HERALD OF THE KAZAKH-BRITISH
Vol. 23, No. 3, 2026 TECHNICAL UNIVERSITY

UDC 537.9; 620.22
IRSTI 29.19.22

https://doi.org/10.55452/1998-6688-2026-23-3-414-421

'Yestoreyeva A.,
MSc student, ORCID ID: 0009-0004-0284-6111,
e-mail: akzhan.yestoreyeva@nu.edu.kz
12% Atabaev T.S.,
PhD, ORCID ID: 0000-0001-7252-4098,
*e-mail: timur.atabaev@nu.edu.kz

1 . .
Nazarbayev University, Astana, Kazakhstan
nstitute of Functional Materials, Astana, Kazakhstan

IMPROVING PHOTOCURRENT DENSITY GENERATION BY POROUS TIO,
FILMS MODIFIED WITH POLYSTYRENE PARTICLES

Abstract

The development of porous TiO, thin films is of significant interest for photovoltaic and photocatalytic
applications owing to their ability to enhance light utilization. Herein, porous TiO, films were prepared using 350
nm polystyrene (PS) particles as sacrificial templates, and the effect of PS concentration on photocurrent generation
was systematically evaluated. Morphological and optical analyses confirmed the successful formation of porous
structures with improved light-harvesting characteristics. Typically, the optimized PS-modified TiO, film exhibited
a photocurrent density of ~118 pA/cm?, corresponding to an enhancement of ~20.5% relative to bare TiO, film.
Integrating sphere measurements revealed increased total absorbance for the porous films, indicating that the
improved photocurrent density generation originates from enhanced light trapping within the porous surface. This
work highlights the importance of porosity engineering and demonstrates that PS-assisted templating is an effective
approach for enhancing the performance of TiO,-based photoactive thin films.
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Introduction

TiO, semiconductor thin films have been widely employed as n-type layers in a variety of
devices, including dye-sensitized solar cells, perovskite solar cells, and photocatalytic systems [1-3].
Over the years, numerous strategies have been developed to enhance photocurrent generation and
electrical conductivity in TiO, thin films, such as plasmonic sensitization [4], integration with two-
dimensional (2D) materials [5], elemental doping [6], and surface nanostructuring [7]. Among these
approaches, surface nanostructuring has attracted considerable attention due to its ability to create
mesoporous architectures that enhance light harvesting through increased photon scattering, thereby
promoting the generation of additional electron-hole pairs. This strategy is particularly attractive
from both economic and scalability perspectives, as it does not require costly dopants, plasmonic
materials, or 2D nanomaterials. Moreover, nanostructured surfaces exhibit improved resistance to
humidity, as previously demonstrated for triboelectric nanogenerators [8].

Nanostructured and mesoporous TiO, films can be fabricated using a variety of techniques,
including sol-gel synthesis [9], screen-printing [10], electrodeposition [11], and spin-coating [12].
Among these methods, screen-printing and spin-coating are particularly attractive due to their ability
to produce uniform films with well-controlled thickness. In addition, the TiO, slurry paste used in
both techniques can be readily prepared from commercially available TiO, nanoparticles (NPs),
allowing straightforward adjustment of NPs concentration, solvent composition, and binder content
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to achieve the desired viscosity. Furthermore, soft-templating agents, such as monodisperse polymer
NPs, can be also incorporated into the slurry paste. During the subsequent calcination process, the
polymer templates are completely removed, leaving behind pores that act as light-scattering centers
and enhance light harvesting within the TiO, film.

In this study, we present a systematic investigation of the relationship between PS particles
concentration, film porosity, and photocurrent generation in TiO, thin films. To the best of our
knowledge, the effect of PS concentration on the photocurrent generation rate of porous TiO, films
has not been comprehensively explored before. We showed that optimized PS-modified TiO, film
exhibited a photocurrent density approximately 20.5% higher than that of bare TiO, film. Absorbance
measurements with an integrating sphere revealed that the enhancement originates from improved
light absorption within the porous structure.

Materials and methods

All reagents were purchased from Merck KGaA and used as received without further purification.
Monodisperse PS particles with a diameter of 350 nm (2.5 wt.% aqueous suspension) were obtained
from Polysciences Inc. To prepare porous TiO, films, 50, 100, and 150 pL aliquots of the PS suspension
were transferred into separate vials and dried in an oven for several days to ensure complete removal
of water.

The TiO, slurry paste was prepared according to the previously reported procedure [13], with
the concentration of TiO, NPs adjusted to approximately 59-60 mg/mL. Subsequently, 0.3 mL of
the TiO, slurry was added to each vial containing dried PS particles, and the mixtures were stirred
at 500 rpm for 48 h to obtain homogeneous dispersions. The resulting pastes were deposited onto
cleaned fluorine-doped tin oxide (FTO) glass substrates (12-16 /cm?) using a three-step spin-coating
procedure. First, a TiO, underlayer was deposited using a bare TiO, slurry paste at 500 rpm for 5 s,
followed by 5000 rpm for 20 s. Second, a layer of either bare or PS-modified TiO, slurry paste was
deposited under identical spin-coating conditions on a top of first TiO, underlayer. Finally, a solution
consisting of titanium isopropoxide (0.1 mL) and isopropanol (1.0 mL) was spin-coated at 500 rpm
for 5 s with subsequent acceleration to 2000 rpm for 20 s. After the deposition of each layer, the films
were annealed at 500 °C to obtain solid TiO, layers on the FTO substrates. The photocurrent generation
performance of all samples was evaluated using a conventional three-electrode configuration.
TiO,-coated FTO substrates served as the working electrodes, while a platinum wire and an Ag/
AgCl electrode were used as the counter and reference electrodes, respectively. All measurements
were performed in 0.1 M Na,SO, aqueous electrolyte and repeated at least three times to ensure
reproducibility. The reported values represent the average of the obtained results, with only minor
variations observed between measurements. Simulated solar irradiation was provided by a Newport
LCS-100 solar simulator (AM 1.5G, Newport-Spectra Physics), calibrated to one-sun intensity (100
mW cm?) using a certified silicon reference cell. Chronoamperometry (CA) measurements were
carried out using a PalmSens4 potentiostat at an applied potential of 0.6 V versus Ag/AgCl under
chopped illumination conditions.

The morphology of the TiO, films was characterized using a field-emission scanning electron
microscope (FESEM, ZEISS Crossbeam 540). Crystal structure analysis was performed by X-ray
diffraction (XRD) using a SmartLab diffractometer (Rigaku Corp.). The surface chemical composition
of the optimized sample was investigated by X-ray photoelectron spectroscopy (XPS, NEXSA
system). Total absorbance measurements were carried out using a Quantaurus-QY spectrometer
(Hamamatsu Photonics K.K.) equipped with an integrating sphere.

Results and discussion

It is well-known that optimized surface porosity can improve light trapping and thereby enhance
the photocurrent generation of semiconductor structures [14]. Figure 1 shows the CA responses of
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TiO, films prepared with different PS concentrations. Under solar light illumination, all samples
generate electron-hole pairs, which are subsequently separated and transported through the system,
resulting in measurable photocurrent. Once the illumination is removed, the photocurrent rapidly
decreases to nearly zero, confirming that the observed current is solely associated with photoinduced
processes. The reproducible light on-off cycles further demonstrate that the photocurrent generation
occurs only under sunlight illumination.

On the other hand, clear differences in photocurrent density generation can be observed
among the investigated samples. In particular, the TiO, films modified with 50 and 100 pL of PS
particles exhibited the maximum photocurrent densities of 118.28 and 118.22 pA/cm?, respectively,
corresponding to an enhancement of approximately 20.5% compared to the bare TiO, film (98.17
pA/cm?). In contrast, the sample prepared with 150 pL of PS particles generated a photocurrent
density of only 97.65 uA/cm?, which is slightly lower than that of the unmodified TiO, film. The
photocurrent density measurements were repeated using at least for four different samples per
batch, with a photocurrent density deviation below 2-3%, demonstrating good reproducibility of
the cells. The observed trend indicates the existence of an optimal porosity level, beyond which
further increases in porosity may negatively affect the photocurrent generation performance of the
TiO, films. The decrease in photocurrent at higher PS concentrations can be attributed to excessive

porosity, which may reduce film connectivity and hinder efficient charge transport within the TiO,
films.
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Figure 1 — Chronoamperometry results
for bare and PS-modified TiO, films

Next, the bare and optimal PS-modified TiO, (50 pL) films were investigated using FESEM
to visualize the effect of PS incorporation on the film morphology. Figures 2a and 2b show the
corresponding FESEM images obtained at 5000 magnification. In the case of the bare TiO, film, a
relatively flat and uniform surface can be observed, indicating that the TiO, NPs are evenly distributed
and form a continuous mesoscopic layer. In contrast, the PS-modified TiO, film reveals the presence
of numerous pores with diameters comparable to or larger than the size of the original PS particles.
The existence of these pores confirms the successful incorporation of PS particles into the TiO, slurry
paste and their complete removal during the thermal treatment process. Some pores appear larger
than expected, which is most likely due to the aggregation of several PS particles in the same area
prior to heat treatment. Overall, the FESEM results confirm that PS-assisted templating is an effective
approach for generating porous TiO, films with increased surface roughness and pore density.

Both films were further compared using XRD analysis. Figure 3 presents the diffraction patterns
of the FTO-coated glass substrate, blank TiO, film, and the optimal PS-modified TiO, (50 pL) film
deposited on FTO-coated glasses. It can be seen that both TiO, films exhibit characteristic diffraction
peaks of the anatase phase located at 25.4°, 37.8°, 48.2°, 54.0°, 55.2°, and 62.8°, corresponding
to the (101), (004), (200), (105), (211), and (204) crystal planes, respectively [12]. The diffraction
peaks originating from the FTO substrate are also visible in all patterns. Importantly, no noticeable
shifts in peak positions or significant changes in peak intensities were observed after PS particles
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incorporation, indicating that the modification process does not affect the crystal structure or phase
composition of the TiO, films.

Figure 2 — FESEM images of (a) bare
and (b) optimal PS-modified TiO, (50 uL) films
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Figure 3 — XRD patterns of FTO-coated glass,
bare and optimal PS-modified TiO, (50 pL) films

Moreover, the oxidation states of titanium and oxygen in the bare and optimal PS-modified TiO,
(50 pL) films were investigated using XPS to confirm that the incorporation of PS particles does not
alter the surface chemical composition of the films. Figures 4a and 4b present the high-resolution XPS
spectra of the optimal PS-modified TiO, (50 pL) film only, as both samples exhibited nearly identical
spectral features. The Ti 2p spectrum displays characteristic Ti 2p,, and Ti 2p, , peaks at 458.2 and
463.9 eV, respectively, confirming the titanium oxidation state to be Ti** [12]. Similarly, the O 1s
spectrum can be deconvoluted into peaks centered at 529.5 and 530.2 eV, which are attributed to Ti-O
bonds and surface-adsorbed oxygen-containing species (or hydroxyl/water groups), respectively.
Therefore, the XPS analysis confirms that both films consist of chemically identical TiO, structures
and that no changes in oxidation states occur after PS incorporation. Combined with the XRD
results, these findings suggest that the enhanced photocurrent generation originates primarily from
the increased surface porosity and light-trapping capability of the PS-modified TiO, films rather than
from changes in their crystal structure or surface chemistry.

To verify the improved light-harvesting capability of the optimal PS-modified TiO, (50 pL)
film compared to bare TiO,, total absorbance measurements were performed using an integrating
sphere in the wavelength range of 325-500 nm. As shown in Figure 5, the bare TiO, film exhibits
strong absorption in the UV region, followed by a sharp decrease in absorbance above ~ 390 nm,
which is consistent with the reported bandgap of anatase TiO, (3.18-3.20 €V) [5, 12]. In contrast, the
optimal PS-modified TiO, (50 uL) film displays slightly higher absorbance in the UV region as well
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as an extended absorption tail in the visible range. This behavior highlights the beneficial effect of
increased surface porosity on the optical properties of the film. The enhanced absorbance is attributed
to stronger light-scattering effects within the porous structure, which increase the effective optical
path length and promote more efficient light harvesting. Consequently, the improved light absorption
of the PS-modified TiO, film is consistent with its higher photocurrent density observed during CA
measurements.
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Figure 4 — High resolution XPS survey of (a) titanium
and (b) oxygen elements in optimal PS-modified TiO, (50 pL) film
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Figure 5 — Total absorbance measurements
of bare and optimal PS-modified TiO, (50 uL) films

Conclusions

In summary, porous TiO, thin films were successfully fabricated through PS-assisted templating
using monodisperse 350 nm PS nanoparticles at different concentrations. Chronoamperometry
measurements revealed that the incorporation of an optimal amount of PS particles (50 pL)
increased the photocurrent density from 98.17 to 118.28 pA/cm?, corresponding to an enhancement
of approximately 20.5% compared to bare TiO, films. FESEM analysis confirmed the formation of
a porous surface morphology after PS removal, while XRD and XPS measurements demonstrated
that the crystal structure and surface chemical composition of TiO, remained unchanged after
modification. Total absorbance measurements performed using an integrating sphere revealed
enhanced light-harvesting capability of the porous films, which was attributed to increased light
scattering and a longer optical path within the TiO, film. These findings indicate that the observed
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photocurrent enhancement originates primarily from porosity-induced optical effects rather than
changes in the intrinsic properties of TiO,. Overall, PS-assisted surface nanostructuring represents a
simple, scalable, and cost-effective strategy for improving the photocurrent density of TiO, thin films
and may be applicable to other photovoltaic and photocatalytic systems.
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HNOJMCTHUPOJ BOJITEKTEPIMEH MOIU®UKALIUAJIAHFAH
KEYEKTI TIO, KABBIKIIAJIAPBI APKBIJIBI ®OTOTOK
ThIFbI3bIFbIHBIH '’EHEPALIUACBIH APTTBIPY

Angarna

Keyexri TiO, 'yKa KaObIKIIanapbiH 93ipyiey KapbIKThl THIMJIpEK Taijananyra MyMKiHJik OepyiHe Oai-
JAHBICTBI (POTORIIEKTPIIIK JKOHE (POTOKATATUTUKAIBIK KOJIAAHOANAp YIIH YJIKEH KBI3BIFYIIBUIBIK TyIbIpapl. by
skymbicta muamerpi 350 uM mommctupon (PS) Gemmrextepi KampImTaymisl MAOIOHAAP PETiHAE MaiilaraHbBLIBII,
keyekTi TiO, KaObIKIanaps! JalbIHAANIB! XKOHE TOTUCTHPOI (PS) GenmekTepiHiH KOHIEHTPAIUACHIHBIH (JOTOTOK
reHepalMsChiHa acepi Ky#eni Typae 3eprrenii. MopdoorusbK )KOHE ONTUKAIBIK TalAayap jKapbIKThl KYTY
KacHeTTepl >KaKCapThUIFaH KEyeKTi KYpPbUIbIMIAPABIH COTTI KaJIBINTACKAaHBIH pacTaibl. OnTuMu3alMsiIaHFaH
PS-monudukanusananran TiO, xaGbikmacel mamamen 118 MKA/cM* pOTOTOK THIFBI3IBIFBIH KOPCETTI, Oy MOJIH-
¢puxanmsnandaran TiO, kaObIKIIackMeH canbicThiprania mamamen 20,5%-ra sxorapbl. MHTerpangaymsr chepa
KOMETIMEH KYPTi3ireH eimeynep KeyeKTi KaOBIKIIaNapIblH JKANIbl JKapbIK JKYTYBIHBIH apTKAHBIH KOPCETTI,
OyJ1 (OTOTOK THIFBI3IBIFBIHBIH JKaKCapYhl KEYEKTI apXHUTEKTypaIaFbl >KapbIKTHIH THIMIIPEK YCTaTybIMEH Oaii-
JIAHBICTBI €KEeHIH Jamneieiini. byn »ymbIc KeyeKTUTIKTI OacKapyIblH MaHbI3bUIBIFBIH KOPCETIMN, MOJIUCTHPOI
(PS) 6emmekrepinin komerimen mabnonaay TiO, HeriziHmeri (OTOAKTHBTI jKyKa KaObIKIIAIAp/AbIH THIMILTIIiH
apTTHIPY/IBIH THIMJII TOCITI EKEHIH JQNIeNIeH .

Tyiiin cesmep: TiO, »xyka KaOBIKIIAmapel, MOIUCTHPON OOIIMIEKTEP], KEYEeKTUTKTI Oackapy, (pOTOTOK
TBIFBI3JIBIFBI, )KAPBIKTHI YCTAY.
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HOBBIINEHUE '’EHEPAIIMU IIVIOTHOCTHU ®OTOTOKA
C IOMOIIbIO MOPUCTBIX IJIEHOK TI10,, MOAU®UILTUPOBAHHBIX
HOJUCTUPOJBHBIMHU YACTULIAMHU

AHHOTAIUA

Paspaborka nopucteix Tonkux miuenok TiO, npexcrabnser Oonbinoid MHTEPEC 1 (POTOIIEKTPHIECKHX H
(hoTOKaTATMTHYECKNX MPUMEHEHHH Oylarojgapsi MX CIIOCOOHOCTH yIydmiaTh HCIIOJIB30BaHUE cBeTa. B manHOM
pabore mopucteie mieHkn TiO, ObUTH MOJTYYEHBI ¢ HCTIONB30BAHHEM TTOMMCTHPONBHBIX (PS) wacTun muameTpom
350 HM B KadecTBe CTPYKTypooOpa3yromuX MIa0JIOHOB, a BIUSHHE KOHIEHTparwu PS wacTuil Ha TeHepamnuio
(boToToKa OBLIO CHUCTEMATHUECKH HccienoBaHo. Mopdonorudecknii U ONTHYECKHHA aHaJU3bl TOATBEPIUIN
ycrnemHoe (OpMUPOBAHUE TIOPUCTBIX CTPYKTYP C YIIyUIICHHBIMU XapaKTEPUCTUKAMH CBETONOTIIOMIEeH . ONTHMH-
supoBanHas miénka TiO,, MoguuuMpoBaHHas nonucTHponbHbiMu (PS) wacTuuamu, npojieMoHCTpUpOBaa IIoT-
HOCTB (hoTOTOKA OKOMIO 118 MKA/CM?, 4TO COOTBETCTBYET YBEIHMYCHHIO MpUMEpHO Ha 20,5% Mo cpaBHEHHIO C He-
MonupuumposanHoi mienkoi TiO,. M3mMepenns ¢ NCTIONb30BaHMEM HHTETPHPYIONIEH CEPBI MOKA3AIH MOBBIIIE-
HHUE OOIIEro IMOMIOMIEHHS CBETa MOPUCTHIMU IJICHKAMHM, YTO CBUICTEIBCTBYET O TOM, YTO YJIydIIEHHE FeHepaIun
MI0THOCTH (hoTOTOKA 00yCIIOBIeHO Oosee (h(PEeKTUBHBIM 3aXBaTOM CBETA B MOPHUCTOM CTPYKType. JlanHas padora
MOYEPKUBAET BXKHOCTH YIPABJICHHS IOPUCTOCTHIO U IEMOHCTPUPYET, YTO CTPYKTYPHPOBAHUE C UCTIOIb30BAHHEM
PS wacrun seisiercst 3 (heKTHBHBIM MOIX00M /ISl TTIOBBIIEHHS 9P PEKTUBHOCTH (DOTOAKTUBHBIX TOHKHX IUICHOK
Ha ocnoge TiO,.

Kirouenble cioa: Tonkue mieHku TiO,, MOMMCTHPOIBHBIC YaCTHIIEL, YIIPABJICHUE IIOPUCTOCTEIO, INIOTHOCTh
(hoToToKa, 3aXBaT CBETA.
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