 100 

kHz to 0.1 Hz. The cycle stability and coulombic efficiency for 

1–10000 cycles were measured through the charging and dis-

charging test.

Morphological and Chemical Characterization. The mor-     

phology of the synthesized PPy composites was examined using 

transmission electron microscopy (TEM; JEM-F200, JEOL, 

Japan, operated at 200 kV) and field-emission scanning electron 

microscopy (FE-SEM; MIRA LMH, TESCAN, Czech Repub-

lic, operated at 20 kV with a beam current of 7 µA). Elemental 

composition was analyzed by energy-dispersive X-ray spec-

troscopy (EDS; XFlash Detector 5010, Bruker, USA). Func-

tional groups were identified using Fourier transform infrared 

spectroscopy (FTIR; Spectrum Two, PerkinElmer, USA) recorded

in the range of 500–4000 cm1 using the KBr pellet method. 

Chemical bonding states were investigated by X-ray photo-

electron spectroscopy (XPS; K-Alpha, Thermo Fisher Scientific, 

USA). Thermogravimetric analysis (TGA; Pyris 1 TGA, Perki-
 Polym. Korea, Vol. 50, No. 4, 2026
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nElmer, USA) was conducted under a nitrogen atmosphere 

over a temperature range of 100–900 °C to evaluate mass changes 

and thermal stability. The pore structure and surface area were 

characterized by Brunauer–Emmett–Teller (BET) analysis using 

N₂ adsorption–desorption isotherms measured at 77 K (ASAP 

2020, Micromeritics, USA).

Results and Discussions

Synthesis of Composites. Several techniques for intro-      

ducing oxidants before polymerization were investigated in 

order to demonstrate the effects of oxidant distribution during 

the VPP of PPy inside a porous silica matrix. In these methods, 

sonication, pressure-assisted infiltration, and vacuum impreg-

nation were employed to introduce the oxidant into the internal 

pores of the silica matrix prior to PPy polymerization using D-

VPP (Figure 1). The methods were selected because they serve 

to create diverse mass transport processes. In sonication, oxi-

dants are introduced into the matrix using microstreaming cav-

itation. In vacuum impregnation, introduction into the matrix is 

facilitated by the removal of air bubbles. In pressure-assisted 

infiltration, the oxidants are forced into the matrix. As a result, 

each approach is expected to generate different oxidant distri-

butions within the silica matrix, which in turn strongly affects 

PPy nucleation, growth location, and coating uniformity during 

D-VPP. In D-VPP, Py vapor diffuses toward oxidant-impreg-

nated substrates, where oxidative polymerization is initiated 

locally, resulting in a controlled buildup of PPy that extends into 

porous frameworks and yields conformal coatings under reg-

ulated processing conditions. We hypothesize that variations in 

oxidant accessibility within the pores lead to significant differ-

ences in polymer morphology, pore coverage, and interfacial 

contact between PPy and silica. By comparing the structural 

and electrochemical properties of the resulting composites, the 

role of oxidant infiltration in governing the internal architecture 

and performance of PPy–silica electrodes can be clearly estab-

lished.

SEM Analysis. SEM analysis was performed to investigate     

the surface morphology of pristine silica and silica–PPy–p, silica–

PPy–u, and silica–PPy–v composites after oxidant pretreatment 

followed by D-VPP of PPy. Accordingly, Figure 2(a)-(c) depicts 

that the surface of pristine silica is rather smooth and homo-

geneous. After PPy polymerization, all silica–PPy samples exhibit 

a significant increase in the roughness of their surface morphol-

ogy, thus confirming the structural changes. No major mor-

phological differences are clearly distinguishable at the SEM 

scale among the three types of silica–PPy samples, though subtle 

variations might be remarked on in their surfaces. These subtle 

differences are manifested in various ways, such as through the 

extent of surface roughness and polymer agglomeration. Of note, 

silica–PPy–p has a relatively more uniform and porous-like 

morphology, indicating that more homogeneous growth of PPy 

occurred (Figure 2(d)-(f)). In contrast, silica–PPy–u and silica–

PPy–v have slightly higher extents of agglomeration and less 

homogeneous features (Figure 2(g)-(i)). In general, the SEM 

observations revealed that different oxidant pretreatment approaches 

yielded minor modifications in the surface morphology of PPy 

while maintaining similar external features.

EDS analysis was carried out to identify the elemental com-

position of pristine silica and PPy-coated composites. Indeed, 

as shown in Table 1, the pristine silica is dominated by the ele-

ments Si and O, while C, N, S, and Fe could only be detected in 

trace quantities. In contrast, all pretreated samples silica–PPy–p,

silica–PPy–u, and silica–PPy–v exhibit a noticeable increase in 

nitrogen content, which serves as a key indicator of successful 

PPy incorporation, as nitrogen is a characteristic element of 

Figure 1. Schematic representation of the preparation process for different silica-PPy composites under different pretreatment conditions.
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PPy. Rather than emphasizing differences among the samples, 

Table 1 confirms that the application of any pretreatment method 

effectively enables PPy formation, imparting the fundamental 

compositional features of PPy–silica composites to all samples.

TEM-EDS Analysis. The microstructural features of pris-      

tine silica and the pressure-treated PPy composite (silica–PPy–

p) were further examined by TEM and TEM–EDS analysis, as 

shown in Figure 3. The pristine silica (Figure 3(a) and (b)) has 

a fairly uniform contrast with loosely packed domains at a 

nanoscale level. This indicates that it has an amorphous porous 

silica structure. The TEM-EDS elemental map of the pristine sil-

ica (Figure 3(c)) shows very small amount of C, N, S, and Fe. 

The TEM images of silica-PPy-p sample showed variation in 

contrast, which is more prominent, and there exist dark areas 

around the silica domains (Figure 3(d) and (e)). The dark areas 

indicate the development of a thin polymer film on the surface 

of the silica domains as well as within the pores.23

Figure 3(f) shows the TEM–EDS mapping of silica–PPy–p, 

indicates a homogeneous spatial distribution of C and N, char-

acteristic elements of PPy, along with S and Fe originating from 

the dopant species. These elements are uniformly dispersed across 

the silica framework, confirming the successful incorporation 

of PPy in it and further indicating that pressure-assisted pre-

treatment allows for effective oxidant infiltration into the porous 

network, hence allowing for controlled PPy growth inside the 

silica structure rather than localized accumulation on the sur-

Figure 2. (a–c) SEM images of pristine silica at different magnifications; (d–f) SEM images of silica–PPy-p at different magnifications; (g–

i) SEM images of silica–PPy-u at different magnifications; (j–l) SEM images of silica–PPy-v at different magnifications.

Table 1. Elemental Composition (wt%) of Silica-based Materials Before and After Vapor-polymerization, Obtained from SEM-

EDS Analysis

Element % by weight

Sample C O Si N S Fe Total

Silica 6.56 40.04 50.68 2.49 0.05 0.18 100

Silica-PPy-p 7.00 41.86 47.60 2.74 0.18 0.62 100

Silica-PPy-u 9.15 42.82 44.21 3.10 0.19 0.53 100

Silica-PPy-v 6.83 38.32 50.78 3.33 0.22 0.52 100
 Polym. Korea, Vol. 50, No. 4, 2026
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face. These results offer strong evidence that the presence of 

pressure-assisted pretreatment leads to efficient oxidant pene-

tration into the silica matrix, favoring the growth of PPy through 

the nucleation process in the vapor-phase polymerization.

FTIR and XPS Analysis. Figure 4 shows the FTIR and XPS          

results employed to interpret the chemical composition of pris-

tine silica as well as the surface interaction of PPy coatings on 

pristine silica. The FTIR spectra of pristine silica (Figure 4(a)) 

show characteristic absorption peaks at ~1630 cm1 due to the 

bending vibration of Si–OH and at ~805 cm1 due to the bending 

of the Si–O–Si vibration of silica.23,24 However, all PPy-coated 

samples (silica-PPy-p, silica-PPy-u, and silica-PPy-v) display 

the new appearance of the bands at 1560 cm1 and 740 cm1, 

a PPy ring C=C bond vibration mode, and a PPy ring C-H out-

of-phase bending, respectively.25 The observation of these new 

absorption bands indicates successful PPy growth on pristine 

silica templates. Moreover, the result indicates that PPy synthe-

sis occurs regardless of the sample pretreatment process.

The XPS analysis further assists in understanding the surface 

chemical states and interfacial composition. The high-resolution 

Si 2p spectrum of pristine silica (Figure 4(b)) can be differ-

entiated into Si-O-Si and Si-OH bonds, representing the silox-

ane bonds and surface hydroxyl groups.26 The N 1s and Fe 2p 

spectra of pristine silica (Figure 4(c) and (d)) reveal no nitrogen 

presence. For the silica-PPy-p composite (Figure 4(e)), there is 

a minor broadening and emergence of new peaks in the Si 2p 

spectrum, which are ascribed to modified Si-O bonds. This is 

ascertained to be an indication of interfacial reactions occurring 

at the interface between the silica surface and the deposited PPy 

layer. Conversely, in the case of the silica-PPy-p composite (Fig-

ure 4(f)), well-resolved N 1s peaks are identified and assigned 

to neutral N-H bonds and positively charged N+ bonds, which 

are representative of doped polymeric chains in PPy.27 Inclu-

sion of Fe ions within the chains of PPy is evident from the Fe 

2p spectra (Figure 4(g)), which show the existence of Fe ions 

only after the polymerization with Fe ions.28 This Fe ion con-

firms the incorporation of FTS oxidant into silica matrix.

The FTIR and XPS spectra together support the successful 

incorporation of oxidant and PPy formation which resulting in 

intimate interfacial contact with the silica framework. Preser-

vation of the silica-related features with the emergence of PPy-

specific signals indicates that PPy is being conformally depos-

ited onto the silica without the disruption of the structure, while 

the presence of doped nitrogen species supports the formation 

of an electrochemically active PPy phase. 

BET and TGA Analysis. Changes in the silica pore structure     

induced by the incorporation of PPy were clearly identified by 

nitrogen adsorption–desorption measurements using BET anal-

Figure 3. (a, b) TEM images of silica recorded at different magnifications; (c) TEM-EDS elemental mapping of silica showing the distri-

butions of C, N, S, and Fe; (d, e) TEM images of silica–PPy-p at different magnifications; and (f) TEM-EDS elemental mapping of silica–

PPy-p (C, N, S, and Fe). Only these four elements are presented to clearly highlight the compositional differences between pristine silica and 

the PPy-modified silica sample.
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ysis. In Figure 5(a), silica, silica-PPy-p, silica-PPy-u, and silica-

PPy-v all exhibit a typical type IV isotherm with an H4 hys-

teresis loop characteristic of mesoporous silica.29 In all silica-PPy 

samples, the overall adsorption–desorption volume decreases 

compared with silica, which can be interpreted as a result of PPy 

partially occupying the pore walls and internal spaces, thereby 

restricting nitrogen adsorption.30 Corresponding differences are 

also observed in the pore-size distribution curves shown in 

Figure 5(b).

While pristine silica shows the largest pore volume, all sil-

ica–PPy samples exhibit reduced pore volumes over the mea-

sured range, suggesting that some of the pores were partially 

occupied or coated by PPy. BET analysis results are summa-

rized in Table 2. Pristine silica exhibited a specific surface area 

of 280.94 m2·g1 and a pore volume of 1.50 cm3·g1. Compared with

pristine silica, all three silica–PPy samples showed reduced 

specific surface area and pore volume. The decreases in spe-

cific surface area were 47.56, 35.02, and 39.18 m2·g1 for silica–

PPy–p, silica–PPy–u, and silica–PPy–v, respectively, while the 

corresponding decreases in pore volume were 0.21, 0.17, and 

0.20 cm3·g1. Among the three pretreated samples, silica–PPy–p

showed the largest decreases in both specific surface area and 

pore volume, indicating the greatest reduction in accessible pore 

structure after PPy incorporation. In contrast, the average pore 

Figure 4. (a) FTIR spectra of silica samples prepared under different pretreatment conditions; high resolution XPS spectra of silica; (b) Si 

2p; (c) N 1s; (d) Fe 2p; high resolution XPS spectra of silica-PPy-p; (e) Si 2p; (f) N 1s; (g) Fe 2p.
 Polym. Korea, Vol. 50, No. 4, 2026
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size remained within a similar range (15.4–15.9 nm), which 

may be attributed to the relatively broad pore-size distribution 

of the amorphous silica framework. This suggests that PPy was 

introduced mainly through partial pore filling or pore-wall 

coating rather than complete pore blockage or collapse of the 

silica framework.

With the changes in surface area and pore structure estab-

lished from the BET results, the TGA analysis, as shown in 

Figure 6(a,b), was utilized in order to determine the quantity 

variation of the polymers as well as the oxidant added in the 

samples. Silica shows only a very slight weight loss over the 

entire temperature range, reflecting the thermal stability of a 

material that possesses only the pore framework.31 In contrast, 

the three pretreated samples (silica–PPy–p, silica–PPy–u, sil-

ica–PPy–v) commonly exhibit weight loss due to the thermal 

decomposition of the polymer and residual oxidant components. 

This result indicates that PPy has been introduced into the sil-

ica structure regardless of whether pretreatment is applied. Fig-

ure 6(b) shows the differences in mass fraction at 700 °C relative 

to the initial sample mass, and the inset graph presents the dif-

ferences in mass fraction for each pretreatment method com-

pared with silica. Silica–PPy–p (10.1 wt%) exhibits a higher 

weight loss ratio than silica–PPy–u (7.5 wt%) and silica–PPy–v

(8.3 wt%), indicating that a larger amount of PPy is introduced 

into the pores. This trend is consistent with the BET results, 

where the decreases in specific surface area and pore volume 

follow a similar order, supporting that larger reductions in acces-

sible pore structure are associated with higher PPy loading 

within the mesoporous silica. Based on the combined results 

from BET and TGA analyses, it is confirmed that the pressure-

based method acts as the most effective means to improve the 

accessibility and efficiency of polymer loading within the pores.

Electrochemical Performance. Next, the electrochemical    

properties of the silica–PPy composites prepared by different pre-

treatment methods were measured and compared in two elec-

trode system. Various techniques, including CV, GCD, EIS, Ragone 

plots, and long-term charge–discharge tests, were carried out 

on the obtained composites. The CV parameters measured the 

highest current-potential region for silica-PPy-p among the four 

samples (Figure 7(a)). This indicated superior charge storage 

Figure 5. (a) BET analysis of nitrogen adsorption-desorption isotherm; (b) corresponding pore-size distribution curves of silica, silica–PPy–p, 

silica–PPy–u, and silica–PPy–v.

Table 2. Comparison of Specific Surface Area, Pore Volume, and Pore Size of Silica, Silica–PPy-p, Silica–PPy-u, and Silica–PPy-v 

Obtained from BET Analysis

Sample Surface area (m2/g)ᵃ Pore volume (cm3/g)ᵇ Pore size (nm)ᶜ

Silica 280.94 1.50 15.6

Silica-PPy-p 233.38 1.29 15.9

Silica-PPy-u 245.92 1.33 15.4

Silica-PPy-v 241.76 1.30 15.7

aSurface area calculated by the Brunauer-Emmett-Teller (BET) method from N2 adsorption isotherms in the range of p/p0 = 0.05-0.30; bTotal pore    

volume calculated from the N2 adsorption isotherm data at p/p0 = 0.99; cPore size calculated by the Barrett-Joyner-Halenda (BJH) method.
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capability. Silica−PPy−u and silica−PPy−v showed a similar CV 

area, while pristine silica exhibited the smallest area, indicating 

the lowest electrochemical activity. This is consistent with the 

idea that the amount of PPy introduced into the pores during 

the pretreatment step influences the CV characteristics directly. 

The same performance order was demonstrated by GCD analysis 

(Figure 7(b)). Silica–PPy–p exhibited the longest discharge time 

(51.9 s) and the highest specific capacitance (648.6 mF g1) at 

Figure 6. (a) Weight-loss profiles from TGA analysis of silica and all silica-PPy composites under N2 atmosphere with heating rate of 10 °C/

min; (b) wt. loss % of all samples; inset shows net wt. loss % of all samples. 

Figure 7. Electrochemical performance of silica, silica–PPy-p, silica–PPy-u, and silica–PPy-v evaluated in a two-electrode configuration: (a) 

CV curves; (b) GCD profiles; (c) EIS Nyquist plots; (d) cycling stability of all samples (inset representative GCD curves at selected cycle 

numbers).
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10 mA/g, showing the best capacitive performance among the 

four samples. Silica–PPy–u (381.4 mF·g1 at 10 mA·g1) and sil-

ica–PPy–v (350.0 mF·g1 at 10 mA·g1) also resulted in enhanced 

capacitance with respect to the pristine silica counterpart (211.0 

mF·g1); however, the loading effect driven by the pressure-based 

pretreatment was not attained. Because PPy is generally insoluble 

and infusible, and because conventional GPC-based molecu-

lar-weight characterization is often challenging for conjugated 

polymers, direct molecular-weight determination was not feasi-

ble for the pore-confined PPy formed in this system.32,33 Accord-

ingly, the superior electrochemical performance of silica–PPy–p

is discussed here mainly in terms of relative PPy incorporation 

and pore utilization, as inferred from the BET, TGA, and elec-

trochemical results. In the EIS analysis, silica–PPy–p showed 

the steepest slope in the Nyquist plot, indicating the lowest dif-

fusion resistance (Figure 7(c)). The coulombic efficiency remains 

relatively equal for all samples irrespective of the pretreatment 

process, and this suggests equal long-life cycles (Figure 7(d)). 

In addition to this, by analyzing the GCD features of silica-PPy-

p for cycles 101-105, 1001-1005, 5001-5005, and 9001-9005, 

it could be seen that there was no deviation in the voltage-time 

relationship (inset Figure 7(d)). Thus, from all the electrochemical 

tests, it could be concluded and supported that the pressure-

based pretreatment technique exhibits the highest ability to 

insert PPy into the pores in the silica matrix to deliver greater 

storage capabilities, ion mobility, power capability, and cyclabil-

ity. This could be justified from the above studies by taking 

into account the structural and chemical features identified by 

TEM, EDS, FTIR/XPS, and BET/TGA studies.

Conclusion

In this study, pressure, ultrasonic, and vacuum pretreatments 

were applied to mesoporous silica to compare oxidant penetration 

and PPy polymerization behavior. PPy incorporation was con-

firmed for all pretreated samples, and among them, the pres-

sure-based pretreatment led to the greatest penetration of oxidant 

into the pores and the highest level of PPy formation. Conse-

quently, silica–PPy–p exhibited the most pronounced structural 

changes and showed the highest specific capacitance, superior 

ion transport properties, and stable charge–discharge behavior 

in electrochemical evaluations. This work verifies that the pre-

treatment process is a key factor in improving the structure and 

electrochemical properties of silica-PPy composites, among 

which the pressure pretreatment is the most efficient one. The 

relation between the pretreatment process and the in-pore induc-

tive polymerization process discussed above will set up a new 

guide for the preparation of electrodes based on mesoporous 

materials, which can be adopted as a highly efficient strategy 

for the fabrication of high-performance, long-cycle lifetime 

SCs in the future.
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