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Abstract 

 The morphology of TiO2 nanoparticles deposited on a QCM sensor is crucial in its mechanical 

loading. Different heating treatments transform the morphology of TiO2 nanoparticles, affecting the loading 

and hence shifting the resonant frequency and changing the impedance QCM value. In this research, the 

deposition of TiO2 nanoparticles was carried out above QCM using the ultrasonic spray pyrolysis (USP) 

technique with variations in calcination temperature of 200, 230, and 250 °C. The analysis results show 

that the increase in the agglomeration and particle size causes an increase in the inertial mass of TiO2 

nanoparticles.  

Keywords: TiO2 nanoparticle, Ultrasonic spray pyrolysis, Calcination temperature, QCM sensor, 

Impedance analysis 

 

Introduction 

 TiO2 is an n-type metal oxide material with a wide band gap. TiO2 nanomaterials are widely applied 

as photocatalysts [1-4], gas sensors [5-8], and solar cells [9]. The most common reasons for using these 

materials are because they have chemical stability, are environmentally inert, and are relatively inexpensive 

to synthesize. The crystalline phase structure of TiO2 has 3 main types of polymorphs; brookite, anatase, 

and rutile. The anatase phase is more suitable for gas sensor material because it has a larger band gap 

energy, wider surface area, and strong oxidizing power. It is also stable against photo-corrosion and has 

more efficient electron transport than other types of TiO2 [10,11]. TiO2 was chosen as the sensor material 

because it has a lot of oxygen vacancies, high surface area morphology, high reactivity, and selectivity for 

CO, which is present in many hydrocarbon gases [7]. 

 

 

Figure 1 Butterworth-van Dyke (BVD) circuit model of QCM sensor. 

 

 Quartz crystal microbalance (QCM) acoustic sensors can be found in many applications. The benefit 

of using the QCM is that it is robust, inexpensive, accurate, and highly sensitive to measure mass changes 

in nanograms/cm2 to micrograms/cm2 [12]. The sensor’s performance is characterized by its sensitivity and 

selectivity. It can be improved by modifying the morphology of the sensor’s surface and adding a nano- or 

micro-structured layer on the surface [13]. The nanostructured layer increases the sensor’s sensitivity 

because the exposed surface area with the analyte is larger [11]. The additional nano- or micro-structured 
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layers increase the load mass, which will affect the mechanical oscillation of the QCM acoustic sensor. The 

loading behavior can be predicted by modeling the system in an electrical equivalent circuit [14].  

 The QCM system is usually modeled using the Butterworth-van Dyke (BVD) equivalent circuit 

(Figure 1). The BVD circuit consists of a motional arm and a static arm. The capacitor (C0) on the static 

arm represents the capacitance value of the electrode with the crystal as the dielectric material. While the 

motional arm has a series of Rq, Lq, and Cq. Resistor (Rq) represents the damping value per oscillation, 

Inductor (Lq) is an inertial element that is equivalent to the mass of the crystal, and capacitor (Cq) represents 

the stored energy value per oscillation and is inversely proportional to the crystal stiffness [15,16]. The 

oscillation frequency of the sensor depends on the thickness or mass of the layer deposited above the sensor. 

It affects the value of the components in the BVD equivalent circuit [14]. Researchers show that the addition 

of layers on the QCM can be modeled by incorporating relevant components in the BVD equivalent circuit 

[17,18]. The modified BVD circuit can also accurately clarify the effect of extra layers on the resonance 

frequency [19,20].  

 The synthesis of TiO2 nanoparticles can be carried out in several methods, such as sol-gel [21], 

sputtering [22], plasma-enhanced chemical vapor deposition (PECVD) [23], a spin-coating process [24], 

laser ablation [25], and ultrasonic spray pyrolysis [26]. Based on these methods, ultrasonic spray pyrolysis 

is one of the attractive methods for producing TiO2 nanoparticles because the resulting powder has a round 

and porous shape so that the surface is smooth. The technique has different procedures and stages to produce 

different microstructures and morphology. The optimized morphology of the powder surface creates a more 

extensive interaction between the particles and analyte [1]. In addition, this method has many advantages, 

such as low costs, continuous operation, high rates of synthesis and deposition, and no need for a vacuum 

to operate [27]. Parameters affecting the particle formation process can be controlled based on the 

calcination temperature, carrier gas flow rate, precursor used, time, and frequency of the ultrasonic 

nebulizer used [1,27,28].  

 There are limited studies on synthesizing TiO2 nanoparticles on top of QCM. The limitation is that 

the QCM sensor device is susceptible to calcination treatment. This research will focus on synthesizing 

TiO2 nanoparticles deposited on top of the QCM in a series of processes using the ultrasonic spray pyrolysis 

method on top of the QCM with varied calcination temperatures. The purpose of this research is to be able 

to synthesize TiO2 nanoparticles deposited on top of the QCM without damaging the sensor device. 

Additionally, the relation among the calcination temperature, morphological evolution, and resonance 

frequency will be analyzed. 

 

Materials and methods 

 Synthesis and deposition of TiO2 nanoparticle 

 Precursor preparation begins by mixing titanium tetra isopropoxide (Ti(OCH(CH3)2)4) with C2H6O 

ethanol to obtain a solution with a concentration of 0.5 M. Then the answer is stirred with a magnetic stirrer 

for 30 min at 500 rpm to obtain a homogeneous precursor solution.  

 

 

Figure 2 Ultrasonic spray pyrolysis system. 
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 The ultrasonic spray system is shown in Figure 2. The homogeneous solution is then transferred to a 

container. The first step is to turn on the ultrasonic nebulizer with a frequency of 108 kHz and open the 

nitrogen gas valve as the carrier gas. The ultrasonic nebulizer will produce an aerosol, which will be carried 

by nitrogen gas as a carrier gas. The carrier gas flow rate was kept constant at 75 mL/min. This stage is 

carried out for 30 min. In the second stage, the deposited TiO2 nanoparticles were heated using an oven at 

100 °C for 1 h. Next, the TiO2 sample is calcined. The TiO2 sample without the addition of calcination was 

carried out as a comparison. For other samples, the calcination was continued at 200, 230, and 250 °C for 

2 h, followed by natural cooling overnight. 

 

Characterization and impedance measurement 

 The morphology of the shape and size of TiO2 nanoparticles were observed with a field emission 

scanning electron microscope (FESEM) type Quanta FEG 650 FEI. Then, changes in the impedance of the 

QCM sensor before and after coating TiO2 nanoparticles were measured with the impedance analyzer Bode 

100, OMICRON Electronics Asia Ltd., Hongkong. In the setup shown in Figure 3, the analyzer was 

connected to a computer, and their results were imaginary and real impedance values, frequency, and phase 

differences. 

 

 

Figure 3 Setup for impedance measurement using impedance analyzer Bode 100, OMICRON LAB. 

 

 

Results and discussion 

 Result 

 TiO2 morphology and size with variations in calcination temperature are shown in Figure 4. The 

calcination temperature significantly affects the nanostructures of the particles formed. The figure shows 

that the particle size of TiO2 increases with increasing calcination temperature. TiO2 nanoparticles without 

calcination (Figure 4(a)), calcination at 200 °C (Figure 4(b)), and 230 °C (Figure 4(c)) appear to have a 

spherical shape. TiO2 nanoparticles without calcination have small particle sizes (Figure 4(a)). At a 

calcination temperature of 200 °C, the nanoparticles were seen to be separated with relatively homogeneous 

particle size (Figure 4(b)). At the calcination temperature of 230 °C, the formed nanoparticles were not 

homogeneous in size (Figure 4(c)). Significant changes occur when the calcination temperature is increased 

to 250 °C. The particles are seen to diffuse to form agglomerations between particles (Figure 4(d)). 

Particles originally formed individually become joined to form a chain of agglomerated nanoparticles. The 

higher the calcination temperature, the particle size homogeneity decreases. 
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Figure 4 SEM images of TiO2 nanoparticles with variations in calcination temperature (a) uncalcined, (b) 

200 °C, (c) 230 °C, and (d) 250 °C. 

 

 Increasing the calcination temperature in the synthesis of TiO2 nanoparticles using the sol-gel method 

[29] and USP [30], increased the size of TiO2 nanoparticles. In this research, particle size distribution with 

variations in calcination temperature is shown in Figure 5. The figure shows that the particle size 

distribution of TiO2 is getting wider with increasing calcination temperature. TiO2 nanoparticles without 

calcination are distributed in the 80 - 100 nm range with an average particle size of 99.41 nm (Figure 5(a)). 

At a calcination temperature of 200 °C, they were distributed in the 80 - 120 nm with an average particle 

size of 109.33 nm (Figure 5(b)). At the calcination temperature of 230 °C, they were distributed in the 150 

- 225 nm range with an average particle size of 200.34 nm (Figure 5(c)). At the calcination temperature of 

250 °C were distributed in the 150 - 400 nm with an average particle size is 269.45 nm (Figure 5(d)). 
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Figure 5 Particles size distribution of TiO2 nanoparticles with variations in calcination temperature (a) 

uncalcined, (b) 200 °C, (c) 230 °C, and (d) 250 °C. 

 

 The impedance measurement results are shown in Figure 6. The 3 peak patterns are sharp, indicating 

that the TiO2 nanoparticles that deposit QCM are rigid materials, so the material does not dissipate the 

QCM oscillation energy. The increase in calcination temperature agitates the agglomeration and the particle 

size. The expanded agglomeration and the enlargement of the particles resulted in the shift of the resonance 

frequencies series and parallel (fs and fp) to the lower side. The figure shows a change in the resonant 

frequency of the fs series sequentially, namely 0.00050, 0.00108, 0.00123, and 0.00240 MHz. 
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Figure 6 QCM impedance graphs that have been deposited with TiO2 at different calcination temperatures 

(a) untreated, (b) uncalcined, (c) 200 °C, (d) 230 °C, (e) 250 °C. 

 

Discussion 

 Calcination temperature in the ultrasonic spray pyrolysis method affects the TiO2 nanostructure. The 

morphology and nanostructure of the deposited layer depend on the applied calcination temperature. The 

kinetic energy generated from the heating treatment will increase the kinetic energy of the particles. This 

energy is used to form nanoparticles [27]. The current results in (Figure 4) show that the increase of TiO2 

nanoparticles size and agglomeration occurs when the calcination temperature increases. 

 

 

Figure 7 Illustration of increasing agglomeration with changes in calcination temperature. 
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 The heat absorbed will provide energy in the process of growing TiO2 particles. The higher the 

calcination temperature, the more energy is absorbed by the atoms so that the size of the particles increases; 

this is because the atoms have sufficient energy to pass through the particle grain boundaries. Based on the 

Ostwald Ripening Model, a mass transport phenomenon occurs due to surface diffusion between particles 

attached, so smaller particles will transfer their mass to become larger materials. Smaller size particles tend 

to have relatively large interfacial energies, which will donate their mass to larger particles [31]. As 

illustrated in Figure 7, when the temperature increases, the particle size will enlarge and tend to 

agglomerate. The energy received will bind the particles to 1 another, resulting in agglomeration [29]. The 

increase in particle agglomeration causes an increase in the mass deposited above the QCM, as shown in 

Table 1.  

 

 

Figure 8 Butterworth-van Dyke circuit model of (a) coated with TiO2 nanoparticles and (b) Simplified 

model of the BVD circuit.  

 

 The deposited TiO2 nanostructure influences the impedance characteristics of the QCM. Based on a 

review of the BVD equivalent circuit, when QCM is added to the TiO2 nanoparticle layer, the BVD circuit 

model is added with resistance (Rnp) and inductance (Lnp) factors in the Rq, Lq, and Cq series circuits (Figure 

8(a)). The resonant frequency is determined from the impedance value (Z) expressed by Eq. (1); 

 

𝑍 = 𝑅 + 𝑖𝑋                 (1) 

 

where Z is the impedance value, R is the resistance which represents the energy dissipation, and X is the 

reactance which represents the energy stored in the BVD equivalent circuit. Based on the BVD equivalent 

circuit with the RLC series circuit, the impedance value in Eq. (1) can be reduced to Eq. (2); 

 

𝑍 = √𝑅2 + (𝑋𝐿 − 𝑋𝐶)2               (2) 

 

Or Eq. (3); 

 

𝑍 = √𝑅2 + (𝜔𝐿 −
1

𝜔𝐶
)

2

               (3) 

 

 QCM resonates when the XL and XC values have the same value. This makes the Z value minimum 

because the XL - XC value equals zero, so the Z value will be the same as the R-value. The BVD circuit 

model on the deposited QCM sensor (Figure 8(a)) is added with the Resistor factor (Rnp) and Inductor (Lnp) 

in the Rq, Lq, and Cq series circuits. Figure 8(b) simplifies the circuit model after the deposition of TiO2 

nanoparticles. So the series impedance value becomes [32,33]; 

 

𝑍𝑠 = √(𝑅𝑞 + 𝑅𝑛𝑝)2 + (𝜔(𝐿𝑞 + 𝐿𝑛𝑝) −
1

𝜔𝐶𝑞
)

2

           (4) 

 

because the circuit is in a resonant state, Eq. (4) can be expressed as follows; 

 

𝑍𝑠 = 𝑅𝑞 + 𝑅𝑛𝑝                 (5) 
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 From Eq. (5), it can be concluded that the damping value of the TiO2 nanoparticles will be equal to 

the Zs value minus the damping value of the QCM sensor quartz. The results of the attenuation value of the 

TiO2 nanoparticles were then plotted using the relationship between the calcination temperature and the Zs 

and Rnp values (Figure 8).  

 

 

Figure 9 The relationship between the calcination temperature and the QCM damping and impedance. 

 

 Figure 9 shows that impedance and damping values also increase as the calcination temperature 

increases. The higher calcination temperature causes particle enlargement and agglomeration (Figure 4), 

increasing the QCM attenuation value. Based on Table 1 shows the changes in frequency values for all 

variations that are applied have a value below 0.02001 MHz so that all layers are rigid layers. The layer is 

considered rigid if the value of the shift in the resonant frequency is not more than 2 % of the QCM resonant 

frequency (2 % of the resonant frequency = 0.02001 MHz) [34]. The value of the mass deposited above 

QCM can be determined using the Sauerbrey Eq. (6). Sauerbrey equation explains the relationship between 

changes in frequency (Δf) and mass of TiO2 nanoparticles depositing QCM substrates (Δm) as shown in 

Eq. (6) [35]; 

 

∆𝑚 = −𝐶 ∙ ∆𝑓                 (6) 

 

C is the QCM constant, and Δf is the change in frequency [34,35]. The obtained mass of the deposited TiO2 

nanoparticles is presented in Table 1. 

 

Table 1 Calculation of the mass and thickness of TiO2 deposited on the QCM substrate based on the 

Sauerbrey equation. 

T calcination (°C) 𝒇𝒔
′ (𝑴𝑯𝒛) |∆𝒇| (𝑴𝑯𝒛) ∆𝒎 (𝒏𝒈) 

Uncalcined 10.00600 0.00050 4,333.12 

200 10.00542 0.00108 9,359.53 

230 10.00527 0.00123 10,659.50 

250 10.00410 0.00240 20,799.00 

 

 The calculation results show that more and more TiO2 nanoparticles are deposited on top of the QCM. 

The value of the frequency shift Δf in Table 1 shows an increase. Based on calculations using Eq (1), the 

higher the frequency shift value Δf, the more mass Δm of TiO2 nanoparticles deposited. The increase in the 

value of the resonant frequency shift indicates that the series and parallel resonant frequencies (fs and fp) of 

the QCM experience a lower shift as the calcination temperature increases (Figure 6). As previously 

discussed, the XL and XC values are the same when the resonator resonates. Thus, the resonant frequency 

equation can be obtained by substituting the value of ω with 2πf. 
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𝑋𝐿 = 𝑋𝐶                  (7) 

 

2𝜋𝑓𝐿 =
1

2𝜋𝑓𝐶
                 (8) 

 

and if Eq. (8) is simplified, then the f is obtained by; 

  

𝑓 =
1

2𝜋
√

1

𝐿𝐶
                         (10) 

 

by reviewing in Figure 8(b), the L factor is the series result of the inductance value of quartz QCM Lq with 

the inductance of TiO2 Lnp nanoparticles, so Eq. (10) can be modified into Eq. (11) [32,36]; 

 

𝑓 =
1

2𝜋
√

1

(𝐿𝑞+𝐿𝑛𝑝)𝐶
                       (11) 

 

Based on these parameters, the series frequency (fs) value will change according to the Lnp value of the layer 

mass inertial element. Meanwhile, the value of the parallel resonant frequency (fp) is related to the capacitor 

resonance, paralleled between C0 on the static arm and Cq on the motional arm [18].  

 It can be seen from Figure 4 the higher calcination temperature stirs the particles to interdiffusion to 

produce larger and agglomerated particles. The agglomerates increase the mass of the TiO2 nanoparticles 

according to the calculation results shown in Table 1. Increasing the mass of TiO2 nanoparticles will 

increase the mass inertia (Lnp) and will cause a shift in the value of the QCM series resonant frequency (fs) 

to a lower direction. In addition, the damping value (Rnp) will also increase and affect the impedance phase 

angle, which will be narrower. (Figures 4(a) - 4(b)) shows TiO2 nanoparticles without calcination, and 

those calcined at 200 °C were spherical and separated with small sizes. Whereas in TiO2 nanoparticles 

calcined at 230 °C (Figure 4(c), the particles look bigger, and some particles diffuse. Based on the results 

of mass calculations, it shows that there is a mass change that is not large enough, so changes in mass inertia 

values (Lnp) and damping (Rnp) are not large enough either. When viewed from the impedance graph in 

(Figures 6(b) - 6(d)), the shift in the series resonant frequency (fs) is decreasing but not large enough. 

Likewise, the impedance phase shown does not show a large change compared to the graph pattern The 

impedance of the uncoated QCM sensor shows that the damping effect of nanoparticles (Rnp) does not 

significantly affect the impedance phase of the QCM sensor. 

 In contrast to the TiO2 nanoparticles, which were calcined at 250 °C shown in Figure 4(d), the 

particles seem to diffuse to each other to form agglomerates so that it has a high density of particles with a 

larger mass. The high density causes the addition of mass inertia (Lnp), and damping (Rnp) values are also 

greater. When viewed from the impedance graph in Figure 6(e), it displays a shift in the series resonant 

frequency (fs) with a large change in the impedance phase angle. The difference shows that the nanoparticles 

provide a sizeable damping effect (Rnp), significantly affecting the sensor impedance and phase change.  

 

Conclusions 

 Calcination temperature is essential in particle size and TiO2 nanostructures. Due to the increased 

surface energy diffusion, particle agglomeration increases when the calcination temperature increases. As 

agglomeration and particle size increase, the impedance value and QCM frequency shift also increase. 

Furthermore, increasing the calcination temperature increased the diameter of the particles. Increasing the 

mass of TiO2 nanoparticles will increase the mass inertia (Lnp), causing a shift in the value of the QCM 

series resonant frequency (fs) to a lower direction. In addition, the damping value (Rnp) will also increase 

and affect the phase angle and impedance. Nanostructured TiO2 particles deposited on the QCM substrate 

in this study obtained at 200 °C calcination temperature can be applied as a gas sensor. 
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