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Abstract
This study presents a systematic investigation into the influence of an optimizedmulti-step spin-
coating process on the structural, optical, and electrical properties of TiO2/multi-walled carbon
nanotube (MWCNT)nanocomposite films deposited on indium tin oxide (ITO) substrates. A stable
sol was synthesized using polyvinylidene fluoride (PVDF) as a binding agent. Structural characteriza-
tion via x-ray diffraction (XRD) revealed that the optimized coating process resulted in an increase in
the average crystallite size from65nm to 74 nm. Field-emission scanning electronmicroscopy
(FE-SEM) and atomic forcemicroscopy (AFM) analyses showed rough, heterogeneous surfaces with
a non-uniformdistribution of TiO2 nanoparticles on theMWCNTnetwork. The optical band gap
energywas observed to increase from2.88 eV to 3.06 eV following the additional spin-coating steps,
which is attributed to enhanced electron localization and strong interfacial interactions. Current–
voltage (I-V)measurements demonstrated non-linear and symmetrical behavior for both samples.
The sample preparedwith the standard process (TM1) exhibited a higher resistivity of 23.6 kΩ,
attributed to defect complexes, while the samplewith the optimized process (TM2) showed a lower
resistivity of 18.6 kΩ, indicative of improved conductivity facilitated by effectiveMWCNTpathways
andTiO2 incorporation. This conclusion is supported by lower non-linear coefficients (α) of
1.85 and 1.52 for TM1 andTM2, respectively, suggesting trap-assisted electron transport governed
by the Poole–Frenkelmechanism. The findings confirm that the electrical conductivity and overall
optoelectronic performance of TiO2/MWCNTnanocomposites can be significantly enhanced by
tailoring the spin-coating parameters, primarily due to improved charge transport and suppressed
electron–hole recombination.

1. Introduction

Metal oxides (e.g., SnO2, ZnO,NiO) have garnered significant attention for their potential to replace
conventional crystalline silicon and III-V compounds in various optoelectronic applications, owing to their
abundance and tunable properties [1]. Among them, titaniumdioxide (TiO2) has been extensively studied due
to its exceptional optoelectronic characteristics, including a high refractive index, excellent chemical stability,
strongUV absorption, and notable photocatalytic activity. Its well-positioned conduction and valence bands
make it a promisingmaterial for solar cells, sensors, and photoelectrochemical devices [2]. TiO2 thin films
commonly exist in two primary crystalline phases: anatase and rutile. The rutile phase, generally considered the
most thermodynamically stable, requires higher energy to form from an amorphous state and plays a critical
role in developing protective layers for optical applications [3]. The theoretical optical band gaps for rutile and
anatase are approximately 3.00 eV and 3.20 eV, respectively.However, thewide band gap and rapid electron–
hole recombination inherent to TiO22 can limit its efficiency in optoelectronic applications [4].

To address these limitations, researchers have developedTiO2-based nanocomposites incorporating car-
bonnanomaterials such as graphene, single-walled carbon nanotubes (SWCNTs), and carbonfibers to
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maximize surface area andminimize charge diffusion pathways [5]. In particular,multi-walled carbon nano-
tubes (MWCNTs) have been integrated into TiO2matrices to enhance charge transport,mechanical strength,
and light absorption capabilities [6].MWCNTsprovide a highly conductive network that facilitates efficient
electron transfer while suppressing charge recombination, thereby significantly improving the overall optoe-
lectronic performance of the composite films [7]. For instance, using a solution castingmethod, Khan et al
reported a decrease in the optical band gap from4.79 eV for pure PVA to 3.6 eV for a PVA/TiO2@MWCNT
composite filmwith increasingMWCNTcontent [8]. Similarly, Akkari et al observed that while pure CNTs
exhibited a band gap of 2.8 eV, the TiO2/MWCNTnanocomposite showed a band gap of 3.1 eV [9].

The deposition technique is a crucial factor determining the structural and optoelectronic properties of
thin films. Spin coating is a widely adoptedmethod due to its simplicity, cost-effectiveness, and ability to pro-
duce uniformfilmswith controllable thickness [10]. However, the properties of spin-coated TiO22/MWCNT
nanocomposites are highly sensitive to processing parameters such as spin speed, acceleration, solution con-
centration, and annealing conditions [11]. Previous studies have demonstrated that optimizing these para-
meters can profoundly influence filmmorphology, crystallite size, and electrical conductivity [12]. For
example, Aydin et al demonstrated that a 2.1-MWCNT.In2O3/TiO2-NTs composite exhibited the lowest
resistance and highest performance due to synergistic effects, achieved via optimized spin coating [10]. Gui et al
found that TiO2 core–shellMWCNTnanocomposites exhibited excellent visible light absorption,with the
absorption edge extending into the 380–600 nm range, depending on theMWCNT loading [11]. Despite these
advancements, a systematic investigation into the specific effects ofmulti-step spin-coating processes on the
optoelectronic properties of TiO2/MWCNTfilms remains largely unexplored.

In this study, we investigate the impact of an optimizedmulti-step spin-coating process on the properties of
TiO2/MWCNTnanocomposite films deposited on ITO substrates. Through comprehensive analysis of struc-
turalmodifications, charge transport behavior, and recombination dynamics, we demonstrate that the opti-
mized coating process enhances electrical conductivity, improves light absorption, and increases electron
mobility. The novelty of this work lies in the detailed analysis of how sequential spin-coating steps affect the
nanocomposite’s properties.We demonstrate that this specific optimization of processing parameters is a cri-
tical and effective tool for tailoring the structural, optical, and electrical properties of TiO2/MWCNTfilms for
enhanced performance, a aspect that remains underexplored for this specific synthesismethod.Despite these
advances, a systematic investigation into how sequential spin-coating and annealing conditions affect the
optoelectronic properties of sol–gel derivedTiO2/MWCNTfilms remains unexplored.While spin coating is a
known technique, the novelty of this work lies in the detailed analysis of how amulti-step processing protocol
precisely tailors the interfacial structure, charge transport dynamics, and overall performance of the nano-
composite. By correlating specific processing stepswith structuralmodifications (crystallite size, strain), optical
characteristics (band gap, recombination), and electrical properties (conductivity, charge transportmech-
anism), this study establishes a refined process-structure–property relationship. This approach provides a new
level of control over thematerial’s properties, highlighting the potential of process optimization as a key design
tool for enhancing performance in advanced optoelectronic applications such as photodetectors and sensors.
While other deposition techniques such as screen printing arewell-established for fabricating thick, large-area
filmswith high throughput, the sol–gel spin-coatingmethod offers distinct advantages for fundamental
research and specific applications [13]. Spin coating provides superior control over film thickness at the nanos-
cale, allows for easy compositional variations, and facilitates the creation of highly homogeneous and smooth
films, which are critical for detailed structure–property investigations and high-performance optoelectronic
devices [14]. The focus of this work is to leverage this precise control to understand the fundamental impact of a
multi-step spin-coating process on thematerial’s properties.

2. Experimental

2.1.Materials
Indium tin oxide (ITO) substrates (25.4mm× 76.2mm× 1.2mm)were used as the deposition surface.
Titanium(IV) butoxide (97%, Sigma-Aldrich)was selected as the TiO2 precursor.MWCNTpowderwas
purchased fromNanografi, Turkey (>92%purity, external diameter: 8–10 nm, internal diameter: 5–15 nm,
length:~1–3 μm). Acetylacetone and absolute ethanol were employed as a stabilizer and solvent, respectively.
All reagentswere of analytical grade andwere usedwithout further purification.

2.2. Sample preparation
A standard substrate cleaning procedurewas employed. The ITO substrates were sequentially ultrasonicated in
acetone, distilledwater, and ethanol for 10 min each at 30 °C. Toprepare the sol, 0.05 g ofMWCNTpowder
and a 0.1Mequivalent of titanium(IV) butoxidewere dissolved in 20ml of ethylene glycol. Then, 1.5ml of
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isopropanol and 0.1 g of PVDFwere added under constant stirring until a homogeneous solutionwas obtained.
The resulting sol was aged for 4 days until it transitioned into a gel. The gel was then deposited onto the pre-
cleaned ITO substrates using spin coating. The detailed procedures for fabricating the two samples, TM1 and
TM2, are described in scheme 1.

2.3. Characterization
The crystalline phases of the coatedfilmswere analyzed by x-ray diffraction (XRD,Rigaku SmartLab)usingCu
Kα radiation (λ = 1.5406Å). Patternswere recorded in the 2θ range of 10° to 80°with a step size of 0.05°. Surface
morphology and elemental compositionwere examinedusing field-emission scanning electronmicroscopy (FE-
SEM, JEOL-7100F)operated at an accelerating voltage of 15.0 kV, coupledwith energy-dispersive x-ray
spectroscopy (EDAX,OXFORDInstrumentsX-Max). Surface topographywas analyzedusing an atomic force
microscope (AFM,Witec alpha 300RA) in non-contactmode.Contact anglemeasurementswere performedby
dispersing 5μl droplets onto the film surfaces. Imageswere capturedusing aCanon 60DDSLR camera, and the
contact angleswere determinedusing standard software by averagingmeasurements from the left and right sides
of at least three droplets. Raman spectrawere acquired in the range of 100–3600 cm−1 using a 780nm laser source
(WITECALPHA300RA). The electrical characterizationwas performedusing aKeithley 4200-SCSparameter
analyzer. Two-probe current–voltage (I-V)measurementswere conductedwith a voltage sweep from–2.0V to
+2.0V to investigate the charge transportmechanism.Additionally, to determine the sheet resistance of the films
independently of contact effects, four-point probemeasurementswere carried out in a linear configurationwith
equidistant probes, applying a knowncurrent andmeasuring the resulting voltage drop. Photoluminescence (PL)
spectrawere obtainedusing aCCDdetectorwith an excitationwavelength of 325nm in the range of 370–950nm
(UnidronRT-PL). UV–vis absorption spectraweremeasured in thewavelength range of 300–800nmusing a
ShimadzuUV-1800 spectrophotometer. Allmeasurementswere conducted at room temperature.

3. Results and discussion

3.1. Structural properties
X-ray diffraction (XRD) is a powerful technique for determining the structural composition and crystallinity of
materials. Figure 1 presents theXRDpatterns of the TM1 andTM2 samples. The patternswere comparedwith
the ICDD standard database, confirming the successful formation of the thin films.

The diffraction peaks observed at 2θ = 27.4°, 35.6°, 52.4°, and 55.4° correspond to the (110), (200), (211),
and (220) planes of the rutile phase of TiO2 (JPDSCardNo: 21-1276), respectively. An additional peak at
2θ = 38.7° is identified as the (002) plane ofmetallic titanium (JPDSCardNo: 44-1294). The prevalence of the
rutile phase, with its tetragonal structure, is significant as the high surface energy of the (211) plane promotes
rapid crystal growth [15]. Notably, characteristic peaks ofMWCNTs, typically expected in the 2θ range of
25°–30°, were not observed in either sample. This is likely due to the overwhelming intensity of the dominant
TiO2 (110) peak overshadowing the carbon signal [16]. Peaks corresponding to the In:SnO2 (ITO) substrate
were also detected at 2θ = 62.4° and 66.3° (JPDSCardNo: 72-1147), indicating a relatively thin coating layer.

The structural parameters of the TM1 andTM2 samples, detailed in table 1, were calculated from theXRD
data. The average crystallite size (D) and intrinsic strain (ε)were estimated using theWilliamson–Hall (W-H)
method, as expressed in equation (1) [17]:

Scheme 1. Schematic illustration of the sol–gel spin-coating process for the fabrication of TM1 andTM2 samples.

3

Mater. Res. Express 12 (2025) 115012 EYakar



( )= +
D

cos
0.94

4 sin 1

whereβ is the full width at halfmaximum (FWHM) of the diffraction peak, θ is the Bragg angle,λ is the x-ray
wavelength,D is the average crystallite size, and ε represents the strain. The dislocation density (δ), which
signifies the number of defects in the crystal lattice, was calculated using equation (2):
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where a and c are the lattice parameters, (hkl) are theMiller indices, and d is the interplanar spacing.
As shown in table 1, the lattice parameter ‘a’ is consistentwith standard values for rutile TiO2 (a=b= 4.58Å),

while the ‘c’ parameter is slightly increased. This expansionmaybe attributed to the partial dissolution or interac-
tion ofMWCNTswith theTiO2 crystal lattice [18]. Crucially,while the processing parameters did not alter the
crystalline phase or induce significant strain, the average crystallite size increased from65nm inTM1 to 74nm in
TM2.This growth suggests that the additional spin-coating and thermal steps provide sufficient thermal energy
for deposited atoms tomigrate and integrate into existing grains rather than formingnew, smaller nuclei [19].

3.2. Surfacemorphology
3.2.1. FE-SEM images of TiO2/MWCNTs
Field-emission scanning electronmicroscopy (FE-SEM)was employed to examine the surfacemorphology of
the TiO2/MWCNTnanocomposites, as shown in figure 2. In both samples, theMWCNTs form an
interconnected, network-like structure. TiO2 nanoparticles with a grain-likemorphology and an average
particle size of approximately 50 nmare visible, distributed along theMWCNT surfaces.

A comparison between figure 2(a) (TM1) andfigure 2(b) (TM2) reveals a notable difference in the surface
topography and distribution of TiO2. TheTM2 sample, subjected to themulti-step spin-coating process, exhi-
bits amore heterogeneous and roughermorphology. This suggests that the additional processing steps alter the
deposition dynamics, leading to amore complexmicrostructure. The observed intimate contact between the
TiO2 nanoparticles and theMWCNTnetwork in both samples is expected to facilitate electronic interaction,
which is consistent with the enhanced electrical properties discussed in section 3.5 [20, 21]. This increased
heterogeneity, while appearing as aggregation, is beneficial. It indicates amore intimate coupling between the

Figure 1.X-ray diffraction of TM1 andTM2 samples.

Table 1. Structural parameters of the TM1 andTM2 samples derived fromXRDanalysis.

2θ(°) d(Å) FWHM D(nm) ε (10−3) δ (10−4) a= b (Å) c (Å)

TM1 52.42 1.7440 0.1404 65 4.48 2.36 4.58 3.16

TM2 52.38 1.7450 0.1248 74 4.48 1.82 4.58 3.16
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TiO2 and theMWCNTs, which can significantly enhance the electronic and electrical properties of the nano-
composite by facilitating free electron transfer across theTiO2-MWCNT interface [22].

3.2.2. AFM images of TiO2/MWCNTs
The surface topography of the sampleswas further investigated using atomic forcemicroscopy (AFM). The 3D
and 2DAFM images for TM1 andTM2 are presented in figures 3(a)–(d). Both samples exhibit high surface
roughness, a direct consequence of the incorporation and distribution of TiO2 nanoparticles on theMWCNT
scaffold [23].

Themeasured surface roughness values (S_a) for these filmswere in the ranges of 28–34 nm for TM1 and
31–37 nm for TM2. The slightly higher roughness observed for TM2 can be attributed to twomain factors:
limited surface diffusion due to the specific thermal budget of the process and the effect of larger crystallite size,
as confirmed byXRD [24]. This result clearly demonstrates thatmodifying the spin-coating process directly
influences the surfacemorphology and roughness of the resulting TiO2/MWCNTfilms.

3.3. Raman spectrumofTiO2/MWCNTs
Raman spectroscopywas employed to analyze the crystallinity and identify the chemical bonding and possible
defects within the nanocomposites. The Raman spectra of theTM1 andTM2 samples are shown in figure 4.

The characteristic bands for the rutile phase ofTiO2 are visible at approximately 140 cm−1 (B(1g)), 430 cm−1 (Eg),
and590 cm−1 (A_(1g)) [25]. The spectra also show thedistinctive bandsofMWCNTs: theDbandat~1345 cm−1

Figure 2. FE-SEM images of (a)TM1and (b)TM2 surfaces at a highmagnification of 30,000x.

Figure 3.AFM images of the sample surfaces: (a) 3D viewof TM1, (b) 2Dview of TM1, (c) 3D viewof TM2, (d) 2D viewof TM2.
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(disordered carbonmode), theGbandat~1585 cm−1 (tangential vibrationmodeof graphitic carbon), the 2Dor
G’bandat~2664 cm−1 (second-order overtone), and a combinationband (D+G) at~2912 cm−1 [26].

For the TM2 sample, a slight narrowing, aminor shift, and an increase in the intensity of these bands are
observed. These changes can be attributed to the larger particle size and improved crystallinity, which enhance
charge transfer fromTiO2 to theMWCNTs [27]. The intensity ratio of theD andGbands (ID/IG) is a keymetric
for quantifying defects in carbonmaterials. A value close to 1 indicates high-quality CNTswith few defects. The
ID/IG ratiowas found to increase in the TM2 sample, suggesting the introduction of sp3 hybridized carbon
defects on theMWCNT sidewalls during the additional processing steps. This indicates a higher degree of
functionalization or interaction, which can improve the interfacial connection between theMWCNTs and
TiO2 [28, 29]. These Raman results are consistent with the findings fromXRD, FE-SEM, andAFM, collectively
confirming the successful formation of a TiO2/MWCNTnanocomposite.

3.4.Optical properties
3.4.1. UV–vis spectrum of TiO2/MWCNTs
TheUV–vis absorption spectra of the TM1 andTM2 samples are presented in figures 5(a) and (b), respectively.
While pure TiO2 typically has an absorption edge around 355 nm (corresponding to its band gap), both
nanocomposite samples exhibit a red-shifted absorption edge extending into the 380–400 nm range. This shift
is caused by the excitation of electrons from the valence band to the conduction band of the TiO2matrix [30].

Notably, the TM2 sample shows a slight blue shift in its absorption edge compared toTM1. This phenom-
enon is attributed to the strong interfacial interaction betweenTiO2 and theMWCNTs, enhanced by the opti-
mized coating process. This interaction alters the surface charge properties of the TiO2 particles, effectively
increasing the band gap energy [31].

The optical band gap energies (Eg) for both sampleswere determined using the Tauc plotmethod, as
expressed in equation (4):

( ) ( ) ( )=h A h E 4n
g

1

whereα is the absorption coefficient, hν is the photon energy, A is a constant, and n defines the nature of the
electronic transition (n= 1/2 for direct allowed transitions). The Tauc plots for TM1 andTM2 are shown in
figures 5(c) and (d), respectively. The band gap energy increased from2.88 eV for TM1 to 3.06 eV for TM2. This
increase, known as a blue shift, suggests that electrons becomemore localized due to enhanced electronic
coupling betweenTiO2 andMWCNTs, whichmodifies the density of states near the band edges [32].

Our findings alignwith previous studies. For instance, Askari et al reported a band gap of 3.1 eV for a
TiO2/MWCNTnanocomposite [9], whileDelekar et al observed a tunable band gap from3.2 eV to 2.85 eVby
varying theMWCNTcontent inTiO2 [33].

3.4.2. Photoluminescence (PL) spectroscopy of TiO2/MWCNTs
Photoluminescence spectroscopywas used to evaluate charge carrier recombination dynamics and identify
surface defects, such as oxygen vacancies or trapped excitons, influenced by the incorporation of Ti4+ ions and
MWCNTs [34]. The PL spectra of the TM1 andTM2 samples, excited at 325 nm, are shown in figure 6.

Figure 4.Raman spectra of TM1 andTM2 samples recorded in the 1000–3600 cm−1 range.
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TheTM1 sample exhibits two strong emission peaks at 399 nmand 711 nm. The peak at 399 nm is asso-
ciatedwith band-to-band transitions in TiO2, while the broader peak in the visible region (711 nm) is typically
related to defect states and charge carrier recombination [35].

In contrast, the TM2 sample shows a significant quenching of the PL intensity and the emergence of a
shallower peak around 705 nm. This suppression of PL emission is a strong indicator of reduced electron–hole
recombination. Inmetal oxide-MWCNTcomposites, the PL quenchingmechanism involves the transfer of
photoexcited electrons from the conduction band of TiO2 to theMWCNTs. TheMWCNTs act as highly effi-
cient electron acceptors and reservoirs, effectively scavenging electrons and thereby inhibiting the recombina-
tion process [36, 37]. This result confirms that the optimized spin-coating process inTM2 enhances the
interfacial contact, leading tomore efficient charge separation.

Figure 5.UV–vis absorption spectra of (a)TM1 and (b)TM2 samples. Tauc plots for determining the optical band gap of (c)TM1
and (d)TM2.

Figure 6.Photoluminescence spectra of TM1 andTM2 samples.
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3.5. Electrical properties of TiO2/MWCNTs
The current–voltage (I-V) characteristics of the TM1 andTM2films are presented in figure 7. Both samples
exhibit non-linear and symmetrical I-V curves, indicating non-ohmic (schottky-like) contact behavior.

The electrical resistivity, calculated from the slope of the I-V curves, was found to be 23.6 kΩ for TM1 and
18.6 kΩ for TM2. The higher resistivity of TM1 is likely due to a higher density of defect complexes that act as
trapping centers for charge carriers . The decrease in resistivity for TM2 is attributed to the formation of
improved conductive pathways through theMWCNTnetwork and amore effective incorporation of TiO2,
which provides a higher concentration ofmobile charge carriers [24]. The enhanced electrical conductivity of
the TM2filmwas further verified using the four-point probe technique, whichmitigates contact resistance
effects. Themeasured sheet resistance decreased from≈2.4× 102 Ω □−1 for TM1 to≈1.9× 102Ω □−1 for
TM2. This independentmeasurement corroborates the formation of superior,more homogeneous conductive
pathwayswithin the optimized nanocomposite, consistent with the I-V analysis.

To quantitatively describe the non-linear I-V behavior, the datawas fitted to the power-law equation:

( )=I KV 5

whereK is a constant related to thematerial’s conductivity, andα is the non-linear coefficient. The value ofα
was calculated using equation (6) [38]:

( )
( )

( )=
I I

V V

log log

log log
61 2

1 2

The calculated non-linear coefficientswere 1.85 for TM1 and 1.52 for TM2. These values greater than 1 confirm
the non-ohmic conduction. The decrease inα for TM2 suggests a change in the conductionmechanism. The
values are indicative of trap-assisted electron transport, where electrons are emitted from traps into the
conduction band under an applied electric field, consistent with the Poole–Frenkel (PF) emission
mechanism [39, 40].

The non-linear and symmetrical I-V characteristics can be comprehensively explained by the electronic
interaction and energy level alignment at theTiO2/MWCNT interface. Thework function ofmetallic
MWCNTs (typically~4.8–5.0 eV) is higher than the electron affinity of TiO2 (~4.2 eV) [41, 42]. This energy
level alignment induces electron transfer from the TiO2 conduction band to theMWCNTsupon contact, lead-
ing to the formation of a Schottky junction. The resulting band bending in TiO2 creates an internal electric field
that is highly efficient at separating photogenerated charge carriers. Thismechanismprovides a coherent expla-
nation for the enhanced conductivity and the significant photoluminescence quenching observed in the TM2
sample. The observed symmetrical I-V response, rather than a rectifying one, is attributed to the percolative
nature of the composite film,where the net electrical behavior is the sumof countless nanoscale Schottky junc-
tions embeddedwithin a conductiveMWCNTnetwork [43].

Figure 7.Current–Voltage (I-V) characteristics of TM1 andTM2 samples.
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3.6. Surfacewettability properties
The surfacewettability of the filmswas assessed throughwater contact anglemeasurements, as shown in
figures 8(a)–(c). The bare ITO substrate showed contact angles of approximately 54°. The TM1film exhibited
higher contact angles, around 75°, and the TM2film showed the highest hydrophobicity with contact angles
nearing 88°.

Both nanocomposite films demonstrated a transition towardsmore hydrophobic behavior compared to
the bare ITO substrate. The increase in contact angle correlates well with the increase in surface roughness
observed in theAFManalysis, following theWenzelmodel, where roughness amplifies the intrinsic wetting
behavior of a surface [44]. The TM2 sample, with the highest roughness, consequently shows the highest con-
tact angle. This trend indicates that the surface energy decreases with the additional spin-coating process,mak-
ing the surface less hydrophilic. Factors such as surface cracking, band gap energy, and particle size have also
been reported to influence the hydrophilic/hydrophobic behavior of TiO2-based films [45].

3.7.Discussion on electronic ınteraction and charge transfer
The enhancement in electrical conductivity (section 3.5) and the suppression of photoluminescence
(section 3.4.2) observed in theTM2 sample strongly suggest efficient charge transfer at the TiO2/MWCNT
interface, which inhibits electron–hole recombination. The compelling enhancement in electrical conductivity

Figure 8.Contact angle images of awater droplet on (a) a bare ITO substrate, (b)TM1 surface, and (c)TM2 surface.
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(section 3.5) and the significant suppression of photoluminescence (section 3.4.2) observed in the TM2 sample
provide strong, indirect evidence for efficient charge transfer at the TiO2/MWCNT interface, which inhibits
electron–hole recombination. This experimental evidence is consistent with thewell-established charge
transfermechanism reported in the literature for analogous nanocomposite systems. For instance, seminal
work byWang et al onMWCNT-TiO2 composites prepared by a sol–gelmethod provided direct XPS evidence
for this interaction,measured as a negative shift in the Ti 2p binding energy [46]. This shift is a recognized
indicator of an increase in electron density on theTi atoms, consistent with electron donation from the
MWCNTs to the TiO2matrix. Similar XPS results, demonstratingmodifications in theC 1s andTi 2p spectra
due to carbon-TiO2 bonding and charge transfer, have been extensively reported in studies on carbon-based
TiO2 hybrids [41, 42]. The convergence of our optoelectrical findings with this established literature provides a
robust foundation to conclude that the optimizedmulti-step process in TM2 successfully enhances this critical
electronic interaction, with theMWCNTnetwork acting as an efficient electron sink and highway.

The enhanced electrical and optoelectronic properties of our TM2 sample align perfectly with this estab-
lished charge transfermechanism. TheMWCNTnetwork likely acts as an efficient electron sink and highway,
accepting photo-generated electrons from theTiO2 conduction band, thereby facilitating prolonged charge
separation and enhancing overall conductivity [41, 43].

3.8.Discussion on photocatalytic potential
Although demonstrating a specific photocatalytic reaction is beyond the scope of this study, the enhanced
optoelectronic properties of the TM2 sample provide compelling and direct evidence of its strong potential for
photocatalytic applications. The key requirements for efficient photocatalysis aremet: enhanced visible light
absorption (figure 5(b)), drastically suppressed electron–hole recombination as evidenced by significant PL
quenching (figure 6), and improved charge carriermobility indicated by lower resistivity (figure 7). The
underlyingmechanism, driven by the favorable band alignment at the TiO2/MWCNT interfacewhere
MWCNTs act as electron sinks, is precisely the samemechanism responsible for enhanced photocatalytic
activity in analogous composites reported in the literature. For instance,Woan et aldirectly linked this charge
transfer to significantly higher photocatalytic degradation rates of organic dyes [43]. Similarly, Zhang et al
reported superior gas-phase photocatalytic performance in TiO2/graphene systems,which operate on an
analogous principle [4]. Therefore, the optimizedTM2nanocomposite possesses the essentialmaterial
characteristics for high photocatalytic performance, such as in pollutant degradation orwater splitting. The
process optimization strategy presented here serves as a foundation for futurework focusing on varying
MWCNTproportions tomaximize photocatalytic efficiency.

3.9. Energy band alignment and charge transfermechanism
To elucidate the origin of the enhanced electrical conductivity and efficient charge separation observed in the
TM2 sample, an energy band alignment diagram for the TiO2/MWCNT interface is proposed in figure 9, based
on the experimental results and established literature. The electronic interaction at this heterojunction is
governed by the relative work functions of the constituentmaterials.Thework function (Φ) ofmetallicmulti-
walled carbon nanotubes is widely reported to be in the range of 4.8 to 5.0 eV [41, 42]. In contrast, the electron
affinity (χ) of rutile TiO2, which defines the energy level of its conduction bandminimum (CBM) relative to the
vacuum level, is approximately 4.2 eV. Before contact, the Fermi level (E_F) of theMWCNTs is therefore lower
in energy (i.e., deeper) than theCBMofTiO2.Upon intimate contact, thermodynamic equilibrium requires the
unification of the Fermi levels across the system. This driving force prompts a spontaneous flowof electrons
from the higher-energyCBMof TiO2 to the lower-energy states of theMWCNTs, as indicated by the arrow in
figure 9. This electron transfer has two critical consequences. First, it creates a space-charge region in the TiO2,
leading to a characteristic downward band bending near the interface. This bending establishes an internal
electric field. Second, it results in the formation of a Schottky-like barrier (Φ_B) for electron injection from the
MWCNTs back into the TiO2, whichwas estimated to be 0.6–0.8 eVbased on the energy difference between the
final aligned Fermi level and the TiO2CBMat the interface. The observed non-linear yet symmetrical I-V
characteristics (section 3.5) and the significant photoluminescence quenching (section 3.4.2) are direct
consequences of this band alignment. The internal electric field facilitates the efficient separation of
photogenerated electron–hole pairs, sweeping electrons toward theMWCNTnetwork and holes toward the
TiO2 bulk, thereby drastically reducing recombination. The symmetrical electrical behavior, rather than classic
rectification, is attributed to the percolative nature of the composite. The interconnectedMWCNTnetwork
creates numerous parallel conduction pathways, effectively averaging out the individual nanoscale Schottky
junctions and leading to the observed high, non-ohmic conductivity. This proposedmechanism, substantiated
by theXRD, FE-SEM,UV–vis, PL, and I-Vdata, provides a coherent physicalmodel for the superior
optoelectronic performance of the TM2 sample fabricated via the optimizedmulti-step spin-coating process.
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Thework function ofMWCNTs (Φ_MWCNT≈ 4.8–5.0 eV) is higher than the electron affinity of TiO2

(χ_TiO2 ≈ 4.2 eV). Upon contact, electron transfer from the TiO2 conduction band to theMWCNTs occurs
until Fermi level (E_F) alignment is achieved, resulting in band bending in TiO2 and the creation of a Schottky-
like barrier (Φ_B). This configuration promotes efficient charge separation and explains the enhanced con-
ductivity and quenched photoluminescence observed in the TM2nanocomposite.

4. Conclusion

In this study, TiO2/MWCNTnanocomposite filmswere successfully synthesized on ITO substrates using a
sol–gel spin-coatingmethod. The profound impact of an optimizedmulti-step spin-coating process (TM2)on
the structural,morphological, optoelectronic, andwetting properties was systematically investigated and
compared to a standard process (TM1). The significantly enhanced charge separation, suppressed recombina-
tion, and tunable electrical conductivity achieved through the optimized coating processmake these
nanocomposites highly promising for advanced optoelectronic applications. Specifically, the demonstrated
properties are directly relevant for use in high-performance photodetectors, (photo)electrochemical sensors,
and as efficient charge-transport layers in solar cell architectures.

XRD analysis confirmed the formation of the rutile TiO2 phase, with the optimized process leading to an
increase in average crystallite size from65 nm to 74 nm.Microscopy techniques (FE-SEMandAFM) revealed a
rough, heterogeneousmorphologywith a non-uniformdistribution of TiO2 on theMWCNTnetwork, with
TM2 exhibiting higher surface roughness. Raman spectroscopy verified the presence of both components and
indicated enhanced interfacial interaction in theTM2 sample.Optically, the band gap energy increased from
2.88 eV to 3.06 eV for TM2, attributed to strong interfacial coupling and electron localization. Crucially, sig-
nificant PL quenching in the TM2 sample demonstrated a reduction in electron–hole recombination, implying
more efficient charge separation. Electrically, the TM2film showed a lower resistivity (18.6 kΩ) compared to
TM1 (23.6 kΩ), due to the formation of superior conductive pathways via theMWCNTnetwork. The enhance-
ment in electrical conductivity, corroborated by a lower sheet resistance in the four-point probemeasurement,
underscores the efficacy of the optimized process in establishing superior charge transport pathways The non-
linear I-V characteristics and the calculated coefficients suggested trap-assisted Poole–Frenkel conduction.
Furthermore, the surfacewettability transitioned to amore hydrophobic state for the nanocomposites, with
TM2 showing the highest water contact angle due to its increased roughness. The enhanced hydrophobic char-
acter observed in the TM2film suggests potential applicability in self-cleaning coatings, where a highwater
contact angle facilitates the removal of surface contaminants. Thework function ofMWCNTs (Φ_MWCNT≈
4.8–5.0 eV) is higher than the electron affinity of TiO2 (χ_TiO2≈ 4.2 eV). Upon contact, electron transfer from
the TiO2 conduction band to theMWCNTs occurs until Fermi level (E_F) alignment is achieved, resulting in
band bending inTiO2 and the creation of a Schottky-like barrier (Φ_B). This configuration promotes efficient

Figure 9.Energy band alignment diagramat the TiO2/MWCNT interface.
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charge separation and explains the enhanced conductivity and quenched photoluminescence observed in the
TM2nanocomposite.

In summary, the optimized spin-coating process significantly enhances the optoelectronic performance of
TiO2/MWCNTnanocomposites by improving crystallinity, promoting efficient charge transfer, suppressing
recombination, and increasing electrical conductivity. These tailored propertiesmake these nanocomposites
highly promising for advanced optoelectronic applications, including solar cells and photodetectors. Further-
more, the significantly enhanced charge separation and electron transport efficiency observed in the TM2 sam-
ple are fundamental prerequisites for superior photocatalytic performance. Based on the demonstrated
optoelectronic properties and supported by literature on analogous composites [42, 43], our TiO2/MWCNT
films present a strong potential for application in photocatalytic systems, such as for the degradation of envir-
onmental pollutants.

Data availability statement

Nonewdatawere created or analysed in this study.
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