Pre prints.org

Article Not peer-reviewed version

Investigation of Tunable Work Function,
Electrostatic Force Microscopy and
Band Structure of TiO, Nanoparticles

using Kelvin Probe Force Microscopy

Ishag Musa i , Naser Qamhieh i , Jamal Ghabboun, Saleh T. Mahmoud

Posted Date: 24 September 2024
doi: 10.20944/preprints202409.1889.v1

Keywords: TiO2 nanoparticles; scanning probe microscopy (SPM); work function; EFM; photoluminescence;
band structure

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1005303
https://sciprofiles.com/profile/1005365
https://sciprofiles.com/profile/3845392
https://sciprofiles.com/profile/1035026

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024 d0i:10.20944/preprints202409.1889.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Investigation of Tunable Work Function, Electrostatic
Force Microscopy and Band Structure of TiO:
Nanoparticles using Kelvin Probe Force Microscopy

Ishaq Musa'*, Naser Qamhieh?*, Jamal Ghabboun? and Saleh T. Mahmoud?

1 Department of Physics, Palestine Technical University-Kadoorie, Tulkarem P.O. Box 7, Palestine

2 Department of Physics, UAE University, Al-Ain P.O. Box 15551, United Arab Emirates;
saleh.thaker@uaeu.ac.ae

3 Department of Computational Sciences and Engineering, Bethlehem University, Bethlehem, Palestine,

jamalg@bethlehem.edu

Correspondence: i. nusa@ptuk.edu.ps (I.M.); nqamhieh@uaeu.ac.ae (N.Q)

Abstract: The tunable work function of titanium dioxide (TiO.) nanoparticles of various sizes was
measured using the Kelvin Probe Force Microscopy (KPFM) technique. The analysis of the contact
potential difference (CPD) across TiO, nanoparticles of different sizes revealed a clear relationship
between nanoparticle size, surface roughness, and work function. The study observed work
function values ranging from 4.49 eV to 4.57 eV for particle sizes between 3 nm and 85 nm, which
were higher than those of bulk TiO,, likely due to quantum confinement effects. Additionally,
electrostatic force microscopy (EFM) measurements showed significant charge-trapping behavior
within TiO, nanoparticles under different applied bias voltages. The optical analysis also revealed
a quantum confinement-induced band gap of 3.35 eV, larger than that of bulk TiO,, and distinct
photoluminescence peaks at 383 nm and 403 nm, corresponding to near-band-edge excitonic
emissions and defect-related states. By analyzing the conduction band (CB) and valence band (VB)
of TiO, nanoparticles using KPFM, the CB and VB positions were calculated based on work function
data and bandgap. The results indicated that as particle size increases, both CB and VB energies
shift slightly towards lower values, where smaller nanoparticles exhibit larger band gaps and higher
work functions.

Keywords: TiO: nanoparticles; scanning probe microscopy (SPM); work function; EFM;
photoluminescence; band structure

1. Introduction

Nanotechnology has completely transformed material science by allowing for the manipulation
of materials at the atomic and molecular levels. This has led to the creation of nanomaterials with
unique properties. Titanium dioxide (TiO,) nanoparticles are especially intriguing because they can
be used in a variety of applications such as photocatalysis, UV filtration, optoelectronics, and energy
conversion[1,2]. These properties at the nanoscale level make TiO, ideal for a wide range of
technological uses. At the nanoscale, materials are affected by quantum effects, surface phenomena,
and structural morphology. Key factors that heavily influence the electronic properties of TiO,
nanoparticles are particle size, surface roughness, and defects[3]. It has traditionally been challenging
to understand the changes in work function based on nanoparticle size, morphology, and defects due
to the limitations of conventional measurement techniques[4,5]. However, Kelvin probe force
microscopy (KPFM) is an effective scanning probe microscopy (SPM) technique for characterizing
the work function and local electrostatic potential of conductive or semiconductor materials at the
nanoscale. Kelvin probe force microscopy (KPFM) is a technique that combines atomic force
microscopy (AFM) and surface potential mapping using the principle of KPFM[6-8]. In KPFM, the
electrostatic interaction between the tip and the surface controls the cantilever’s oscillation, unlike
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conventional AFM image acquisition. This uses a dual-signal detection scheme, with a DC signal to
generate a force proportional to the difference in work function between the tip and surface, and an
AC voltage to lead to the oscillation of the cantilever. When the frequency of the AC voltage matches
the cantilever resonance frequency, a KPFM signal is generated. This allows for surface potential
mapping[9-11]. Determining conduction band (CB) and valance band (VB) positions of
semiconductor NPs is crucial for understanding their properties and applications. We used KPFM to
investigate the band positions of semiconductor NPs and establish a correlation between their work
function and band structure. This approach allows for precise determination of band edge positions
of materials[12-15].

This research utilized Kelvin Probe Force Microscopy (KPFM) and Electrostatic Force
Microscopy (EFM) to explore the electronic characteristics of TiO, nanoparticles at the nanoscale.
KPFM accurately measures the work function by detecting the contact potential difference (CPD),
while EFM investigates the behavior of charge trapping of TiO2 nanoparticles. Additionally,
photoluminescence and absorption spectroscopy were employed to examine the optical properties of
the TiO2 nanoparticles. The combination of KPFM and EFM with optical analysis provides a
comprehensive understanding of the electronic and optical properties of TiO, nanoparticles based on
their size, emphasizing the importance of adjusting nanoparticle size and surface morphology to
achieve specific characteristics. This article offers a detailed analysis of the work function, electronic
structure, and optical properties of TiO, nanoparticles, focusing on the effects of nanoparticle size
and surface morphology. The results of this study not only enhance our understanding of TiO,
nanomaterials but also provide practical recommendations for tailoring their properties to enhance
performance in various technological applications.

2. Materials and Methods

Nanoparticles of TiO2 measuring less than 100nm in size were purchased from Sigma-
Aldrich.The TiO2 was applied to a variety of surfaces, such as mica sheets, glass, and P-type silicon
substrates, for different types of analysis. The scanning probe microscopy (SPM-9700HT, Shimadzu,
Tokyo, Japan) was utilized to assess the morphology, KPFM, and EFM characteristics of the TiO2.
AFM and KPFM were employed to investigate the electrical properties and work function, allowing
for a precise determination of the morphology and surface potential. The substrates were carefully
positioned on a piezoelectric stage for examination, and a conductive probe made of PtSi was affixed
to the end of the cantilever to generate its topography. KPFM enhanced the analysis by producing
images of the surface potential and topographic map at each scan point. The interaction between the
probe and the sample surface comprised an electrostatic force component, providing valuable data
on the surface potential. Proper sample preparation was essential for accurate mapping, with each
sample attached to carbon tape and securely fastened to a steel disc for stability during scanning. The
scanning was conducted at a speed of 0.5 Hz and a resolution of 256 x 256 pixels, yielding high-
definition images with a spatial resolution of 0.2 nm. To obtain the measurements, Nanoworld
provided a conductive tip Pt/Ir —coating with resonance frequency 75 k Hz and force constant 2.8
N/m. The acquisition of UV-visible absorption spectra was conducted utilizing a UV-2600i
spectrophotometer produced by Shimadzu in Tokyo, Japan. Concurrently, photoluminescence
spectra were recorded employing an RF-6000 spectrofluorometer, also manufactured by Shimadzu
in Tokyo, Japan.

3. Results and Discussion

3.1. AFM and Surface Roughness of TiO2 Nanoparticles

The results shown in Figure 1, displaying the Atomic Force Microscopy (AFM) analysis of TiO,
nanoparticles, reveals significant insights into their surface topography and roughness. In panel (a),
the topographic image showed how the nanoparticles were spread out on the surface, reaching
heights of around 99.52 nm. The distribution of nanoparticle sizes was presented in the histogram in
panel (b), a particle size distribution histogram based on data extracted from approximately 1800


https://doi.org/10.20944/preprints202409.1889.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024 d0i:10.20944/preprints202409.1889.v1

3

nanoparticles in the image in Figure (1). Analysis using particle measurement software is revealing
an average size of approximately 21 nm, with most particles falling between 10 to 30 nm. Panel (c)
identified specific areas (A-B, C-D, and E-F) for a detailed examination of surface roughness and
height, while panel d line profiles offered precise measurements of the surface roughness. Area A-B
had the highest roughness (Ra) at 9.66 nm, with a particle height of 33 nm. In the C-D area, the Ra
was slightly lower at 8.06 nm, with a height of 25.6 nm. In contrast, the E-F area had the smoothest
surface, with an Ra of 0.95 nm and a height of 7 nm. These differences in roughness across different
sections indicated an uneven distribution of nanoparticle sizes and surface textures. It is also
important to note that as the nanoparticle size decreases, the surface roughness also decreases, which
can be attributed to several key factors. As the nanoparticle size diminishes, the surface area to
volume ratio increases significantly, resulting in a more uniform distribution of surface atoms and a
smoother overall surface. Additionally, smaller nanoparticles tend to have fewer crystal defects and
imperfections, leading to a smoother surface with fewer irregularities.
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Figure 1. a) Atomic force microscopy (AFM) topography images of TiO2 nanoparticles on a mica
substrate, Scan sizes of 8 um x 8 um (A). (b) Particle size distribution histogram , (c) high resolution
topography images of TiO2 nanoparticles on a mica substrate Scan sizes of 3.3 um x 3.3 um ( (d)
roughness analysis for TiO2 nanoparticles identified in the image (c).

3.2. Kelvin Probe Force Microscopy of TiO2NPs

Kelvin probe Force Microscopy is being utilized to analyze the properties of variable sizes for
TiO2 nanoparticles and how their work function can be altered. A conductive probe allows for a
thorough examination of the sample’s surface and its electrical characteristics. Through precise
scanning and manipulation of the probe’s interaction with a constant force oscillation, we are able to
gather data on the surface’s physical attributes, elevations, and electrical voltage distribution. This
approach provides insight into the contact potential difference (CPD) and the electrical relationship
between the probe and the sample. Figure 2 depicts images captured with the Atomic Force
Microscopy (AFM) and Kelvin Probe Force Microscopy (KPFM) of titanium dioxide (TiO2)
nanoparticles of different sizes. The scan size is 3.30x3.30 um and shows a varied distribution of
surface potentials indicated by the color contrast.
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Figure 2. KPFM of variable sizes of TiO2 nanoparticles deposited on Si substate (a) and (e)
Topography (b) Topography profiles along lines A-B(1),C-D(2),E-F(3),and G-H(4) extract from image
(a),(f) Topography profiles of particles 5 and 6 from image (e). (c) and (g) Surface potential. (d) and
(h) surface potential profiles of variable sizes TiO2 nanoparticles along lines (1-6) in image (c) and (g).

The potential scale on Figure 2 (c) and Figure (g) ranges from 6.14 Volt to 6.26 Volt, and from
6.12 Volt to 6.34 Volt, with brighter regions representing higher surface potentials. These differences
in surface potential are due to variations in nanoparticle size. Line profiles taken from Figuer (d) and
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Figuer (h) offer detailed data about the surface potential along specific cross-sections of the TiO2
nanoparticles. The average Contact Potential Difference (CPD) for various sizes (3 nm, 8§ nm, 25 nm,
33 nm, 73 nm, and 85 nm) of TiO2 nanoparticles, as shown in Figure 2(d) and Figuer (h), are 10 mV,
12 mV, 40 mV, 50 mV, 60 mV, and 90 mV, respectively[16]. The KPFM scan reveals a non-uniform
surface potential distribution across the TiO2 nanoparticles, which is likely connected to the
electronic structure of the nanoparticles. It is noted that larger particles have higher surface potentials
due to their lower curvature and associated lower surface energy. This information is important for
understanding the behavior and properties of TiO2 nanoparticles. In Figure 3, you can see the surface
potential of a reference sample of Highly Ordered Pyrolytic Graphite (HOPG), grade ZYA, using
KPEM. The sample has a mosaic spread of 0.4 + 0.1 and measures 10 mm x 10 mm with a thickness
of 1 mm.

It was provided by (MikroMasch, Wetzlar, Germany). Figure 3(b) displays the (CPD) of graphite
substrate, which is approximatly 30 mV. This value offers important information about the surface

properties and behavior of HOPG.
0.34
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Figure 3. (a) KPFM image of reference substrate (HOPG), (b) (CPD) of HOPG extract from image (a).

KPFM is a technique utilized to evaluate the work function of TiO, nanoparticles by analyzing
the contact potential difference between the tip and the sample. This difference is connected to the
variance in work function between the tip and sample, which allows for precise measurements at a
nanoscale level, making it possible to analyze the work function of each TiO, nanoparticle.

The equation (1) can be employed to calculate the difference in work function associated with
the CPD between the tip and the sample.

¢sample = ¢tip —eVepp 1

Where ‘e’ represents the charge of a single electron, and V¢pp refers to the Contact Potential
Difference, which is the potential difference between the probe tip and the sample’s surface. To
accurately determine the work function of TiO2 nanoparticles, it is essential to first establish the work
function of the cantilever in the instrument. Calibration is essential for reliable measurements with a
known reference for standardization. This research uses graphite sample with a work function of 4.5
to 5 eV, for precise calibration. By applying the identical equation (1) in the analysis of TiO2
nanoparticles in conjunction with HOPG substrates, it becomes possible to develop unique equations
that are tailored to the characteristics of each substrate typ. The work function of the TiO2
nanoparticle substrate is denoted as ¢r;p, and the specific Contact Potential Difference for the TiO2
nanoparticle substrate as V(crp, tioz. Similarly, when we specify the work function for the HOPG
substrate as ¢ypp; and its unique Contact Potential Difference as V (crp, Hore), we arrive at an
equations for the TiO2 and HOPG substrate as follows:

Prioz = ¢tip — eVicpprioz) 2

Dhopg = Prip — eVicpp,HoPG) 3

By taking the difference between equation 2 and equation 3, a novel equation is derived that
outlines the correlation between the work functions of TiO2 nanoparticles and the reference sample
of Graphite, as demonstrated below:
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Utilizing equation (4) and examining the CPD values derived from Figures 2 and 3, along with
the documented work function values for highly oriented pyrolytic graphite (HOPG)[17], the work
function of TiO2 nanoparticles of different sizes has been accurately calculated. The specific values
obtained are outlined in Table 1, ranging from 4.49 eV to 4.57 eV. It is interesting to note that these
values are higher than the work function of bulk TiO2, which is approximately 4.2 eV[18,19]. Several
key factors influence the variation in work function values between TiO2 nanoparticles and bulk
TiO2. A primary factor is quantum confinement due to the small size of nanoparticles, which limits
electron mobility and raises energy levels. Consequently, more energy is needed to free an electron,
resulting in a higher work function in nanoparticles compared to bulk TiO2. Additionally,
nanoparticles have a greater surface area-to-volume ratio, altering the behavior of surface atoms and
enhancing surface energy, thereby modifying the electronic structure and increasing work function.
The unique morphology and surface features of nanoparticles significantly contribute to these
changes. Moreover, their crystalline structure and defect presence also affect the work function, as
variations in crystallinity and defects influence electronic properties. Figure 4 shows the correlation
between work function and TiO2 nanoparticle size, indicating that larger particles lead to a decreased
work function. This phenomenon is due to the isotropic surface curvature of symmetrical spheres.
Moreover, smaller particles exhibit a higher work function, linked to the beneficial effects of
curvature noted in research [20-22]. Equation (5) illustrates that smaller nanoparticles rely more on
their surface characteristics.

1 [e?
Pk = dp+5— ( ) 5

2me E
This highlights the link between quantum mechanics and electrostatics in a nanoscale regime,
where properties vary by size and differ from bulk materials [23].
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Figure 4. Work function and contact potential difference (CPD) of variable sizes of TiO2
nanoparticles.

The relationship between the roughness of a surface and the work function of nanoparticles has
a significant impact on their electronic properties and can be comprehensively studied using Kelvin
Probe Force Microscopy (KPFM). Surface roughness refers to the small and large variations in the
topography of nanoparticle surfaces, which affect the local electronic environment and, ultimately,
the work function — the minimum energy required to extract an electron from the surface to the
vacuum level. As surface roughness increases, the irregularities on the surface create local variations
in electron density and electrostatic potential. These surface characteristics can result in increased
electric fields at sharp protrusions or edges, making electron emission easier and lowering the work
function. In a study of TiO2 nanoparticles, it was found that as surface roughness increased from 0.58
nm to 30 nm with the growth of nanoparticle size (from 3 nm to 85 nm in diameter), the work function
decreased from 4.57 eV to 4.49 eV (refer to Table 1). This trend shows that larger particles with
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rougher surfaces had a lower energy barrier for electron emission compared to smaller, smoother
particles. The slight decrease in work function with increasing roughness can be attributed to more
pronounced local electric fields on rougher surfaces, reducing the energy needed for electron
removal. These findings are consistent with similar studies in nanomaterials, indicating that
increased surface roughness typically leads to a decrease in work function due to electrostatic and
quantum effects at the nanoscale.

Table 1. Contact potential difference, work function and band structure of TiO2 nanoparticles

properties.

Particle surface CPD Work Conduction Valance

Size (nm) roughness (mV) function(®) band (eV) band (eV)
(nm) (eV)

3 0.58 10 4.57 -4.57 -7.92

8 0.95 12 4.568 -4.568 -7.918

25 8.06 40 4.54 -4.54 -7.89

33 9.66 50 4.53 -4.53 -7.88

73 23.92 60 4.52 -4.52 -7.87

85 30.57 90 4.49 -4.49 -7.84

3.3. Electrostatic Force Microscopy of TiO2NPs

The phenomenon of charge trapping in TiO, semiconductor nanoparticles significantly impacts
their electronic and optoelectronic properties. Electrostatic Force Microscopy (EFM) is a powerful
technique used to study this behavior at the nanoscale. Titanium dioxide (TiO,) nanoparticles are
widely studied for various applications, and charge trapping plays a critical role due to their large
surface area and electronic properties. In semiconductor nanoparticles like TiO,, charge trapping
occurs when electrons or holes become localized in defect sites within the material, which can be
intrinsic (such as oxygen vacancies) or extrinsic (such as impurities or surface states)[24,25]. EFM, a
scanning probe technique, measures electrostatic forces between a charged tip and the sample surface
and can detect charge trapping in nanoparticles by observing shifts in the phase or amplitude of the
oscillating probe. By scanning the tip over the surface, EFM can map the distribution of trapped
charges across the TiO, nanoparticles, providing insights into defect locations and the dynamics of
charge trapping and de-trapping processes[26,27]. Figure 5 displays EFM features a range of images
and cross sections related to TiO, nanoparticles, including topography images, EFM images at
different bias voltages, and three-dimensional projections. Cross sections showing the height and
EFM signal at both +6V and -6V biases are also provided for further analysis. Utilizing electrostatic
force microscopy (EFM) to examine TiO, nanoparticles reveals significant differences in the
nanoparticles” electrostatic behavior when subjected to positive and negative bias voltages. For
instance, under a +6V bias, the EFM image illustrates areas of increased electrostatic interaction,
indicating a stronger attraction between the tip and the positively charged surface. However, under
a -6V bias, the EFM image displays a contrast reversal, with darker regions signifying stronger
repulsion or different charge accumulation on the nanoparticle surfaces. The increase in voltage at
the nanoparticle peak under negative bias suggests charge accumulation, potentially due to defects
or localized charge trapping. These images showcase the changes in the electrostatic environment
under applied bias and highlight EFM’s sensitivity to local charges and potential differences. The
cross-sectional profiles further validate this behavior, demonstrating a 19 mV variation in voltage
under both positive and negative biases with opposite signs, indicating that the charge distribution
changes direction depending on the applied field’s polarity. The potential distribution also differs
between the positive and negative bias EFM images, with the positive bias resulting in lower potential
regions within the nanoparticles, indicating charge depletion or differing interactions with the
electric field[28].
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Figure 5. (a) AFM image of TiO2 nanostructure, (b) EFM of the TiO2 nanostructure bias voltage at
positive 6 V, (c) EFM of the TiO2 nanostructure bias voltage at negative 6 Volt, (d,ef) Three-
dimensional images of AFM and EFM of TiO2 nanostructures, (g) profile height of TiO2
nanostructures, (h) EFM profile of TiO2 nanostructures at positive 6 Volt, (i) EFM profile of TiO2
nanoparticles at negative 6 Volt.

3.4. Optical Properties

The absorption spectrum of TiO, nanoparticles is shown in Figure 6, illustrating a significant
absorption in the UV region followed by a gradual decline as the wavelength increases from
approximately 300 nm to 700 nm. This spectrum is typical of semiconductor nanoparticles, where
photon absorption causes electronic transitions from the valence band to the conduction band. The
Tauc plot, included as an inset, provides a method for calculating the optical band gap of the
nanoparticles By graphing (cthv)? as a function of photon energy (hv). The linear portion of the plot
is used to determine the band gap energy, revealing a value of 3.35 eV for the TiO, nanoparticles[29-
31]. It is observed that TiO2 nanoparticles have a significantly higher band gap energy than bulk
TiO2, typically around 3.2 eV for the anatase phase. This increase in band gap is due to the quantum
confinement effect as the nanoparticles approach the exciton Bohr radius, causing the continuous
energy bands of bulk material to be divided into discrete energy levels. This results in a widening of
the band gap as the particle size decreases. The band gap increase to 3.35 eV in TiO2 nanoparticles
indicates that these particles are small enough to experience significant quantum confinement[32,33].
This wider band gap means that TiO2 nanoparticles absorb light at shorter wavelengths, making
them more effective at absorbing ultraviolet (UV) light. This makes them suitable for applications in
UV filtration, photocatalysis, and solar energy harvesting. The shift in absorbance towards higher
energies can enhance the efficiency of TiO2 nanoparticles in these applications, especially under UV
irradiation, where they can generate more energetic charge carriers compared to bulk counterparts.
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Figure 6. Absorbance spectrum of TiO2 nanoparticles, inset — Tauc plot for energy band gap
calculation.

Figure 7 depicts the photoluminescence (PL) spectrum of TiO2 nanoparticles, displaying two
distinct emission peaks at 383 nm and 403 nm. The 383 nm peak is attributed to higher energy
transitions, likely stemming from near-band-edge emissions resulting from the recombination of free
or shallowly trapped excitons within the TiO2 structure. In contrast, the 403 nm emission suggests
the existence of defect states or oxygen vacancies, creating localized energy states within the bandgap
and allowing for radiative recombination at lower energies compared to the band-edge transitions.
The presence of multiple emission peaks indicates the existence of various recombination centers
within the nanoparticles. The sharp 383 nm peak represents a relatively pure transition near the band
edge, while the broader 403 nm peak indicates emissions related to defects[34,35]. The significance of
these emission peaks lies in their implications for the optical properties and potential applications of
TiO2 nanoparticles. Understanding the origins and characteristics of these peaks can provide
valuable insights into the electronic structure and defect chemistry of TiO2. The near-band-edge
emissions at 383 nm are particularly important as they indicate the presence of free or shallowly
trapped excitons, which play a crucial role in the photocatalytic and photoelectrochemical processes
of TiO2. By studying and manipulating these excitonic transitions, researchers can develop strategies
to enhance the efficiency and performance of TiO2-based devices, such as solar cells, sensors, and
photocatalysts. On the other hand, the 403 nm emission peak linked to defect states or oxygen
vacancies presents interesting possibilities for customizing and controlling the photoluminescence
properties of TiO2 nanoparticles[36]. Understanding the nature and distribution of these defect states
is crucial for optimizing the luminescent properties of TiO2, as well as for designing novel materials
with tailored optical responses.
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Figure 7. Photoluminescence (PL) spectrum of TiO2 nanoparticles.

3.5. Determination of E. and E,, Using KPFM

Studying CB and VB with KPFM is essential for understanding electronic characteristics at the
nanoscale. To determine the conduction band (CB) and valence band (VB) of TiO2 using Kelvin Probe
Force Microscopy (KPFM), the first step involves carefully preparing the TiO2 nanoparticles for
analysis. Once the nanoparticles are prepared, the KPFM technique measures their work function.
KPFM works by bringing a conductive tip close to the surface of the TiO2 nanoparticles and applying
an electrical bias to the tip, creating a force between the tip and the nanoparticles. Manipulating this
force allows for the determination of the work function of the TiO2 nanoparticles. The work function
represents the energy required to remove an electron from the material to the vacuum level and is
crucial in understanding the electronic properties of TiO2. The Fermi level position provides essential
information about the energy band structure of the material, while UV-Vis spectroscopy is utilized
to estimate the bandgap of TiO2. Based on UV-Vis spectroscopy, the bandgap of TiO2 is determined
to be approximately 3.35 eV. Knowledge of the Fermi level position and the bandgap makes it
possible to compute the CB and VB positions. For n-type TiO2, the Fermi level is assumed to be near
the minimum conduction band. Based on this assumption, the CB position can be directly derived
from the work function obtained from the KPFM measurement. To determine the VB position, the
bandgap is subtracted from the CB position. From a mathematical perspective, the CB position can
be calculated as the negative value of the work function in electron volts (eV), and the VB position
can be determined as the negative value of the combined sum of the work function and the bandgap
in electron volts (eV) according to the following equations.

E.(eV) = —work function (—0) 6
E,(eV) = —work function (eV) — Band gab(eV) 7

By utilizing KPFM and UV-Vis spectroscopy, along with precise computations based on the
measured parameters, the conduction band and valence band of TiO2 nanoparticles can be identified.
The results of the calculation for the conduction band and valence band for variable sizes of TiO2
nanoparticles are presented in Table 1. It can be observed from Table 1 that there is a slight change
in the conduction band (CB) and valence band (VB) energies as the particle size increases, which is
also reflected in the work function. For particles of 3 nm, the conduction band is at -4.57 eV, and the
valence band is at -7.92 eV. These values shift slightly to -4.49 eV (CB) and -7.84 eV (VB) for 85 nm
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particles. The decrease in the work function is linked to slight shifts in the conduction and valence
band energies, suggesting that as the particles grow larger, their energy bands move towards lower
energies. The link between the decrease in the work function and the shift in the conduction and
valence band energies with increasing particle size in TiO, nanoparticles can be explained by
quantum confinement effects and surface phenomena. Quantum confinement effects dominate when
nanoparticles are very small (typically less than 10 nm), resulting in quantized energy levels and
larger band gaps, which increases the work function because of the need for more energy to move an
electron. As the nanoparticle size increases, the quantum confinement effect weakens, causing the
energy levels to become closer to those in the bulk material and the band gap to narrow. This results
in the reduction of the work function as less energy is needed to remove an electron from the particle’s
surface. Surface States and Roughness also play a role, with larger particles having increased surface
roughness and more surface states, which can lower the energy barrier for electron emission,
reducing the effective work function.

5. Conclusions

This study provides a thorough analysis of the work function, band structure, and electrostatic
properties of TiO, nanoparticles (NPs) based on their size, using Kelvin Probe Force Microscopy
(KPFM) and Electrostatic Force Microscopy (EFM). The research reveals a strong link between
nanoparticle size, surface roughness, and the work function of TiO, NPs, which ranges from 4.49 eV
to 4.57 eV for particles between 3 nm and 85 nm. The higher work function of the nanoparticles
compared to bulk TiO, (typically 4.2 eV) is mainly due to quantum confinement effects. As
nanoparticle size increases, surface roughness also increases, leading to a decrease in the work
function due to reduced surface curvature and associated decrease in surface energy. Additionally,
the study highlights the role of charge trapping in TiO, NPs, as revealed by EFM under different bias
voltages. Furthermore, optical analysis demonstrates the impact of quantum confinement on TiO,
NPs, with a measured band gap of 3.35 eV, higher than the typical bulk value of 3.2 eV for anatase
TiO,. Photoluminescence analysis shows emission peaks at 383 nm and 403 nm, indicating near-band-
edge excitonic transitions and defect-related states, respectively. Moreover, KPFM and UV-Vis
spectroscopy show that the conduction band (CB) and valence band (VB) energies of TiO;
nanoparticles slightly shift with increasing particle size, accompanied by a decrease in the work
function. This study provides valuable insights into the versatile electronic and optical properties of
TiO; nanoparticles, influenced by size, surface roughness, and defects. The findings are crucial for
advancing the design and improvement of TiO,-based materials for various applications, including
photocatalysis, UV filtration, and optoelectronic devices.
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