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AbstractA QCM (Quartz Crystal Microbalance) can be developed as a humidity sensor with a selective coating material. TiO2 (titaniumdioxide) is a metal oxide with several crystal phases: anatase and rutile phases. However, there are few studies on the crystal phaseinvestigation of a TiO2-based humidity sensor. Thus, this study aimed to develop a humidity sensor by functionalizing TiO2 particleswith different crystal phases. The coating materials were prepared by ultrasonication. The synthesis was conducted by mixing 7 mL ofTTIP (Titanium (IV) Isopropoxide) precursor in ethanol. This solution was stirred for 30minutes, ultrasonicated, and heated for 16 hoursto make a gel. The next step was a calcination process with two different temperatures to produce different crystal phases: 500◦C(anatase) and 700◦C (rutile). The synthesized powders were analyzed using XRD-SEM and coated onto the surfaces of the QCMsused as the developed sensors. These sensors were tested inside a chamber using a humidity control kit and a frequency counter(humidity levels: 57% to 92%). The results show that the rutile phase has a smaller particle diameter (252.672 nm) than the anatasephase (384.589 nm). The humidity sensing examinations indicate that the anatase-phase sensor has faster response-recovery times(19 seconds and 8 seconds) than the rutile-phase sensor (28 seconds and 50 seconds). It can be concluded that TiO2 particles in theanatase and rutile phases can be functionalized as a high-sensitivity coating material for a QCM humidity sensor.
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1. INTRODUCTION

Humidity (well-known as relative humidity level) is one of the
important environmental parameters in many sectors, includ-
ing the industrial, agricultural, medical, and aerospace sectors
(Deng et al., 2025) . The importance of humidity parameters
requires the need for sustainable, inexpensive, and reliable hu-
midity sensors to meet the high demand in these industries
(Farou et al., 2025) . In recent years, humidity sensors have
been widely developed to improve sensor sensitivity, response
time, and recovery time. The most widely used humidity sen-
sors are transistor-based (Liu et al., 2025) , fiber-optic (Qi et al.,
2025) , MEMS (Micro Electro Mechanical System) (Gulsaran
et al., 2024) , and QCM (Chen et al., 2025) . QCM is widely
used as a sensor due to its high sensitivity at the nanogram scale,
real-time measurement capabilities, and ease of modification
and operation (Triyana et al., 2018) . A QCM is a gravimetric
crystal that produces a frequency signal proportional to the
mass on its surface. QCM has unique electrodes that must
be coated using various methods, such as spin coating, dip
coating, and others. Therefore, QCM sensors are widely used

as gas (Wang et al., 2025) and particulate matter (Budianto
et al., 2021) sensors. Previous studies have confirmed that the
coating material is important for increasing the selectivity and
sensitivity of the QCM sensor (Tang et al., 2025) .

TiO2 is a semiconductor material that has good optical, di-
electric, chemical stability, and non-toxic properties (Taha et al.,
2020) . The crystal structure of TiO2 has three phases: anatase,
rutile, and brookite (El Koulali et al., 2025) . The advantages
of these properties make TiO2 widely used in various fields,
such as electrochemistry (Sepúlveda et al., 2025) , capacitors
(Chernikova et al., 2025) , solar cells and photocatalysts (Ding
et al., 2025) , and as a coating material (Irawan et al., 2024;
Sun et al., 2025) . TiO2 is known to exhibit high-water-content
sensitivity (and a rapid response) due to its ability to adsorb
large numbers of gas-phase molecules on its surface (Chew
et al., 2025) . Each crystal structure has distinct properties,
even though they are two distinct crystalline phases of TiO2.
Anatase is a metastable form, while rutile is the thermodynam-
ically stable phase at room temperature and pressure. Both
phases have a tetragonal crystal structure, but with different
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atomic arrangements (Hossain and Ahmed, 2023) .
TiO2 can be synthesized in several ways, including the

sol-gel method (Mohammed-Amine et al., 2025) , the copre-
cipitation method (Dariz et al., 2025) , the hydrolysis method
(Wijekoon et al., 2025) , and the ultrasonication method (Mar-
diana et al., 2022) . The ultrasonication method is often used
because it can produce uniform TiO2 with good phase pu-
rity, crystalline structure, and a high success rate (Guo et al.,
2025) . The resulting TiO2 powder can then be used for various
purposes, including as a layer in a QCM.

Surface acoustic wave- or QCM-based humidity sensors
that use specific coating materials, such as a TiO2 layer, have
been reported to exhibit low-to-high sensitivity (Dou et al.,
2025) . On the other hand, no clear study has been conducted
on the crystal phase and its effect on the sensor system’s static
characteristics. Most previous studies have focused on the func-
tionalization of the anatase phase. Moreover, the developed
sensors are primarily used for gas sensing applications, such as
nitrogen dioxide and carbon dioxide detection systems (Mar-
diana et al., 2022; Procek et al., 2015; Zhang et al., 2025b) .
Besides, the most important aspect of gas-sensing examination,
especially for carbon dioxide monitoring systems, is the obser-
vation of humidity levels. It is related to water molecules in
many humid or harsh environments, where they can generate
a mass-loading effect (swelling) and disturb the sensor’s out-
put signal. There is limited information on the development
of humidity sensors using TiO2 nanoparticles. In line with
this gap of knowledge, this study aimed to develop a humidity
sensor by functionalizing TiO2 particles with different crys-
tal phases. This study may contribute to the development of
sensor technology for environmental purposes.

2. EXPERIMENTAL SECTION

2.1 Chemicals
The first step was the synthesis of TiO2 nanoparticles. TTIP
(Sigma-Aldrich, 97%) was used as the precursor in this synthe-
sis step via ultrasonication. This method was used due to the
short duration and the ease of examining the TiO2 nanoparti-
cle (Chew et al., 2025) . All tools were cleaned using distilled
water-acetone and naturally air-dried to avoid contamination
(Franzelli et al., 2024) . TTIP (volumeV = 7 mL) was carefully
prepared inside an Erlenmeyer flask to avoid sparks due to its
reactivity. The TTIP solution was placed in a container filled
with water before ethanol (96%) was added as the solvent (V =
70 mL). The resulting solution was covered with aluminum foil
and stirred for 30 minutes using a magnetic stirrer to produce a
homogeneous solution. The next step was ultrasonication with
a frequency ( f ) of 40 kHz for 4 hours. Then, this solution was
heated to 80◦C for 16 hours to produce a gel mixture. The final
step was a calcination process for 3 hours with two temperature
variations: (a) 500◦C (anatase) and (b) 700◦C (rutile) to make
TiO2 powder with different phases (Lirong et al., 2022) . XRD
and SEM-EDS were used to characterize the resulting TiO2
powder and determine its crystal structure and particle size
distribution.

2.2 Quartz Crystal Microbalance
This study used QCM crystals (AT-cut type) as the developed
sensor (purchased from PT. Great Microtama Electronics In-
donesia). These crystals were purchased without any coating
material (bare sensors). The crystals have silver electrodes with
the initial frequency of 5 MHz.

2.3 Sensor Development Procedure
TiO2 solution was prepared (0.1 molar, aquabides were used as
the solvent) and dropped on the surface of the QCM using a
vacuum spin coater (V = 1 𝜇L, Weiyi, model VTC-100). This
coating step was conducted with a rotation of 500 RPM (for 5
seconds) and 1500 RPM (for 60 seconds). Then, the coated
QCM was dried at room temperature and tested as a humidity
sensor using a frequency meter (High Resolution Counter –
Aditeg, model AFC8240). The TiO2-coated QCM sensor was
developed as a novel humidity sensor. This sensor was tested
inside a chamber with a nebulizer to gradually control and
maintain the humidity level (57% - 92%). This test was also
calibrated using a comparator device, while the frequency shift
( f ) was recorded using a frequency meter (Figure 1) (Mardiana
et al., 2024) .

2.4 Characterization
The sensor surface was examined using a SEM-EDS (JEOL,
model JCM7000). This examination was conducted to de-
termine the particle size distribution. The crystal structure
was analyzed by XRD (Qadri et al., 2024; Septriansyah et al.,
2025) . Sensor performance was determined by evaluating the
response-recovery times displayed on a frequency meter and
an oscilloscope (Eduscope, model 3000) (Qian et al., 2025;
Zhang et al., 2025a) .

3. RESULTS AND DISCUSSION

3.1 Crystal Structure Analysis
The results of the XRD analysis are interpreted as a diffrac-
togram consisting of lines or peaks with different intensities
and positions. The results show typical TiO2 peaks. As shown
in Figures 2a-b and Table 1, TiO2 crystals synthesized by ul-
trasonication exhibit characteristic diffraction peaks at 2𝜃 and
d values that match those reported in the JCPDS (Joint Com-
mittee on Powder Diffraction Standards). The first sample,
anatase crystal structure, is formed during calcination at tem-
peratures ranging from 120◦ to 500◦C over 3 hours. The rutile
crystal structure forms when the calcination temperature is in-
creased to 700◦C (Lirong et al., 2022) . Based on the JCPDS
analysis, TiO2 calcined at 500◦C has formed an anatase phase
(JCPDS no. 21-1272). In addition, TiO2 calcined at 700◦C
is confirmed to be in the rutile phase (JCPDS no. 21-1276).
Figure 2 shows the suitability of the crystal plane orientation
in JCPDS with the synthesized TiO2. The hkl value indicates
the suitability of the crystal plane orientation.

The corresponding peak values for the anatase phase at
an angle of 2𝜃 are: 25.139◦ (101); 37.776◦ (004); 47.874◦

(200); 53.891◦ (105); 54.897◦ (211); 62.644◦ (204); 68.892◦
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Figure 1. Sensor Examination Inside an Exposure Chamber

Figure 2. XRD Pattern Results (TiO2) in: (a) Anatase and (b) Rutile Phases

Table 1. XRD Examinations in Different Crystal Phases

Phases Crystal Structures 2𝜃 hkl d-spacing (Å)
25.139440 101 3.54246
37.776808 004 2.38149

Anatase (JCPDS 21-1276) Tetragonal 47.874320 200 1.90010
53.891850 105 1.70129
59.897900 211 1.67249
62.644170 204 1.48300
27.513120 110 3.24199
36.069760 101 2.49014

Rutile (JCPDS 21-1272) Tetragonal 39.225700 200 2.29680
41.251250 111 2.18854
44.047710 210 2.05587
54.324020 211 1.68877

© 2026 The Authors. Page 254 of 260



Mardiana et. al. Science and Technology Indonesia, 11 (2026) 252-260

(116); 70.578◦ (220); 73.995◦ (107); 75.021◦ (215); and
76.685◦ (301). The rutile phase corresponding to the peaks
in JCPDS no. 21-1276 are 27.513◦ (110); 36.069◦ (101);
39.225◦ (200); 41.251◦ (111); 44.048◦ (210); 54.324◦ (211);
56.609◦ (220); 62.774◦ (002); 64.085◦ (310); 68.982◦ (301);
69.805◦ (112); and 75.008◦ (320).

The highest intensity of the rutile phase is located at po-
sition 2𝜃 (27.513◦) of 300, which is the peak of the TiO2
crystal. As for the anatase phase, the highest intensity value
is 110 at position 2𝜃 (25.139◦). Overall, the rutile phase is
more intense than the anatase phase. The intensity of a crystal
structure indicates good crystal regularity, so that its atoms are
arranged regularly. Conversely, low intensity indicates that the
atoms in the structure are not highly ordered. At high intensity,
X-rays will diffract more efficiently. As found in this study, the
rutile crystal structure formed at a calcination temperature of
700◦C. The anatase phase transformed to rutile at 600-750◦C.
The highest purity is obtained at a calcination temperature of
700◦C. The anatase and rutile crystal structures are highly sta-
ble, making them widely used across various fields. In contrast,
the brookite crystal structure is poorly stable and difficult to
form. This increasing temperature will change the crystal struc-
ture in the anatase phase (orthorhombic to tetragonal). The
orthorhombic crystal structure shows higher sensitivity to H2O
molecules. In this case, the crystal structure exhibits greater
hydrophilic properties than the tetragonal structure.

3.2 Particle Size Distribution
The morphology of a particle is the shape and characteristics
of a material. SEM-EDS examinations were carried out to
determine the particle size distribution and TiO2 content of
the synthesized results. The samples characterized were TiO2
powders that had undergone grinding and sieving. According
to the analysis, the anatase crystal phase (Figure 3a) shows
a size distribution of 384.589 ± 59.507 nm. Besides, the
rutile crystal phase (Figure 3b) has a particle size of 252.672
± 24.669 nm.

The particle distribution in the anatase phase is more uni-
form than in the rutile phase. Both TiO2 crystal phases have
particle sizes centered at 200-300 nm. The rutile crystal phase
contains more nano-sized particles than the anatase phase.
These particle sizes were related to the duration and temper-
ature of the calcination process. A longer calcination time
results in a smaller particle size and a more uniform particle
distribution. The particle size and distribution will affect the
performance of the QCM sensor as a humidity sensor. Small
particles increase the surface-to-volume ratio, thereby enhanc-
ing water vapor adsorption on the QCM sensor (Wang et al.,
2025) . In addition, smaller particles can form a more uni-
form layer and are better at measuring mass changes caused by
humidity.

The next analysis was the EDS examination (Figure 4).
EDS testing was conducted to determine the TiO2 content,
which was interpreted as a spectrum. The spectrum shows
several peaks corresponding to the elements that comprise the

analyzed sample. The titania (Ti) and oxygen (O) elements
are the main elements of the synthesized TiO2. In addition,
there are copper (Cu) and niobium (Nb) elements that the
nature of the stub substrate might cause. The EDS spectrum
in Figure 4a shows the elements present in the anatase phase
of TiO2. The Ti element is 72.18 ± 0.79%, which is higher
than O (18.64 ± 0.76%), Cu (3.93 ± 0.41%), and Nb (5.26 ±
0.21%). Besides, Figure 4b shows the elements found in the
rutile phase of TiO2. The detected elements in the rutile phase
are Ti (70.96 ± 0.80%), O (17.26 ± 0.74%), Cu (5.51 ± 0.48%),
and Nb (6.27 ± 0.23%).

The compounds produced by this synthesis are listed in
Table 2. Both phases produce the same three compounds:
TiO2 (main compound), copper oxide (CuO), and niobium (V)
oxide (Nb2O5).

The EDS test results showed that the synthesis of TiO2 in
the anatase phase of TTIP produced TiO2 of 90.67 ± 1.03%,
followed by other compounds such as CuO (3.71 ± 0.38%)
and Nb2O5 (5.51 ± 0.22%). The synthesis in the rutile phase
produced TiO2 of 88.23 ± 0.99%. This phase also produced
CuO (5.15 ± 0.45%) and Nb2O5 (6.62 ± 0.24%). These values
indicate that the synthesis of TiO2 with TTIP precursor using
the ultrasonication method has been successfully carried out.
This is in line with a previous study that used ultrasonication for
TiO2 synthesis. This study shows a uniform morphology, good
phase purity, a high-crystallinity structure, a high synthesis
success rate, and low production costs. Moreover, the decrease
in mass in TiO2 calcined at temperatures of 500◦C and 700◦C
can occur due to the decomposition of impurity compounds
lost in the form of gas or dehydration of crystal water and water
adsorbed on TiO2.

3.3 Sensor’s Performance Test
The TiO2-coated QCM sensor is used as the humidity sensor.
This novel sensor was tested using frequency-shift measure-
ments during a humidity change. According to the results, the
frequency changes increase with increasing humidity, indicat-
ing the presence of water molecules adsorbed on the sensor. A
more humid condition indicates more water molecules sticking
to the QCM. Therefore, the more humid the air, the greater
the frequency changes on the QCM sensor. TiO2 has strong
hydrophilic properties, allowing it to absorb large amounts of
water molecules from the gas phase on its surface. At room tem-
perature, water vapor adsorbs to form a multilayer on the QCM
sensor surface. In line with this, a large amount of water, which
is dissociated by strong bonds, can be well adsorbed. This in-
teraction causes the first layer to dissociate, forming hydroxide
ions (OH–). After the first layer, molecular physiosorbed wa-
ter with Van der Waals interactions will form hydrogen bonds
(Lirong et al., 2022) .

Figure 5 presents the sensor’s performance test results.
These figures indicate that both anatase- and rutile-phase sen-
sors exhibit good performance. The anatase phase sensor can
detect a humidity level of 72%, with a response time of 1-2
seconds (average response time = 1.5 seconds). As shown in
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Figure 3. Particle Size Distribution Analysis (using SEM) of the (a) Anatase and (b) Rutile Phases (mag. = 1500×)

Table 2. EDS Examinations in Different Crystal Phases

Anatase
Chemical Formula Line %Mass %Mol

O K – –
TiO2 K 90.67 ± 1.03 94.36 ± 1.03
CuO K 3.71 ± 0.38 3.88 ± 0.40

Nb2O5 L 5.51 ± 0.22 1.76 ± 0.07
Rutile

Chemical Formula Line %Mass %Mol
O K – –

TiO2 K 88.23 ± 0.99 94.36 ± 1.03
CuO K 5.15 ± 0.45 3.88 ± 0.40

Nb2O5 L 6.62 ± 0.24 1.76 ± 0.07

Figure 5a, at the 164th measurement time, the anatase phase
sensor undergoes a recovery to its initial frequency. Hence, the
sensor’s recovery time is about 8 seconds. Additionally, Figure
5b shows that the rutile phase sensor performs well at 78% RH.

This sensor starts to work actively at the 20th (humidity = 57%)
to 25th (humidity = 59%) measurement time, so the response
time of this rutile phase sensor is about 4 seconds. At 186-188
seconds, this sensor recovers to its initial frequency, resulting
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Figure 4. EDS Analysis Results in: (a) Anatase and (b) Rutile

in a recovery time of about 14 seconds.
Based on Figure 5, the QCM sensor coated with the rutile

phase can measure higher relative humidity than one coated
with the anatase phase. This figure also interprets that the
rutile sensor has a longer response time than the anatase phase.
These differences may be related to differences in particle size
distribution. The rutile crystal phase has a particle size of
252.672 ± 24.669 nm, while the anatase crystal phase has a
particle size of 384.589 ± 59.507 nm. This particle size will
affect the quality of H2O adsorption-desorption on the surface

of the sensors (Sun et al., 2025) . In addition, the distribution
of TiO2 particles deposited on the surface of the QCM sensor
with a denser rutile crystal structure also results in a better
sensor response to humidity.

The denser, more stable rutile crystal structure results in
a longer recovery time for the TiO2-coated QCM sensor in
the rutile phase than in the anatase phase. The rutile phase has
a tetragonal crystal form, while the anatase phase has an or-
thorhombic crystal structure. In this parameter, the tetragonal
crystal form provides more uniform and consistent proper-
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Figure 5. Frequency Shifts During the Humidity Test: (a)
Anatase and (b) Rutile

ties than orthorhombic crystals. In addition, the rutile phase’s
structure will produce durable, more environmentally resistant
properties, including resistance to humidity. In contrast, the
anatase phase will undergo faster structural changes, thereby af-
fecting its performance as a layer in the humidity sensor. Thus,
this statistic can directly influence the sensor performance, as
found in the rutile phase.

4. CONCLUSIONS

Synthesis of TiO2 by ultrasonication has been successfully car-
ried out at calcination temperatures of 500◦C (anatase phase)
and 700◦C (rutile phase), yielding TiO2 of 90.67 ± 1.03% and
88.23 ± 0.99%, respectively. Variation of calcination tempera-
ture in TiO2 synthesis affects the crystal structure formed. At a
calcination temperature of 500◦C, an anatase crystal structure
is produced, and at a temperature of 700◦C, a rutile crystal
structure is produced. The functionalized TiO2 used as the
QCM coating material exhibits good humidity-sensing proper-
ties in both the anatase and rutile crystal phases. The humidity

sensing examinations indicate that the anatase-phase sensor
has faster response-recovery times (19 and 8 seconds) than
the rutile-phase sensor (28 and 50 seconds). It can be con-
cluded that TiO2 particles in the anatase and rutile phases can
be functionalized as a high-sensitivity coating material for a
QCM humidity sensor.
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