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초록: 본 연구에서는 폴리아닐린(PANi)과 피트산(phytic acid)을 이용한 나노 TiO2의 표면 개질을 통해 광촉매 성능을             

향상시키는 새로운 친환경적 접근법을 제시한다. 나노 TiO2 전극을 희석된 PANi/피트산 용액에 침지함으로써, -H2PO4            

기는 TiO2 표면과 수소 결합을 형성하는 동시에 아닐린 단량체와 가교되어 균일한 전도성 박막을 형성하였다. 이 계               

면 구조는 전극의 안정성을 크게 향상시켰으며, 음전하를 띠는 TiO2와 양전하를 띠는 PANi 간의 정전기적 상호작용은              

효율적인 전하 전달을 촉진하여 견고한 전도성 네트워크를 구축하였다. 그 결과, PANi/피트산으로 개질된 나노 TiO2는             

향상된 광촉매 활성과 우수한 전기화학적 내구성을 나타내었으며, 이는 기존 TiO2의 낮은 전하 분리 효율 및 제한적               

인 광 활용성을 효과적으로 극복하였다. 본 복합체는 태양광 기반 수소 생산을 위한 저비용 및 대규모 적용 가능 플                 

랫폼으로서 높은 잠재력을 지니며, 지속가능한 재생에너지 기술 발전에 기여할 수 있을 것으로 기대된다.

Abstract: This study presents an innovative and environmentally sustainable approach to enhancing the photocatalytic 

performance of nano-TiO2 via surface modification with polyaniline (PANi) and phytic acid. Immersion of Nano-TiO2 

electrodes in a highly diluted PANi/phytic acid solution allowed -H2PO4 groups to form hydrogen bonds with the TiO2

surface and simultaneously crosslink with aniline monomers, resulting in a conformal, conductive thin layer. This inter-

facial structure significantly improved electrode stability. Furthermore, electrostatic interactions between negatively 

charged TiO2 and positively charged PANi facilitated efficient charge transfer, forming a robust conductive network 

around the TiO2 particles. The PANi/phytic acid-modified Nano-TiO2 exhibited enhanced photocatalytic activity and elec-

trochemical durability, effectively addressing the limitations of conventional TiO2, including poor charge separation and 

limited light utilization. This composite demonstrates strong potential as a scalable, low-cost platform for solar-driven 

hydrogen production, contributing to the advancement of sustainable and renewable energy technologies.

Keywords: photocatalyst, polyaniline, phytic acid, water splitting, hydrogen.

Introduction

Global industrialization and its dependence on nonrenew-

able energy sources have significantly elevated greenhouse gas 

emissions, accelerated global warming, and contributed to 

widespread environmental degradation.1-4 CO2 emissions from 

fossil fuels are expected to increase by 50% by 2050, further 

exacerbating severe environmental issues including biodiversity 

loss, prolonged droughts, catastrophic floods, rampant wildfires,

ocean acidification, polar ice melting, and rising sea levels. In 

response to this crisis, the 2015 Paris Agreement, endorsed by 

197 nations, established a global framework for coordinated 

climate action beyond 2020. Achieving the objectives of the 

Agreement requires reducing CO2 emissions and actively remov-

ing atmospheric CO2. Achieving net-zero or even negative emis-

sions necessitates the implementation of multifaceted strategies 

that span the social, economic, environmental, and technolog-

ical domains, with a strong focus on adopting renewable energy, 

improving energy efficiency, and developing innovative carbon 

mitigation technologies. Technological and industrial innova-

tions play a pivotal role in advancing climate strategies.5 Key 

measures include reducing the overall energy consumption, 
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accelerating the transition to renewable energy sources, mini-

mizing dependence on fossil fuel-derived carbon, and empha-

sizing waste recycling and reuse. Among these strategies, the 

transition to renewable energy resources, including biomass, 

hydropower, hydrogen, geothermal, solar, wind, and marine 

energies, is widely regarded as the most direct and effective 

pathway for mitigating carbon emissions and addressing 

global climate challenges. These resources are categorized as 

primary, domestic, and environmentally sustainable, and pro-

vide clean and inexhaustible alternatives to conventional energy 

sources.6-9

Among the renewable energy options, hydrogen stands out 

because of its high specific energy density, delivering approx-

imately three times the energy output of gasoline combustion 

per unit mass. Moreover, hydrogen can be produced from diverse 

feedstocks including water, oil, natural gas, biofuels, and sew-

age sludge, offering flexibility in production methods. Further, 

water is an abundant and globally available resource that pro-

vides a sustainable pathway for hydrogen production and ensures 

long-term viability.10,11

Currently, hydrogen is predominantly produced through the 

steam reforming of natural gas and coal gasification. Although 

efficient, these methods rely on finite resources and emit sig-

nificant amounts of CO2. A more environmentally friendly 

approach involves the direct extraction of hydrogen from water 

molecules, which generates no harmful byproducts. However, 

this reaction is thermodynamically demanding and requires a 

substantial energy input.12,13 Water electrolysis powered by renew-

able energy sources such as hydropower, wind, or solar energy 

has been explored as a green method for hydrogen produc-

tion.14,15 Although effective, these methods have high opera-

tional costs and limited efficiency. An alternative approach 

involves utilizing solar energy, which is an abundant and uni-

versally accessible resource, to directly photolyze water mol-

ecules. By emulating the natural photosynthetic processes, this 

method offers a straightforward and cost-effective route for 

converting solar energy into hydrogen.16,17

The first successful demonstration of water splitting into 

hydrogen and oxygen by Fujishima and Honda in 1972, using 

TiO2 as a photocatalyst under UV light, spurred extensive 

research into semiconductors for solar-driven water photoelec-

trolysis. Despite the ongoing exploration of alternative mate-

rials, TiO2 remains a highly favored photocatalyst owing to its 

advantageous properties including nontoxicity, abundance, 

affordability, chemical stability, and exceptional photocatalytic 

performance. Furthermore, its adaptability for nanostructuring 

into diverse morphologies, such as porous structures, nanosheets, 

fibers, and nanotubes, has established its role in applications 

such as water splitting, pollutant degradation, photovoltaics, 

energy storage, and pigments.18,19 However, TiO2 has limita-

tions in photocatalytic applications. Its wide bandgap (2.6~3.4 

eV) restricts light absorption to the UV spectrum, which com-

prises only a small fraction of the solar spectrum.20 Additionally, 

the rapid recombination of charge carriers reduces the overall 

efficiency. Addressing these challenges requires the develop-

ment of innovative semiconductor designs with optimized band 

structures, broad spectral sensitivities, and high operational sta-

bilities.21,22

To overcome these challenges, researchers have explored a 

range of modification techniques, such as doping TiO2 with met-

als or non-metals, depositing noble metals, creating composites 

with narrow-bandgap semiconductors, and sensitizing them 

with dyes. Recently, π-conjugated polymers have emerged as a 

promising alternative, given their ability to absorb visible light 

effectively, their high electrical conductivity, and their efficient 

charge transfer capabilities. Among these materials, polyani-

line (PANi) is notable for its ability to enhance the electronic 

and photocatalytic properties of TiO2. In addition, its simple and 

cost-effective synthesis, as well as its exceptional environmental 

stability, make PANi a compelling option for developing 

high-performance and eco-friendly TiO2-based photocatalytic 

systems.23-25

This study demonstrates the synthesis of PANi/phytic acid 

on Nano-TiO2 surfaces using a simple, cost-efficient, and envi-

ronmentally friendly method aimed at improving photo-cata-

lytic performance. During the direct polymerization process, 

the immersion of the Nano-TiO2 electrodes in a highly dilute 

solution enabled the -H2PO4 groups in the phytic acid structure 

to partially form hydrogen bonds with the Nano-TiO2 surface, 

significantly enhancing cycling stability.26 This interaction 

facilitated the development of a uniform phytic acid coating, 

which subsequently crosslinked with aniline monomers during 

polymerization to form a partial conductive layer. In addition, 

the negatively charged Nano-TiO2 surface likely engaged in 

electrostatic interactions with the positively charged PANi doped 

with phytic acid. The robust bicontinuous conductive network 

resulting from these interactions encapsulates the TiO2 parti-

cles, thereby enhancing both photocatalytic activity and cycling 

stability. The integration of PANi/phytic acid into Nano-TiO2

represents a significant advancement in the development of 

high-performance photocatalytic systems.

Specifically, by addressing the intrinsic limitations of TiO2
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and harnessing the complementary properties of PANi, an 

ecofriendly and efficient solution involving so-lar-driven water 

splitting is achieved for hydrogen generation. These findings 

contribute to the broader goals of advancing renewable energy 

technologies and mitigating the impacts of climate change.

Experimental

Materials. TiO2 paste (Ti-Nanoxide T/SP) was supplied by       

Solaronix; phytic acid (50 wt% in water), aniline (ACS reagent, 

 99.5%), ammonium persulfate (ACS reagent,  98.0%), flu-

orine doped tin oxide coated glass (FTO glass, ~ 8 Ω/sq) and 

titanium (IV) chloride (TiCl4, 99.9% trace metals basis) by 

Sigma Aldrich. All chemicals were used without additional 

purification.

Preparation for PANi/phytic Acid on Nano-TiO2 Electrode.      

An FTO glass substrate pretreated with O2 plasma was immersed 

in a 40 mM aqueous TiCl4 solution at 70 ℃ for 30 min, followed             

by rinsing with deionized water and ethanol. Subsequently, a 

layer of nanocrystalline TiO2 (Solaronix Ti–nano oxide T/SP) 

was applied to the FTO substrate, which was then dried at 120 ℃            

for 5 min. The resulting films were then annealed at 500 ℃ for            

10 min. This process (paste application, drying, and annealing) 

was repeated until the electrode attained the desired thickness. 

A Nano-TiO2 coated FTO glass substrate was immersed in 

5 mL of a reaction solution containing 50 mM aniline mono-

mer and 40 mM phytic acid for 1 h. Subsequently, 0.2 mL of 

an initiator solution consisting of 125 mM ammonium persul-

fate was added to the mixture. A color change from brown to 

dark green was observed within minutes, indicating the suc-

cessful polymerization of the aniline monomers to form PANi/

phytic acid. To achieve a thin layer, the two solutions were diluted 

100, 200, 400, and 500 times their original concentrations before 

performing subsequent experiments. The samples were desig-

nated based on the degree of dilution of the reaction solution 

as follows: Pristine TiO2 (undiluted), 100D Nano-TiO2 (diluted 

100 times), 200D Nano-TiO2 (diluted 200 times), 400D Nano-

TiO2 (diluted 400 times) and 500D Nano-TiO2 (diluted 500 times).

Characterization. Morphological analysis was performed    

using field-emission scanning electron microscopy (FE-SEM; 

S-4800, Hitachi Corp., Japan) and field-emission transmission 

electron microscopy (FE-TEM, Tecnai G2 F20 X-Twin, FEI), 

X-ray diffraction spectrometry (Normal XRD, D8 Advance, 

Bruker AXS, Billerica, MA, USA, with Cu Kα radiation). The 

structural characteristics were examined using Fourier-trans-

form infrared spectroscopy (FTIR, Nicolet 6700, Thermo Sci-

entific Corp., USA), X-ray diffraction (XRD, MXD10, Rigaku 

Corp., Japan), and laser scanning confocal micro-Raman spec-

troscopy (AFM-Raman, Alpha300s, WITec Corp., Germany). 

The thermal properties were evaluated by thermogravimetric 

analysis (TGA) using a TGA2050 instrument (TA Instruments, 

USA). The specific surface area was analyzed using nitrogen 

adsorption–desorption isotherms (ASAP 2420 instrument, 

Micromeritics at 77 K, Norcross, GA, USA).

Photoelectrochemical (PEC) Characterization. The pho-    

toelectrochemical (PEC) performance of the Nano-TiO2 elec-

trodes was analyzed using a three-electrode configuration under 

front-side illumination with simulated AM 1.5 G sunlight. A 

Ag/AgCl electrode and platinum mesh were used as the ref-

erence and counter electrodes, respectively, and 1 M NaOH 

served as the electrolyte. The exposed area of the working 

electrode was precisely controlled to 1.5 cm2 using a scotch tape. 

Photocurrent stability was evaluated by monitoring the photo-

current response under chopped light irradiation with alternat-

ing 10-second light and dark cycles. Electrochemical impedance 

spectroscopy (EIS) was performed over a frequency range of 

100 kHz to 0.1 Hz using a potentiostat at the open circuit 

potential under illumination.

Results and Discussion

To prepare the substrate, FTO glass was first thoroughly washed 

and pre-treated with O2 plasma to produce a clean, highly wet-

table surface. This step was critical for removing surface con-

taminants and ensuring optimal conditions for subsequent coating 

processes. The cleaned substrate was then immersed in a 40 mM

aqueous TiCl4 solution at 70 ℃ for 30 min, followed by care-     

ful rinsing with deionized water and ethanol to remove residual 

TiCl4. This mild treatment facilitated the homogeneous depo-

sition of a Nano-TiO2 layer on the FTO surface, significantly 

enhancing adhesion. This enhancement ensured the durability 

and reliability of the electrode in later applications.

A TiO2 paste (Ti-Nanoxide T/SP) was uniformly applied to 

the TiCl4-treated FTO glass substrate using a precise coating 

technique to achieve an even distribution across the surface, as 

described in earlier studies.27,28 The coated substrate was then 

dried at 120 ℃ for 5 min in a controlled manner to prevent     

structural collapse or cracking within the TiO2 film. Following this 

drying process, the Nano-TiO2 film was annealed at 500 ℃ for     

10 min under a controlled atmosphere to improve the crystal-

linity of the TiO2 particles, enhance adhesion to the substrate, 

and improve mechanical stability. This sequence of paste depo-
 Polym. Korea, Vol. 49, No. 6, 2025
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sition, drying, and annealing was repeated multiple times to 

incrementally build the thickness of electrode to the desired level 

without compromising its structural uniformity or integrity.

The TiO2-coated FTO glass substrate was then immersed in 

5 mL of a reaction solution containing 50 mM aniline mono-

mer and 40 mM phytic acid for 1 h. This process facilitated the 

interaction between the Nano-TiO2 surface and the reactants. 

Phosphate groups within the phytic acid were thought to inter-

act with the TiO2 surface via hydrogen bonding, aiding the 

polymerization process and enhancing the adhesion between 

the Nano-TiO2 substrate and the developing polymer layer. 

These interactions contributed to the improved structural integ-

rity and stability of the resulting composite material.

Following the immersion step, 0.2 mL of an initiator solution 

containing 125 mM ammonium persulfate was added to the 

reaction mixture. Ammonium persulfate acted as an oxidizing 

agent, initiating the oxidative polymerization of aniline mono-

mers to form PANi. Polymerization was visually confirmed by 

a color change from brown to dark green, indicating the tran-

sition from the oxidized aniline to the emeraldine salt form of 

PANi. This transformation occurred within minutes, signifying 

the successful synthesis of the polymer.

To achieve a thin and uniform PANi/phytic acid layer, the 

original reaction solutions containing aniline monomers and 

phytic acid were systematically diluted with deionized water to 

concentrations of 100, 200, 400, and 500 times their initial strength. 

This dilution strategy enabled precise control over the depo-

sition of the polymeric material, allowing for the formation of 

thinner and more uniform layers on the Nano-TiO2 substrate. 

This approach not only reduced the thickness of the PANi/phytic 

acid film but also optimized the photoelectrochemical proper-

ties of the Nano-TiO2 electrode.

The resulting PANi/phytic acid complex formed a conformal 

and conductive thin coating on the Nano-TiO2 surface, as illus-

trated in Figure 1.

The -H2PO4 groups in phytic acid form hydrogen bonds with 

hydroxyl groups on the Nano-TiO2 surface, thereby enhancing 

interfacial adhesion between PANi and Nano-TiO2. This improved 

bonding strengthens the mechanical integrity of the composite 

and increases its cycling stability. Additionally, phytic acid acts 

Figure 1. Schematic illustration for thin layer of PANi/phytic acid on Nano-TiO2 electrode.
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as a cross-linker during aniline polymerization, facilitating inter-

chain connections among PANi chains and resulting in a con-

formal, uniform conductive layer. This structure enhances electron 

transport and supports morphological stability. Furthermore, due 

to its doping ability, phytic acid induces a positive charge on 

PANi, enabling electrostatic interaction with the negatively 

charged Nano-TiO2 surface. 

FE-SEM and FE-TEM analyses were performed to evaluate 

the surface morphology and adhesion of the PANi/phytic acid 

layer on TiO2-coated FTO glass substrates. As depicted in Fig-

ure 2(a), the PANi/phytic acid coating exhibited a uniform, crack-

free morphology, indicating strong adhesion to the underlying 

TiO2 film. Figures 2(c) and (d) present the FE-TEM images of 

the synthesized TiO2 material, which reveal the formation of 

well-defined nanoparticles. FE-TEM, a highly advanced char-

acterization technique, provides precise in-sights into the sur-

face features of nanomaterials, including their shape, structural 

arrangement, and particle size distribution. The analysis con-

firmed the uniform morphology and nanoscale dimensions of 

the TiO2 particles, with an average size of approximately 50 nm, 

highlighting their critical role in influencing photocatalytic and 

electronic properties.

FE-SEM and FE-TEM analyses were performed to evaluate 

the surface morphology and adhesion of the PANi/phytic acid 

layer on TiO2-coated FTO glass substrates.

As depicted in Figure 2(a), the PANi/phytic acid coating 

exhibited a uniform, crack-free morphology, indicating strong 

adhesion to the underlying TiO2 film. Figures 2(c) and (d) present 

the FE-TEM images of the synthesized TiO2 material, which 

reveal the formation of well-defined nanoparticles. FE-TEM, a 

highly advanced characterization technique, provides precise 

insights into the surface features of nanomaterials, including 

their shape, structural arrangement, and particle size distribution. 

The analysis confirmed the uniform morphology and nanoscale 

dimensions of the TiO2 particles, with an average size of 

approximately 50 nm, highlighting their critical role in influ-

encing photocatalytic and electronic proper-ties.

By visualizing the material at the nanometer scale, FE-TEM 

enables a thorough under-standing of the structural and mor-

phological characteristics of the TiO2 material, facilitating the 

establishment of correlations between these attributes and its 

functional performance in diverse applications. This homoge-

Figure 2. (a) FE-SEM image of cross-section; (b) SEM-EDXA analysis for PANi/phytic acid on nano-TiO2, for PANi/phytic acid on nano-

TiO2; (c) and (d) FE-TEM images for pristine Nano-TiO2.
 Polym. Korea, Vol. 49, No. 6, 2025
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neity ensures the formation of a continuous conductive net-

work, which is vital for achieving electrochemical stability and 

enhanced performance. The overall thickness of the TiO2 elec-

trode, including the PANi/phytic acid layer, was measured to 

be approximately 7.6 µm, as shown in Figure 2(a). To confirm 

the successful synthesis and distribution of PANi within the 

Nano-TiO2 electrode, SEM-EDXA mapping was performed in 

the region marked with a red cross in Figure 2(a). Mapping 

analysis revealed a substantial presence of nitrogen (N) elements 

in the innermost regions of the TiO2 matrix, as shown in Figure 

2(b). The detection of nitrogen, a key element in PANi, con-

firmed that aniline monomers effectively infiltrated the porous 

structure of Nano-TiO2 during the immersion process. The 

subsequent oxidative polymerization resulted in a uniform 

PANi layer distributed throughout the TiO2 electrode. The 

uniform penetration and polymerization of PANi within the 

TiO2 matrix validated the synthesis procedure, confirming the 

creation of a robust electrode with enhanced electrochemical 

properties suitable for a range of applications.29

A representative XRD pattern of the TiO2 electrode deposited 

on an FTO glass substrate is shown in Figure 3(a) The XRD 

pattern features prominent diffraction peaks at 25.4° and 48.2°, 

corresponding to the (101) and (200) crystal planes of anatase 

TiO2, respectively (PDF Card No.: 01-073-1764). The anatase 

phase is widely regarded as the most photo-catalytically active 

form of TiO2, owing to its favorable electronic properties and 

high sur-face activity. The well-defined peaks in the XRD pat-

tern confirm the successful formation of a pristine Nano-TiO2

electrode with a highly crystalline anatase structure. This struc-

tural integrity is essential to ensure the efficiency of the elec-

trode in photocatalytic and photoelectrochemical processes.24,30

Figure 3(b) displays the BET analysis of Nano-TiO2, indicating 

a specific surface area of 43.5 m2/g. The interconnected porous 

network facilitates rapid diffusion of ions and molecules, improv-

ing the kinetics of electrochemical and photocatalytic pro-

cesses. porous network reduces the charge carrier migration path

length and supports efficient electron–hole separation, thereby 

minimizing recombination losses and enhancing charge trans-

port. Nanostructured porosity enhances light scattering and 

absorption, particularly beneficial in photocatalysis and photo- 

electrochemical applications, where photon utilization is criti-

cal. The pore size, volume, and morphology can be precisely 

tailored to suit specific application needs, while also reducing 

material density without compromising mechanical integrity.

Figure 3. (a) XRD pattern; (b) BET analysis for TiO2 electrode; (c) UV-vis spectra for PANi/phytic acid on nano-TiO2; (d) thermal gravimetric 

analysis (TGA) of pristine and 200D Nano-TiO2.
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After the deposition of PANi/phytic acid on Nano-TiO2, the 

UV-vis spectra (Figure 3(c)) displayed minimal differences 

among the prepared TiO2 electrodes.31 This can be attributed to 

the effective deposition of a very small amount of PANi/phytic 

acid (2.6%), as demonstrated in Figure 3(d). These findings sug-

gest that the PANi/phytic acid coating successfully enhanced 

the light absorption characteristics of the electrodes without 

significantly reducing the surface area of the nanoporous struc-

ture. A detailed depiction of the energy bandgap, derived from 

the light absorption properties, is provided in Figure 5.

Overall, these detailed analyses using FE-SEM, FE-TEM, 

SEM-EDXA, and XRD provide comprehensive evidence for 

the successful synthesis of PANi/phytic acid on Nano-TiO2 elec-

trodes with strong structural, morphological, and compositional 

integrity. These results highlighted the potential of these elec-

trodes for advanced electrochemical and photocatalytic appli-

cations.

Raman spectroscopy is a critical analytical technique for 

identifying the crystalline phases of TiO2, and complements 

XRD in providing a detailed structural analysis. The Raman 

spectra of the samples, shown in Figure 4(a), exhibit distinct 

peaks that are characteristic of TiO2. Specifically, the peaks at 

395 cm-1, 515 cm-1, and 638 cm-1, marked with blue stars, are 

attributed to the anatase phase of TiO2, confirming the pres-

ence of this highly photo-catalytically active phase in the sam-

ples.32,33 Notably, when the degree of dilution of the reaction 

solution increased, the Raman spectra in the TiO2 peaks remained 

largely un-changed, indicating that the PANi/phytic acid layer 

did not interfere with or alter the crystal structure of TiO2. How-

ever, the 100D sample displayed significant Raman signal scat-

tering, which was attributed to the deposition of an excessively 

thick PANi/phytic acid layer on the TiO2 surface, potentially 

affecting the quality of the signal due to light scattering effects.

The FT-IR spectra (Figure 4(b)) provide further evidence of 

the presence of PANi in the Nano-TiO2 electrodes prepared 

using various diluted reaction solutions. TiO2 is identified by 

two characteristic absorbance peaks in the (OH) stretching 

region (3100–4000 cm-1). The broad band at 3260 cm-1 corre-

sponds to weakly bonded hydroxyl groups, whereas the peak 

at 3747 cm-1 is associated with non-hydrogen-bonded hydroxyl 

groups, both of which are intrinsic features of the TiO2 surface. 

The PANi layer is clearly evidenced by specific absorbance 

peaks, including the band at 1308 cm-1, which is a distinct marker 

for C-N stretching, a characteristic vibration of PANi. Addi-

tionally, the peaks observed at 1567 cm-1 and 1390 cm-1 corre-

spond to the stretching vibrations of the quinoid and benzenoid 

rings, respectively, which are structural motifs of PANi. These 

spectral features confirmed that the PANi/phytic acid layer pre-

dominantly existed in the emeraldine form, which is the con-

ductive and electrochemically active form of PANi, rather than 

in the fully reduced leucoemeraldine or fully oxidized perni-

graniline forms.31,34,35

These results collectively confirm that the PANi/phytic acid 

layer was successfully polymerized and uniformly coated onto 

the TiO2 surface. Raman and FTIR analyses verified that the 

PANi/phytic acid layer adhered to the TiO2 electrode without 

altering its inherent crystalline properties. This finding high-

lights the stability of the PANi/phytic acid coating and its com-

patibility with the TiO2 electrode; the coating preserved the 

structural and functional integrity of the electrode while enhanc-

ing its photoelectrochemical properties.

The optical properties have great importance in the study of 

photocatalytic materials because optical property represents the 

number of photons which will be absorbed during photocatal-

ysis. Basically, the electronic structure and optical properties of 

prepared samples are analyzed by UV–vis spectroscopy. Tauc 

Figure 4. (a) Raman and (b) FTIR spectra of PANi/phytic acid on Nano-TiO2 electrode prepared using various diluted reaction solutions.
 Polym. Korea, Vol. 49, No. 6, 2025
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plot of PANi/phytic acid on Nano-TiO2 electrode prepared using 

various diluted reaction solutions was shown in Figure 5(a)-(e). 

The higher absorbance in the high wavelength region between 

300 and 400 nm is shown in Figure 3(c). The optical energy 

band of a semiconductor was obtained by using the following 

equation: 

(1)

where k is a constant, α is the absorption coefficient, Eg is the 

energy band gap, and n is 1 for a direct energy band gap. The 

energy band gap can be estimated from Tauc plot between (αhυ)2

versus energy of photon (hυ).36 The intercept of the tangent on 

the Tauc plot gives a direct band gap for n=1. As shown in Fig-

ure 5, the pristine Nano-TiO2 exhibited the band gap at 3.426 eV. 

The band gap of TiO2 was significantly decreased after surface 

treatment with PANi/phytic acid on Nano-TiO2. The 200D Nano-

TiO2 electrodes likely achieved an optimal balance (3.403 eV) 

in PANi/phytic acid deposition, providing sufficient coverage 

to enhance optical absorption through the π-conjugated polymer 

network while maintaining a layer thickness that allowed effective 

light penetration to the nano-TiO2 surface. This balance facil-

itated improved photocatalytic activity by enabling efficient 



k hv Eg– n/2

hv
-------------------------------=

Figure 5. (a) Pristine; (b) 100D; (c) 200D; (d) 400D; (e) 500D for Tauc plot of PANi/phytic acid on Nano-TiO2 electrode; (f) Eg according 

to various diluted reaction solutions.
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light harvesting and charge transfer. 

In contrast, the 500D nano-TiO2 electrodes exhibited relatively 

insufficient PANi/phytic acid coverage. The reduced polymer 

deposition resulted in suboptimal light absorption, as the π-

conjugated polymer layer was insufficient to capture and utilize 

photons effectively. Consequently, the limited optical absorp-

tion capacity hindered the overall photocatalytic performance, 

emphasizing the importance of precise control over the depo-

sition process to achieve the desired functional properties.

Figure 6(a) illustrates the processes of photoexcitation, charge 

separation, and subsequent reactions in the PANi/nano-TiO2

system under light illumination. In the emeraldine form, the 

HOMO of PANi corresponds to the polaron band, while its 

LUMO aligns with the π* band. Upon UV-vis irradiation, PANi 

absorbs photons, resulting in the excitation of electrons from its 

HOMO to its LUMO. Simultaneously, TiO2 absorbs UV pho-

tons, promoting electrons from its valence band (VB) to its 

conduction band (CB), leaving behind holes in the VB capable 

of oxidizing water (OH in basic media) to O2.

The energy alignment between PANi and Nano-TiO2 plays a 

crucial role in efficient charge transfer. Electrons excited to the 

LUMO of PANi are injected into the CB of TiO2, promoting 

effective charge carrier separation and enhancing electron 

mobility.

Furthermore, electrostatic interactions between the negatively 

charged Nano-TiO2 surface and the positively charged, phytic 

acid-doped PANi contribute to the formation of a continuous 

conductive network, enhancing the mobility of charge carriers. 

These electrons are subsequently transferred to the FTO sub-

strate and directed toward the cathode, where they participate 

in H2 evolution. Concurrently, the holes generated in the VB of 

TiO2 migrate to its surface, where they oxidize OH ions to 

produce O2. This synergistic interaction between PANi and TiO2

facilitates enhanced photoelectrochemical performance.

The PEC performance of PANi/phytic acid on Nano-TiO2

electrodes was evaluated for water photoelectrolysis in a 0.1 M 

NaOH solution. As shown in Figure 6(b), the pristine TiO2

electrode demonstrated a notable increase in current density—

starting at approximately -0.65 V vs. Ag/AgCl and reaching 

0.51 mA/cm2 at 0.23 V vs. Ag/AgCl, corresponding to the sat-

Figure 6. PEC characterization of PANi/phytic acid on Nano-TiO2 electrodes prepared using various di-luted reaction solutions: (a) reaction 

route of UV-vis light absorption and charge transfer in PANi/phytic acid on Nano-TiO2 for photoelectrochemical water splitting; (b) I-V curves 

recorded at a scan rate of 10 mV/s under illumination (AM 1.5G, 100 mW/cm2); (c) current density at 0.23 V vs. Ag/AgCl.
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uration point of the TiO2 semiconductor. In contrast, the 100D, 

200D, 400D, and 500D Nano-TiO2 electrodes exhibited a pro-

nounced increase in current density, starting at approximately 

0.48 V vs. Ag/AgCl. At 0.23 V vs. Ag/AgCl, the current den-

sities for these electrodes were 0.51, 0.46, 0.75, 0.62, and 0.66 

mA/cm2, respectively (Figure 6c). The enhanced performance 

of PANi/phytic acid on Nano-TiO2 electrodes compared to that 

of pristine Nano-TiO2 is primarily attributed to the improved 

photocatalytic and charge transport properties. This enhance-

ment results from the conductive network formed by PANi, 

which facilitates more efficient charge transport and reduces 

electron-hole recombination, which is a critical factor in pho-

tocatalytic processes. Additionally, phytic acid contributed to 

stabilizing the PANi layer on the Nano-TiO2 surface by provid-

ing robust adhesion and maintaining structural integrity. The 

synergistic effects of PANi and phytic acid further enabled effi-

cient electron transfer and improved photocatalytic activity, 

enhancing the overall effectiveness of the system for photo-

electrochemical applications. Among the prepared electrodes, 

the 200D Nano-TiO2 exhibited the highest current density at 

0.23 V vs. Ag/AgCl (Figures 6(b) and 6(c)). The 200D Nano-

TiO2 likely achieved a balance between sufficient deposition of 

PANi/phytic acid necessary to create an effective conductive 

network while also avoiding excessive layer thickness that could 

impede light penetration. In contrast, the 100D Nano-TiO2 elec-

trode, which had an excessively thick PANi/phytic acid layer, 

suffered from reduced light absorption and lower photocata-

lytic activity owing to the blocking of the active sites on the 

TiO2 surface. However, the 400D and 500D Nano-TiO2 elec-

trodes had relatively insufficient PANi/phytic acid coverage, 

which prevented the formation of the continuous conductive 

network necessary for efficient charge transport and photocat-

alytic performance. These findings highlight the importance of 

optimizing PANi/phytic acid coverage to maximize the PEC 

performance of TiO2-based electrodes.

To evaluate the long-term stability of the photoelectrodes, 

chronoamperometric I-t curves were recorded for pristine 

Nano-TiO2, PANi 200D Nano-TiO2, and PANi/phytic acid 200D 

Nano-TiO2 at 0.23 V vs. Ag/AgCl under chopped illumination 

(AM 1.5G, 100 mW/cm2) in a 1 M NaOH solution. The light/dark 

cycles were alternated every 10 s for a total duration of 320 s 

(Figure 6(a)). Initially, both PANi 200D Nano-TiO2 and PANi/

phytic acid 200D Nano-TiO2 demonstrated current densities 

1.4 times higher than that of pristine Nano-TiO2, indicating their 

enhanced photocatalytic performance. However, as the cycling 

progressed, the current density of PANi 200D Nano-TiO2

decreased significantly, suggesting instability in its performance. 

In contrast, PANi/phytic acid 200D Nano-TiO2 exhibited a 

stable current density throughout the cycling, highlighting its 

superior durability. This stability is attributed to the -H2PO4

groups in phytic acid, which enhance the bonding stability 

between Nano-TiO2 and the PANi layer, thereby maintaining 

efficient electron-transfer properties and structural integrity 

during extended operation.

To further investigate the charge transport properties, EIS 

was conducted on the pristine Nano-TiO2 and 200D Nano-TiO2

electrodes in 1 M NaOH electrolyte under open-circuit voltage 

conditions. The Nyquist plots (Figure 6(b)) reveal that the 

semicircle diameter in the middle-frequency region, which rep-

resents the interfacial charge-transfer resistance, was significantly 

smaller for 200D Nano-TiO2 than for pristine Nano-TiO2.

This reduced resistance indicates improved contact and lower 

interfacial resistance, which enhanced the intrinsic conductivity 

of 200D Nano-TiO2. This improved charge transport facilitated 

Figure 7. (a) I-t curve recorded at 0.23 V vs. Ag/AgCl under illumination with alternating 10 s light and dark cycles for pristine nano-TiO2, 

PANi and PANi/phytic acid on Nano-TiO2 prepared under optimal dilution; (b) nyquist plots of pristine and 200D Nano-TiO2 at open circuit 

potential un-der illumination.
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efficient electron transfer between the electrode and electrolyte, sup-

pressing charge carrier recombination and improving the overall 

photoelectrochemical performance. These findings emphasize 

the effectiveness of PANi/phytic acid in enhancing the stability 

and charge transfer capabilities of TiO2-based photoelectrodes.

Conclusions

This study demonstrated the successful synthesis and inte-

gration of PANi/phytic acid on Nano-TiO2 surfaces to enhance 

their photocatalytic performance in water-splitting applications. 

The incorporation of phytic acid significantly improved the 

bonding stability between PANi and Nano-TiO2, maintaining 

structural integrity and efficient electron transfer over extended 

cycles. PANi contributed to enhanced charge transport, whereas 

the -H2PO4 groups in phytic acid facilitated robust adhesion, 

jointly enabling the formation of a stable and conformal con-

ductive network on the Nano-TiO2 surface.

Among the prepared electrodes, the 200D Nano-TiO2 elec-

trode exhibited the highest photocurrent density and superior 

cycling stability, which were attributed to its optimal PANi/

phytic acid coverage. EIS further revealed a reduced interfacial 

charge transfer resistance in the 200D Nano-TiO2 electrode, 

underscoring its improved intrinsic conductivity and suppressed 

charge-carrier recombination.

These findings highlight the synergistic effects of PANi and 

phytic acid in addressing the intrinsic limitations of TiO2, includ-

ing limited rapid electron-hole recombination. Hence, the proposed 

use of PANi/phytic acid on Nano-TiO2 electrodes is a promising 

approach for developing high-performance, eco-friendly pho-

tocatalytic systems, thereby contributing to sustainable hydro-

gen production and advancing renewable energy technologies.
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