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A B S T R A C T

Titanium dioxide (TiO2) is a long-established semiconductor material used in several electrical and electronical 
applications, including random-access memories, biohybrid interfaces, sensors, and neuromorphic computing. 
Nevertheless, such applications are still at an early development stage, constrained by fundamental gaps in 
understanding and technological limitations. Functional memristive characteristics of TiO2 rely extensively on 
the processes, including synthesis techniques, fabrication, and physicochemical modifications. In this work, 
nanostructured composite films of Carbon (Soot) and TiO2 are fabricated through a custom-made aerosol flame 
synthesis (AFS) reactor using a facile one-step synthesis technique with good control over nanostructure, crys
tallinity, defect chemistry and carbon component inclusions. Scanning mobility particle sizer (SMPS) was 
employed to analyze particle size distribution in the flame. Microstructures and composition of the C-TiO2 film 
were characterized through Raman spectroscopy, UV–VIS spectrophotometry, atomic force microscopy (AFM), 
and current-voltage I-V measurements. The presence of carbon and TiO2 across the film was confirmed by the 
Raman spectrum and quantified by light absorption. The electrical characterization demonstrated a capacitive- 
coupled non-zero crossing and type-II hysteresis behavior of the C-TiO2 nanostructured film. Following carbon 
compositing, TiO2 exhibited enhanced optical absorption in the visible spectral region and electrical conduc
tivity. The improvement in the conduction pathways was evidenced by the I-V measurements of the TiO2 film 
and the C-TiO2 film. A phenomenon of disappearance and reappearance of the capacitive-coupled memresistive 
effect was observed after dark and sunlight exposure, most likely due to the photosensitive nature of TiO2 in the 
nanocomposite film. This proof-of-concept study testifies that, due to such properties, C-TiO2 nanocomposite 
films produced via AFS can be considered as promising future candidates for applications in the field of next- 
generation electronic devices.

1. Introduction

Aerosol flame synthesis (AFS) is a widely used technique for the cost- 
effective production of novel functional nanomaterials [1–3]. Its 
versatility and capability for scaling up to industrial-level production 
make it an attractive choice. AFS is particularly proficient in controlling 
key features such as phase purity, crystallinity, and particle size, making 
it suitable to produce nanomaterials intended for advanced applications 
[4].

In the AFS process, particles are formed from gaseous pyrolysis 

products using a continuous flow method that involves introducing 
precursors into the flame. In addition to producing nanopowders, the 
AFS technique offers significant potential for fabricating nanostructured 
films and self-assembled coatings through thermophoretic deposition 
[1–5].

Among various compounds, titanium dioxide (TiO2) is the second 
most synthesized material produced through flame reactor synthesis [2,
6]. TiO2 is a semiconductor material extensively researched for various 
advanced applications due to its chemical stability, photoactivity, and 
abundance. These applications include photovoltaics [7], 
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electrochemical cells [8], photocatalysis [9], water treatment [10,11], 
anti-corrosive and antibacterial coatings [12,13], biomedical uses [14], 
sensors [15], and memory devices [16,17]. Comprehensive studies on 
TiO2 production primarily focus on its anatase and rutile phases 
[18–21].

Practical applications of TiO2 are often limited due to its wide 
bandgap, low absorption capacity, high electron-hole recombination 
rate, and relatively low activity under visible light [22,23]. TiO2 has 
been studied extensively with metal and non-metal dopants to enhance 
its performance and characteristics, such as to reduce the bandgap and 
undesirable recombination rate of photogenerated hole and electron 
pair for various applications [24]. Several studies have been reported to 
address these shortcomings via the introduction of nanocarbons in 
different forms, including graphene-TiO2 composites, carbon-doped 
TiO2 nanoparticles, and CNT-fullerene-TiO2 composites [25–29]. 
Carbonaceous materials increase the visible light absorption of the 
composite, enabling it to perform under a wide spectrum of light that 
ultimately influences the chemical bonding (Ti-O-C bonds) formed be
tween the carbon and titanium dioxide (TiO2) [30,31]. Additionally, 
carbon is a highly stable, low-cost, and eco-friendly material that aids 
the conduction of electrons from electron-hole pairs to enhance the 
charge separation capacity of the titanium dioxide (TiO2) [32,33]. 
Recently, there has been an increased interest in compositing TiO2 with 
different forms of carbon produced via flame reactors [24]. Such a 
combination offers exceptional electrical properties because of 
carbon-metal oxide interactions. The C-TiO2 nanocomposite can be 
potentially employed for several applications such as water splitting 
[34], degradation of pollutants [35], drug delivery [36], photovoltaics 
[37], energy storage devices [38], gas sensors [39], biosensors [40], 
flexible and wearable devices [41], light-emitting diodes [42], 

electrochemical fuel cells [43] and many more. A relevant potential 
application of interest lies in the resistive switching phenomenon 
observed in a composite nanostructured film produced by the integra
tion of conductive carbon material and semiconductor TiO2 [44,45].

For these reasons, C-TiO2 nanocomposite can be a promising candi
date for applications in next-generation electronic devices because of the 
ideal C-TiO2 combination where resistive switching characteristics of 
TiO2 semiconductor material are aided by excellent optoelectrical 
properties and highly stable mechanical properties of the carbon com
pound [46,47].

In this work, we present the structure and properties of a nano
structured film of C-TiO2 nanoparticles produced by a customized AFS 
reactor through a one-step process. The nanocomposite film is fabricated 
through thermophoretic deposition of C-TiO2 nanoparticles on the 
substrate mounted on a rotating disk above the flame reactor. The pre
pared nanostructured C-TiO2 film is investigated in-depth through 
various characterization techniques for different characteristics, 
including morphology, particle size distribution, chemical composition, 
optical properties, and electrical properties. The primary aim of this 
proof-of-concept study is to establish the feasibility of AFS in synthe
sizing in a single step functional nanostructured composite films of 
carbon and titania with specific optical and electrical properties for 
possible applications in novel electronic devices.

2. Experimental

The nanostructured C-TiO2 particles were synthesized using a 
custom-designed aerosol flame reactor tailored for precise control of 
reaction parameters. It consists of a honeycomb burner and a high- 
pressure syringe pump used for loading precursor solution as a spray 

Fig. 1. Schematic of the experimental set-up for the synthesis and deposition of C-TiO2 nanoparticles.
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with the help of supplementary spray air and a pre-heated air flow as a 
carrier gas [5,48]. A schematic of the experimental set-up for the syn
thesis and deposition of C-TiO2 particles into nanostructured films is 
reported in Fig. 1.

Titanium (IV) isopropoxide (TTIP) serves as the precursor for syn
thesizing TiO2, whereas carbon material is obtained by running the 
flame in fuel-rich conditions. A 0.5 M TTIP solution was prepared in 
ethanol, sonicated for 1 h to ensure homogeneity, and then infused into 
the flame reactor at a controlled rate of 900 μL/min. Two additional 
flame conditions have been investigated: a fuel-rich flame without TTIP 
(the TiO2 precursor), namely a Sooting flame, and a fuel-lean flame 
producing only TiO2 nanoparticles, namely a TiO2 producing flame.

The C/O ratio, equivalence ratio (Φ), cold gas velocity, and other 
relevant parameters for all three flame configurations, i.e., the C-TiO2 
producing flame, the Soot producing flame, and the TiO2 producing 
flame, are summarized in Table 1.

The C/O ratios and the related equivalent ratios are calculated ac
cording to the combustion reaction of the fuel mixture composed of 
ethylene and ethanol with air. The change in C/O produced by the 
addition of TTIP in both the TiO2 and C-TiO2 flames is negligible. 
Indeed, by taking into account the contribution of TTIP to the total flow 
rates of fed gases, the variations of the cold gas velocity and the C/O 
ratio in the flame reactors are in the order of 1 %.

The C-TiO2 and Soot flame reactors were operated under fuel-rich, 
soot-forming conditions to generate carbon precursors for nano
material synthesis. The only difference between the two flames was the 
presence of a titanium precursor in the C-TiO2 reactor. In contrast, the 
TiO2 flame reactor was operated under fuel-rich but non-sooting con
ditions to produce pure TiO2 nanoparticles.

Temperatures were measured at a fixed location (15 mm) in the 
flames using a fast insertion procedure with a R-type thermocouple (Pt/ 
13 %Rh–Pt) and corrected for radiation losses [49].

Size distributions of the particles generated in the flame are 
measured online by a TSI 3938 Scanning Mobility Particle Sizer (SMPS) 
at 15 mm above the burner; particles were withdrawn from the flame 
through a horizontal dilution probe having an orifice of 0.3 mm.

The nanoparticles produced in the flame were also deposited via 
thermophoresis on different substrates for diverse characterizations. 
Substrates are mounted on a rotating disk positioned at a fixed height 
above the burner (HAB) with a total deposition time of td = 30 s. This 
serves as a stagnation surface for the flame reactor and enables the 
substrates connected to the disk to be quickly put into the flame 
repeatedly, as shown in Fig. 1.

Particles deposited on quartz substrates were analyzed by Raman 
spectroscopy to evaluate their chemical composition. Quartz substrates 
were also used for UV–vis light absorption measurements and optical 
band gap analysis.

Raman spectroscopy analysis was carried out using Horiba XploRA 
microscope equipped with an objective lens of 100X and a Nd:YAG laser 
with an excitation wavelength of λ = 532 nm. An Agilent UV–Vis 8453 
spectrophotometer was used to measure ultraviolet and visible light 
absorption spectra.

Muscovite mica substrates are used for the surface topography of the 
produced films through atomic force microscopy (AFM). Supersharp 
silicon probes (SSS-NCHR) were mounted on a scanning probe micro
scope by NT-MDT (NTEGRA) that performed the surface topography in 

semi-contact mode in ambient environmental conditions.
Micrux ED-IDE1-Au electrodes are used for the electrical character

ization of the deposited particle film. Electrical measurements were 
carried out through a source measurement unit (SMU, Ossila B.V., NL) 
coupled with an electrode-holding chamber (Linkam Scientific In
struments Ltd., UK). This measurement unit, operated by computer- 
connected software, has a measurement range of − 10 V to +10 V with 
variable voltage increment (VI) and voltage scan rate (VSR) functions set 
at VI = 0.5 V and VSR = 5.3 V/min.

3. Results & discussion

A preliminary investigation was conducted at various heights above 
the burner (HAB) in the three flame configurations, to find the optimal 
conditions for the C-TiO2 composite formation. To this aim, particles 
were sampled on quartz substrates and analyzed by light absorption and 
Raman spectroscopy. Soot formation was observed to initiate at lower 
HABs than TiO2 particles’ inception height. Among the tested configu
rations, the optimal conditions for achieving a well-integrated C-TiO2 
composite were identified at a HAB of 15 cm, where a favorable balance 
between soot formation and titanium dioxide nanoparticle growth was 
established. This is evident from Fig. 2 where the Raman spectra 
measured in C-TiO2 flame at the two HAB of 10 cm and 15 cm are 
reported.

At HAB = 10 cm, the spectra exhibit only the characteristic D 
(~1350 cm− 1) and G (~1600 cm− 1) bands, which correspond to the A1g 
breathing mode of aromatic rings in disordered carbon and the E2g 
stretching mode of graphitic carbon, respectively. Notably, no Raman- 
active modes associated with the anatase polymorph of TiO2 are 
observed, particularly the prominent Eg(1) mode typically appearing 
around 144 cm− 1. This absence suggests that under the thermal and 
chemical environment present in the flame up to the height of 10 cm, 
TiO2 fails to nucleate or remains in a non-crystalline, possibly amor
phous state [50,51]. In contrast, at HAB = 15 cm, the Raman spectra 
reveal distinct features of crystalline anatase TiO2: Eg(1) (~146 cm− 1), 
B1g (~393 cm− 1), A1g/B1g (~517 cm− 1), and Eg(2) (~638 cm− 1) 
alongside the D and G bands of carbon. This suggests the successful 
formation of composite material. The crystallinity of TiO2 at this HAB 
may be attributed to the higher flame residence time and favorable 
temperature gradients, which facilitate sufficient energy for anatase 
phase nucleation and growth [52,53].

Flame temperature was measured at a height above the burner (HAB) 
of 15 cm, which corresponds to the region chosen for nanoparticle 
deposition. The recorded temperatures were 1750 ± 50 K for both the 
pure carbon and C-TiO2 flames, and 1720 ± 50 K for the TiO2 flame. 
These values are quite similar, indicating that the thermal environments 
in both the C-TiO2 and TiO2 flames are comparable at this specific 
height, suggesting that they are not significant enough to affect nano
particle formation.

Fig. 3(a) reports the Raman spectra of the three films produced 
collecting particles in the three different flames. TiO2 can be produced 
either in the form of anatase or rutile, depending on the flame operating 
conditions [54]. The Raman spectrum of C-TiO2 in Fig. 3(a) clearly 
shows the four characteristic peaks of titania attributed to the anatase 
phase along with the distinctive D and G bands of carbon.

The Raman spectrum corresponding to soot particles is also reported 
in Fig. 3(a). Notably, the D band and G bands in C-TiO2 exhibit a similar 
spectral correspondence to those observed in the Raman spectrum of the 
pure carbon material. This strong resemblance suggests that carbon 
within the C-TiO2 film is formed in a comparable structural configura
tion to that found in soot. Such an observation supports the conclusion 
that the carbon present in the C-TiO2 composite film retains similar 
bonding characteristics and structural attributes.

Fig. 3(b) compares the anatase phonon modes observed in the Raman 
spectra of the pure TiO2 nanoparticle film and that of the C-TiO2 
nanocomposite film. The prominent Raman peaks in the spectrum of the 

Table 1 
Investigated flame reactor parameters.

C-TiO2 Flame Soot Flame TiO2 Flame

C/O ratio 0.87 0.87 0.58
Equivalence ratio Φ 2.78 2.78 1.98
Cold gas velocity (cm/s) 42.5 42.5 52
Liquid EtOH solution (μL/min) 900 900 900
TTIP concentration (M) 0.5 0 0.5
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pure TiO2 film are positioned at 144 cm− 1, 393 cm− 1, 517 cm− 1, and 
638 cm− 1. In contrast, the C-TiO2 nanocomposite spectrum shows a blue 
shift of 2.87 cm− 1 in the main anatase Eg(1) peak, appearing at 146.87 
cm− 1, as highlighted in the magnification of Eg(1) peak reported as inset 
plot in Fig. 3(b). Additionally, a slight shift in the B1g phonon mode of 
anatase is also observed. This shift indicates interactions between TiO2 
and other elements - specifically carbon [50]. These blue shifts are likely 
due to the high concentration of oxygen vacancies in the TiO2, which 
interact with the carbon nanoparticles in the nanocomposite film [51]. 
This spectral shift supports the strong connection between the carbon 
matrix and the TiO2 matrix. The evidence of structurally integrated 
C-TiO2 composite with synergistic properties is crucial for ensuring 
efficient electron-hole separation, photostability, and surface reactivity, 
which are critical for applications in photocatalysis, electrocatalysis, 
and energy storage devices [55,56].

Moreover, the nanoscale interface formed between the conductive 
carbon material and semiconducting titanium dioxide is promising in a 
bid to investigate the possible resistive switching behavior of the com
posite nanomaterial. The switching behavior of a material is primarily 
attributed to the formation and migration of oxygen vacancies within 
the TiO2 lattice, as well as the dynamic modulation of charge transport 
across the carbon–TiO2 interface. These interfacial phenomena critically 
influence the ON/OFF resistance states, switching endurance, and data 
retention capabilities of the memory device, making the engineering of 

such nanocomposites a pivotal aspect of emerging non-volatile memory 
technology development [57]. Information on the carbon matrix can be 
derived by the analysis of the intensities of the D and G bands, I(D) and I 
(G), and the comparison between the spectra of the C-TiO2 nano
structured film and the reference soot film. The D-band to G-band in
tensity ratio, I(D)/I(G) ratio, is close to 1 in both cases. Specifically, the 
calculated I(D)/I(G) ratio for C-TiO2 is 0.95, while for soot nano
particles, it is slightly higher, about 0.97. The marginal difference be
tween these values indicates that the structural characteristics of the 
soot embedded in the C-TiO2 film closely resemble those of standalone 
soot nanoparticles, C-TiO2 matrix likely retains the disordered yet 
graphitic-like nature at nanoscale, typical of soot. This finding is sig
nificant as it provides insight into the structural properties of carbon 
within the C-TiO2 system, which may influence its electronic, optical, 
and catalytic behaviors.

The size distribution of the particles (PSD) collected from the C-TiO2 
flame at HAB = 15 mm is reported in Fig. 4(b) and compared to the size 
distribution of the particles produced in the pure TiO2 and soot flames in 
Fig. 4(a) and (c), respectively.

Fig. 4(a) shows that the particles measured for the pure TiO2 have 
sizes primarily between 10 nm and 30 nm, with the tail of the particles 
decreasing by three orders of magnitude up to 60 nm. In Fig. 4(b), it is 
evident that the particle size of the nanocomposite C-TiO2 is similar to 
that of the pure TiO2 nanoparticles in the range up to 40 nm, with the 

Fig. 2. Raman spectra of the film prepared in the C-TiO2 flame condition at HAB = 10 cm (a) and HAB = 15 cm (b).

Fig. 3. Raman spectra of the C-TiO2, TiO2 and Carbon films (a) and signature peaks of the anatase mode of TiO2 (b). The inset plot of Fig. 3(b) shows a magnification 
of the Eg(1) peak.
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Fig. 4. Particle size distribution functions of TiO2 nanoparticles (a), C-TiO2 nanoparticles (b) and soot particles (c).

Fig. 5. UV–VIS Absorption spectra of TiO2, C-TiO2 and soot films (a). Optical bandgap of TiO2 and C-TiO2 films in the range 3.5–3.9 eV (b). Optical bandgap of TiO2 
and C-TiO2 films in the range 1.5–2.5 eV (c).
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presence of a first mode of particles smaller than 10 nm and a second 
mode centered at about 25 nm, although with a slightly lower number of 
the particles. The tail of this particle mode is much higher in the C-TiO2 
flame. This increase in the particle size can be ascribed to the compos
iting of the carbon with the TiO2 nanoparticles. Indeed, Fig. 4 (c) shows 
that soot nanoparticles synthesized through the same flame reactor 
under identical conditions and at the same height above the burner as in 
the C-TiO2 flame but without precursor infusions are larger than 40 nm, 
exhibit low number concentration, and have a broad size distribution 
with some particles exceeding 100 nm.

The significantly larger particle size of soot compared to TiO2-based 
particles indicates a reduced particle growth when TiO2 is present. It 
might be hypothesized that TiO2 nanoparticles, experiencing strong 
electrostatic stabilization due to their metal oxide nature, reduce par
ticle agglomeration. In flame synthesis, particularly within premixed 
stagnation flame setups, the formation of TiO2 nanoparticles can 
significantly influence the agglomeration behavior of soot particles. The 
presence of TiO2 nanoparticles has been observed to inhibit the growth 
of larger soot aggregates, leading to a reduction in overall particle size. 
This phenomenon is primarily attributed to the electrostatic stabiliza
tion conferred by TiO2 nanoparticles [58].

Fig. 5 reports the UV–VIS absorption spectra of nanoparticle films. In 
Fig. 5(a), the spectrum for C-TiO2 films is shown and compared to the 
absorption spectra of soot films and pure TiO2 nanoparticle films. The 
absorption spectrum of pure titanium dioxide TiO2 exhibits a pro
nounced absorption peak in the ultraviolet (UV) region, reflecting the 
typical behavior of this wide band bandgap semiconductor, whose 
strong UV absorption arises from electronic transitions between the 
valence and conduction bands [59]. Even though pure TiO2 should 
theoretically only absorb in the UV region, the TiO2 curve shows some 
absorption in the visible range which is indicative of defects such as 
oxygen vacancies, and other sources of disorder in the perfect crystal 
lattice that cause a gradual tailing off of absorption into lower energies 
the Urbach tail which can contribute to visible light absorption [60].

The spectrum of the carbon composited titanium dioxide C-TiO2 
presents the strong UV absorption band produced by the TiO2 compo
nent, while the absorption in the visible range is sensibly stronger than 
the TiO2 tail. Such extended absorption in the visible range above 450 
nm show a strong similarity to the spectra of pure carbon and, therefore, 
can be due to the carbon addition, which also may result in creation of 
localized electronic states within the TiO2 bandgap, hence further 
facilitating visible-light absorption [61]. The slightly stronger absorp
tion in the UV range of the C-TiO2 spectrum compared to the TiO2’s one, 
may also be attributed to the presence of carbon component which may 
also contribute to the modification in the material’s electronic structure. 
In Fig. 5(b), the optical energy bandgap Eg,opt of the pure TiO2 and 
C-TiO2 is reported. The optical bandgap Eg,opt was calculated from the 
absorption spectra using Tauc analysis method [62,63]. Eg,opt for TiO2 
spectrum and C-TiO2 spectrum analyzed in the range of 3.5–3.9 eV 
provides Eg,opt = 3.05 eV for the pure TiO2 ascribed to the anatase 
polymorphic phase of TiO2, whereas the Eg,opt for the C-TiO2 is 2.6 eV. 
Such TiO2 optical bandgap reduction observed in C-TiO2 spectrum can 
be attributed to the carbon compositing and can indicate a strong 
connection and effective compositing between carbon and TiO2. In Fig. 5
(c), the optical band gap Eg,opt of soot, determined within the range of 
1.5 eV–2.5 eV, is presented for both the pure carbon film spectrum 
(depicted in red) and the C-TiO2 composite film (in green). Eg,opt for soot 
in the pure carbon film is 0.2 eV, whereas in the C-TiO2 composite film, 
the optical band gap increases to 0.6 eV. This observed difference in the 
optical band gap of soot in the two spectra suggests a carbon-TiO2 
interaction which could alter the electronic states and modify the overall 
band structure.

From UV–Vis absorbance spectrum, the bulk layer thickness of 
nanoparticles composing the film, i.e., the thickness of the material in 
the absence of voids, can be derived using the well-known Lambert-Beer 
law and the refractive index of titania and soot. For anatase TiO2 an 

extinction coefficient k = 0.48 at λ = 345 nm was used [64], while for 
soot an extinction coefficient k = 0.56 at λ = 532 nm was used [65]. The 
bulk thickness obtained from UV–Vis spectra were then used to calculate 
the mass loading of particle layers in each film, i.e., the actual mass of 
particles in the film per unit area, assuming a density of anatase nano
particles equal to 4 g/cm3 and a density of soot nanoparticles equal to 
1.8 g/cm3. In the pure carbon flame, the mass loading of soot was 
determined to be 6.9 × 10− 6 g/cm2, while in the pure titanium dioxide 
flame, the mass loading of TiO2 was measured at 2.7 × 10− 5 g/cm2. 
When considering the composite C-TiO2 film, the mass loading of soot 
was found to be 2.8 × 10− 6 g/cm2, and the mass loading of TiO2 in the 
same film was 2.7 × 10− 5 g/cm2. From these measurements, the car
bon-to-TiO2 mass ratio in the C-TiO2 composite film was calculated to be 
0.1. This suggests that, in the composite film, the soot content is 
significantly lower than the TiO2 content, indicating a predominance of 
titanium dioxide in the film structure.

Fig. 6 shows the atomic force microscopy (AFM) images of the pro
duced nanostructured C-TiO2 film. The surface morphology, homoge
neity, and particle dispersion were carefully evaluated through 
obtaining high-resolution topographical images, enabling the evalua
tion of the homogeneity and the distribution of the nanoparticles inside 
the film. The AFM images in Fig. 6(a), acquired over an area of 20 × 20 
μm2, and in Fig. 6(b), acquired over an area of 10 × 10 μm2, show 
uniformly dispersed nanostructures across the film. Furthermore, the 5 
× 5 μm2 and 1.5 × 1.5 μm2 zoomed images of the C-TiO2 nanocomposite 
film, reported respectively in Fig. 6(c) and (d), show that the film has a 
fractal-like structure. The particle uniformity in shape and size inside 
these evenly dispersed microclusters indicates a steady and regulated 
synthesis process, and it helps to ensure stability and homogeneity 
throughout the surface, as this structural arrangement is a necessary 
assurance for functional characteristics of the film for intended uses 
[66].

Fig. 7 reports the current voltage (I-V) measurements of the prepared 
samples on the synthesis day. The I-V curves measured on C-TiO2 film 
are characterized by a hysteresis loop in the first and in the third 
quadrants, which is clearly symmetrical, non-pinched (i.e., non-origin or 
non-zero crossing) and it doesn’t have any self-crossing point.

An ideal memresistive material is typically characterized by a 
resistive switching effect and usually shows fingerprint properties such 
as limiting linear I–V properties, single-valued charge-flux relation and 
particularly a pinched hysteresis current-voltage loop [67–69]. How
ever, many works report the electrical characterization of materials that 
are unable to show all fingerprint properties and therefore they are 
defined as non-ideal memristive material [70]. One of the most common 
non-ideal behaviors is the non-zero I–V crossing behavior [68]. The 
non-zero I–V crossing property is typically due to the dominance of 
either mem-capacitive or mem-inductive memory effect, and two types 
of hysteresis loops can be identified as type-I (self-crossing or trans
versal) and type-II (not self-crossing or tangential) [71]. The AFS-made 
nanocomposite C-TiO2 film exhibits an interesting electrical behavior as 
shown in Fig. 7 (a). Unlike the usual ribbon-like memristive hysteresis of 
TiO2 [72], the nanocomposite C-TiO2 film shows a memristor as well as 
a capacitor effect. Indeed, the particular hysteresis pattern, showing a 
non-pinched (or non-zero) crossing and not self-crossing I-V hysteresis, 
is typical of capacitive-coupled non-zero hysteresis and type-II mem
ristive effect [67,73] and it is due to the simultaneous presence of the 
capacitive effect.

From the electrical circuit perspective, a capacitive coupled mem
ristive devices can be modeled as a parallel connection between an ideal 
memristor and a capacitor [73]. In these devices, there are usually many 
positive and negative ions in the active layer of a device. When an 
external electric field is applied, positive ions move in the direction of 
the external electric field and negative ions migrate toward the opposite 
direction. This motion results in accumulated ions at the interfaces be
tween the electrodes and the active layer, and a capacitive effect is 
subsequently established [73]The memristive effect is explained as a 
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resistive switching phenomenon where a material goes through revers
ible changes in the metastable resistance state induced by external 
applied electric fields [74]. Such changes are commonly referred to as 
occurring at the ‘SET’ and ‘RESET’ points of the memristive hysteresis, 
corresponding to the switching between the ON and OFF states, where a 
conductive filament is respectively formed and dissolved across the film. 
This filament is formed when the oxygen vacancies, which work as 
charge carriers, migrate toward the positive electrode and align upon 
reaching a certain voltage level under the application of an external 

electric field, thus favoring electrical conduction. Hence, a ‘SET’ process 
is responsible for the formation of the conductive filament, and the 
‘RESET’ process is responsible for the rupture of that conducting fila
ment. Fig. 7(a) shows a sharp transition in the curve starting from a high 
resistance state (HRS) to a low resistance state (LRS) at approximately 
+2V/-2V, indicating the material enters the ‘SET’ state. As the voltage 
continues to increase to its maximum, the material returns to the HRS, 
demonstrating a ‘RESET’ process. At an applied bias of +5 V, the device 
demonstrated a stable SET process, with the ON/OFF current ratio 

Fig. 6. AFM micrographs of the C-TiO2 films over an area of 20 × 20 μm2 (a), 10 × 10 μm2 (b), 5 × 5 μm2 (c) and 1.5 × 1.5 μm2 (d).

Fig. 7. Current voltage I-V curve measured on the synthesis day on C-TiO2 film (a) and comparison between I-V curves measured on TiO2 film, C-TiO2 film and soot 
film (c).
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between the low-resistance state (LRS) and high-resistance state (HRS) 
calculated to be approximately 3. The capacitive-coupled memristive 
behavior of the produced nanocomposite C-TiO2 film suggests the 
feasibility of AFS in synthesizing nanomaterials that can be possibly 
integrated into next-generation electronic devices.

Fig. 7(b) shows a comparative analysis of TiO2, soot, and nano
composite C-TiO2 film I-V hysteresis. Herein, three I-V hysteresis are 
reported where blue represents pure TiO2, red represents carbon, and 
green represents C-TiO2 films. It can be seen that the TiO2 and C-TiO2 
hysteresis exhibit similar behavior but different current values, as the 
maximum current value for TiO2 curve is 6.15 × 10− 6 A and the 
maximum current value for the C-TiO2 curve is 9.96 × 10− 6 A, whereas 
the carbon curve exhibits a typical non-ohmic conductive behavior [5,
48]. Interestingly, the maximum current value of 1.03 × 10− 5 is close to 
the maximum current value of the C-TiO2 curve. Such I-V behavior ex
plains the benefits of compositing TiO2 with carbon, as the TiO2 exhibits 
the capacitive-coupled memrstive behavior, the carbon addition, due to 
its electrical conductance, complements the TiO2 with enhanced con
duction paths during filament formation upon application of the 
external electric field. These nanostructured C-TiO2 composite films 
possess very peculiar and attractive properties due to the combination of 
the optical properties of semiconductor TiO2 with chemical and me
chanical stability and conductive characteristics of the carbon com
pound [75]. It is worth underlining that the concurrent resistive and 
capacitive switching effects can be responsible for the performance 
degradation of the device in long run, i.e., in terms of long-term 
endurance, but could also augment the interest of research and indus
trial communities by introducing novel functionalities and thus appli
cations [76]. Indeed, this capacitive coupled memristive effect of the 
materials has attained significant scientific attention, with a primary 
focus on development and optimization on their applications in future 
electronic devices. For instance, Mao et al. have presented an 
earth-abundant wheat flour (WF) as main dielectric component exhib
iting a stable capacitive-coupled memristive behavior, highlighting the 
potential of biomaterials for sustainable device design [77]. Within this 
frame of reference, the results obtained on our presented C-TiO2 films 
further complement this growing field by exhibiting a highly stable and 
repeatable electrical response under varying environmental conditions, 
as further confirmed by the measurements reported in the following. The 
ability demonstrated in the presented C-TiO2 film to reversibly switch 
between linear and capacitive-coupled memristive states, while main
taining good cycle-to-cycle repeatability, underlines its potential as a 
promising platform material for future electronic devices.

Another interesting phenomenon was observed in the C-TiO2 nano
composite film upon putting the film in the dark for 48 h and then 
exposing it to sunlight for 12 h. The results are reported in Fig. 8. The 
sample was firstly stored in a dark environment for 48 h before 

subsequent electrical characterization to examine the stability and 
persistence of the capacitive-coupled memristive behavior in the syn
thesized C-TiO2 thin film. As illustrated in Fig. 8(a), the post-storage I-V 
measurements revealed a significant change in the electrical response 
compared to the initial observations. Specifically, the previously 
observed capacitive-coupled memristive behavior was absent, and the I- 
V curve transitioned to a predominantly linear or weakly nonlinear 
characteristic. This drastic alteration in electrical properties suggests a 
degradation of the switching mechanism. due to the photosensitive 
properties of the semiconductor TiO2. This effect is likely attributed to 
the loss of active charge carriers or the passivation of oxygen vacancy- 
related conductive pathways. A plausible explanation for this phenom
enon is the gradual reabsorption of oxygen from the surrounding envi
ronment, leading to the neutralization of oxygen vacancies that initially 
facilitated the resistive switching process [78]. The reduced availability 
of defect states effectively inhibits the formation and rupture of 
conductive filaments, eliminating the hysteresis observed in previous 
measurements. Furthermore, a quantitative analysis reveals that elec
trical conductivity decreases by roughly one order of magnitude after 
48-h of storage in dark further confirming the critical role of fact that the 
oxygen present in the surrounding plays a crucial role in modulating the 
film’s electrical characteristics.

To further investigate the influence of environmental factors on the 
electrical properties of the C-TiO2 film, the sample was subjected to 
continuous solar irradiation for 12 h. Fig. 8(b) shows the I-V hysteresis of 
the C-TiO2 nanocomposite film after the sunlight exposure. The post- 
irradiation I-V curve reveals a remarkable recovery of the capacitive- 
coupled memristive behavior, which had previously degraded due to 
prolonged dark storage. Notably, the electrical conductivity exhibited a 
significant enhancement, increasing by approximately one and a half 
orders of magnitude compared to the initial measurements taken on the 
synthesis day. Reaching the value of 6.52 × 10− 4 A. To confirm the 
repeatability of this phenomenon, the samples were passed through 
repetitive cycles of dark and sunlight multiple times. This pronounced 
recovery in memcapacitor effect and conductivity can be attributed to 
the photoinduced electrons in the TiO2 matrix. When exposed to solar 
radiation, photons, and particularly those in the UV range, possess suf
ficient energy to excite electrons from the valence band to the conduc
tion band, thereby facilitating oxygen desorption from the film. This 
process produces photoinduced surface oxygen vacancies (PI-SOVs), 
which are crucial for the formation and modulation of conductive fila
ments responsible for resistive switching. The produced oxygen va
cancies reactivate the formation of conductive filaments, reinstating the 
capacitive-coupled memristive behavior observed in the initial I-V 
characteristics. These findings suggest that solar irradiation serves as an 
effective toll for modulating and rejuvenating the electrical properties of 
C-TiO2 films. The reversible nature of the switching effect highlights the 

Fig. 8. Current-voltage I-V curves of C-TiO2 film after 48 h in dark (a) and after 12 h exposure to the sunlight (b).
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dynamic role of oxygen vacancies in governing the switching mecha
nism. Furthermore, this result underscores the potential of light-assisted 
recovery techniques for enhancing the long-term operational stability of 
TiO2-based capacitive-coupled memristive devices.

The repeatability of such an I-V behavior was confirmed by per
forming 10 consecutive cycles of the electrical measurements on the 
same samples, as reported in Fig. 9.

Fig. 9(a) presents the repeatability of the C-TiO2 I-V characteristics 
measured on the day of synthesis. The curves exhibit stable behavior 
over multiple consecutive cycles, confirming the robustness of the film 
response. Such outcome explicitly exhibits the capacitive-coupled 
memristive effect, with uniform current values and negligible cycle-to- 
cycle variation, highlighting the reproducibility of the phenomenon. 
Similarly, Fig. 9(b) and (c) illustrate the cyclic I-V stability of the C-TiO2 
film under different conditions. After 48 h in the dark, the device ex
hibits highly stable and linear cyclic behavior as shown in Fig. 9(b), with 
excellent repeatability across multiple cycles, indicating the disappear
ance of the capacitive-coupled memristive response. In contrast, after 
12 h of solar exposure, the I-V curves in Fig. 9(c) once again display the 
capacitive-coupled memristive effect with consistent cycle-to-cycle 
performance and negligible current variation, confirming the robust 
repeatability of the film under varying environmental conditions. The 
repeatability of the I-V measurements throughout the several cycles 
under all tested conditions exhibit the intrinsic stability of the C-TiO2 
film. When measured on the synthesis day, the film demonstrates uni
form capacitive coupled memristive effect with trivial cycle-to-cycle 
deviation, endorsing reproducible switching mechanism. While when 
tested after 48 h in dark, the film shows a linear ohmic-like behavior, 

exhibiting consistent cycle-to-cycle stability and highlighting disap
pearance of the capacitive coupled memristive effect. Remarkably, when 
tested after exposure to sunlight for 12 h, the film showed excellent 
recovery of capacitive coupled memristive effect with highly repro
ducible I-V curves that remain consistently stable across several cycles. 
Such observations endorse the reliability and robustness of the C-TiO2 
film, where repeatability directly indicates its long-term stability and 
potential suitability for practical electronic device applications.

The observed variations in I-V characteristics under different envi
ronmental conditions suggest that the capacitive-coupled memristive 
behavior of C-TiO2-based devices can be effectively modeled and 
controlled through the regulation of oxygen vacancies within the film. 
The ability to modulate the electrical response by manipulating the 
availability and distribution of oxygen vacancies highlights their critical 
role in governing the resistive switching mechanism. This tunability 
presents an opportunity to develop strategies for optimizing device 
performance and reliability in practical applications and highlights the 
potential for light-assisted modulation of switching characteristics. The 
ability of UV photons to restore oxygen vacancies and enhance con
ductivity suggests a promising pathway for achieving multilevel resis
tive switching through controlled light exposure [79–81]. This 
phenomenon could be leveraged to develop opto-electronically tunable 
memory devices, where different resistive states can be programmed 
and stabilized using targeted light exposure. Such a capability would be 
highly advantageous for advanced non-volatile memory technologies 
and neuromorphic computing applications, where precise control over 
multiple resistance states is essential for enhancing storage density and 
computational functionality. Overall, these findings emphasize the 

Fig. 9. I-V measurements on C-TiO2 film over 10 consecutive cycles on the synthesis day (a), after 48 h in dark (b) and after 12 h exposure to the sunlight (c).
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significance of oxygen vacancy engineering and light-assisted modula
tion in C-TiO2-based capacitive-coupled memristive devices. Future 
research should be devoted to exploring in depth the quantitative rela
tionship between light intensity, exposure duration, and the extent of 
capacitive-coupled resistive switching recovery in C-TiO2 materials. 
Also, further work needs to be performed to understand how the effec
tive resistance and capacitance of the nanocomposite material can be 
modulated simultaneously by appropriate voltage pulsing and/or by 
varying the ambient parameters such as humidity.

4. Conclusions

In this work, nanostructured C-TiO2 composite films were produced 
via a one-step flame synthesis technique, through thermophoretic 
deposition of C-TiO2 nanoparticles on different substrates placed on the 
rotating disk mounted at a height of 15 cm above the burner.

The interaction between carbon and TiO2 was revealed by the Raman 
spectrum. All four peaks corresponding to the active anatase modes of 
TiO2 were observed along with pronounced peaks of D band and G band 
centered at 1350 cm− 1 and 1600 cm− 1, ascribed to the graphitic-like 
form of carbon. A blue shift in the high-intensity primary peak of 
anatase phase TiO2 was observed suggesting successful compositing of 
carbon and TiO2. Particle size distribution measured with a Scanning 
Mobility Particle Sizer showed a slight increase in the particle size of the 
C-TiO2 as compared to the pure TiO2 nanoparticles. UV–VIS spectro
photometry provided the absorption spectra for pure TiO2, soot and 
nanostructured C-TiO2 film. Optical energy bandgap Eg,opt was calcu
lated from the absorption spectra using Tauc plot method, which 
showed the significant reduction of 0.45 eV in the Eg,opt of the TiO2 
component in the C-TiO2 nanocomposite film with respect to that of the 
pure TiO2 indicating strong interaction between carbon and TiO2 in the 
produced film. AFM surface topography of the produced C-TiO2 nano
composite film showed that the film exhibited homogenous distribution 
of nanoparticles, with uniformity in size and shape.

The electrical characterization performed on the C-TiO2 film 
revealed a capacitive coupled non-zero I–V and type-II memristive 
behavior. An enhanced electrical conductivity was measured in the C- 
TiO2 nanocomposite film in comparison to the pure TiO2 film. A phe
nomenon of disappearance and reappearance of the capacitive-coupled 
memresistive effect was observed after subsequent treatment C-TiO2 
film in the dark and sunlight for a period of 48 h and 12 h respectively. 
The observed phenomenon was most likely due to the photosensitive 
nature of the TiO2 present in the C-TiO2 nanocomposite film. This proof- 
of-concept study proves that AFS is an effective synthesis method to 
produce in a single step nanostructured films of C-TiO2 nanoparticles 
with appealing characteristics due to the combination of the optical and 
electrical properties of semiconductor nano-TiO2 with the chemical and 
mechanical stability and the conductive features of carbon 
nanomaterial.
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