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This work details a novel application of MgAl-LDH nanoflowers, applied in the fabrication of humidity
sensors using quartz crystal microbalance (QCM). An oscillating circuit approach has been utilized to
thoroughly investigate the humidity detection characteristics of QCM sensors that are fabricated using
MgAl-LDH nanoflowers. The examination encompassed various parameters such as the sensors’
response, humidity hysteresis, repeatability, and stability. Experimental results clearly indicate that these
MgAl-LDH nanoflower-based QCM sensors exhibit a distinct logarithmic frequency response to varying

moisture levels. Notably, the sensitivity of the sensors is intricately tied to the amount of MgAl-LDH
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Accepted 3rd July 2024 nanoflowers utilized during the deposition process. Moreover, these sensors maintain remarkable

stability across a wide humidity range spanning from 11% to 97% RH. Additionally, the MgAl-LDH

DOI: 10.1039/d4ra03800b nanoflower-based QCM sensors possess minimal humidity hysteresis and display swift dynamic response
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1 Introduction

Alternately referred to as hydrotalcites, Layered Double Hydroxides
(LDHs) encompass a class of inorganic compounds that are
uniquely identified by their two-dimensional stratified composi-
tion." The crystal structure of LDHs consists of layers of positively
charged metal hydroxides, interleaved with interchangeable
anions and water molecules located between these layers.” In these
stratified metal hydroxide layers, certain divalent metal ions (like
Mg™*, Zn>") are often replaced to some extent by trivalent metal
ions (such as AI**, Fe*"), leading to a charge imbalance.** The
imbalance is balanced by the presence of interlayer anions (like
Cl, NO;~, CO;>7) and water molecules, which play a role in
stabilizing the structure.>® Owing to their unique composition and
ion-exchange properties, LDHs are extensively utilized in various
fields such as catalysis, drug delivery, wastewater treatment, and
adsorption, demonstrating their versatility and applicability across
diverse applications.”™ LDHs can be synthesized using diverse
techniques such as co-precipitation, hydrothermal synthesis, and
ion exchange. Their functionality can be tailored by adjusting the
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and recovery periods, further highlighting their potential for humidity detection applications.

layered composition, interlayer anions, and conditions of
synthesis, offering a high degree of versatility and
customization.”**

The magnesium aluminum Layered Double Hydroxide
(MgAI-LDH), a category of inorganic substances, is distin-
guished by its distinct stratified composition, featuring alter-
nating strata of Mg®* and AI** hydroxides."* The proportion
between divalent and trivalent metal ions affects its character-
istics.’ Nestled within these strata lie negatively charged anions
like CO53*>7, NO; ™, and Cl~, exchangeable with cations and water
molecules.’® The configuration of MgAI-LDH is crucial for its
exceptional porosity and surface area, enhancing its efficacy
and selectivity in diverse applications including environmental
pollution management, drug delivery, photocatalysis facilita-
tion, and serving as a catalyst in numerous chemical reactions.
These unique properties render MgAl-LDH a valuable material
with broad applicability."”* Huang and others discovered the
hydrophilic nature of MgAI-LDH,** showcasing its capabilities
in detecting humidity.

Gas sensors are devices used to detect various gases or
humidity in the air.**?® In the realm of sensing technology,
a quartz crystal microbalance (QCM) transducer serves as a vital
component, converting physical changes in the sensor into
electrical signals, thus enabling accurate and sensitive detec-
tion.”” The QCM transducer, a well-established platform for
mass detection, boasts remarkable sensitivity, capable of iden-
tifying mass variations down to the sub-nanogram level,
leveraging Sauerbrey's correlation to ensure precise measure-
ments.”® Drawing upon Sauerbrey's correlation, the QCM
transducer effectively transforms the absorbed molecular mass
into a frequency-sensitive signal by applying sensing substances
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Table 1 Comparison between QCM based humidity sensors in reported work and this work

Material Detection limit Response Response time Reference
rGO/PEO 11% ~200 Hz 11s 34

GO/PEI 32% ~600 Hz 53s 35

F~ doping MXene 11% <400 HZ 6s 36
HKUST-1 22% 720 Hz 116 s 37
ZnCo,0,/polypyrrole 11% ~250 Hz 8s 38
MgAI-LDH nanoflowers 11% 485 Hz 9s This paper

onto its electrodes, thus enabling sensitive and accurate
detection.”® Lately, an increasing number of scientists are
investigating the application of QCM transducers in creating
humidity sensors.*>*' Although there are currently reports on
MgAI-LDH modified QCM,** its application focuses on
monitoring ion dynamic behavior, and there is no humidity
sensor related application. In this work, the humidity detection
capabilities of MgAI-LDH nanoflowers are examined using
a QCM transducer. Experimental evaluation of the MgAl-LDH
nanoflowers based QCM sensors' ability to detect humidity
involves assessing their frequency response, moisture hyster-
esis, repeatability, stability, and selectivity. As shown in Table 1,
this sensor does not exhibit significant performance disadvan-
tages compared to several previously reported humidity
sensors, highlighting the innovative application direction of
MgAI-LDH nanoflowers in humidity sensor technology.

2 Experimental section

2.1. The chemical raw materials and devices

Details on the chemical substances employed in the synthesis of
MgAI-LDH nanoflowers can be found in the ESI.{ Chengdu
Westarace Electronic Co., China, supplied the QCM chip,
adorned with silver electrode coating. Each QCM resonator is
set to a standard frequency of 10’ Hz (AT-cut).

2.2. Synthesis of MgAI-LDH nanoflowers

An in-depth explanation of the MgAI-LDH nanoflowers
synthesis process is provided in the ESI section.f

2.3. Characterization, fabrication and test methods of the
QCM humidity sensor

Details on the instruments and methods employed for the
characterization of MgAIl-LDH nanoflowers can be found in the
ESL T

Detailed descriptions of the production and examination
techniques for the MgAI-LDH nanoflowers based QCM
humidity sensor are provided in the ESI.{ The sketch diagram of
humidity detection system is illustrated in Fig. S1 of the ESL}
To assess how the amount of MgAI-LDH nanoflowers deposited
impacts sensor efficiency, sensors containing 1, 2, and 3 pL of
MgAI-LDH nanoflowers dispersion on QCMs' electrodes were
constructed. The corresponding sensors were designated as
QCM-1, QCM-2, and QCM-3. The specific information of the
QCM samples before and after MgAl-LDH nanoflowers deposi-
tion, including frequency, crystal's resistance (Rerystal), €tc., is
shown in Table 2.

3 Results and discussion

3.1. Materials characterization

Wide angle X-ray diffraction (XRD) spectra for MgAl-LDH
nanoflowers were gathered to ascertain the crystal structure
and potential phase alterations during the preparation process,
as depicted in Fig. 1a. The usual high peaks of MgAl-LDH
(JCPDS 54-1030) at (003), (006), (012), (009), (018), (110) and
(113) planes were noticeable, signifying effective synthesis.*
Fig. 1b displays the FT-IR spectral data for MgAIl-LDH nano-
flowers. The spectral absorption near 3440 cm ™' in MgAl-LDH
nanoflowers is attributable to the elongation vibration in the
hydroxyl groups of LDHs layers. The observed peak at
1622 cm ™ is attributable to the bending vibration of H,O. The
distinct band observed at 1354 cm™* could result from NO5~
contamination during the creation of MgAl-LDH nanoflowers.*
Furthermore, the observed peaks at 751 cm™ ' and 449 cm ™"
result from the lattice oscillations of M-O and M-O-M (M = Mg,
Al), aligning with prior studies.**

The structural and dimensional characteristics of the MgAl-
LDH nanoflowers were thoroughly analyzed using scanning
electron microscope (SEM) imaging. As shown in Fig. 2a and b,

Table 2 List of QCM information before and after MgAl-LDH nanoflowers deposition

Bare QCM sensor (before MgAl-
LDH nanoflowers deposition)

QCM sensor after MgAl-LDH
nanoflowers deposition

Frequency and Reryscal
shifts due to MgAl-LDH

nanoflowers deposition Deposition mass of

MgAI-LDH

Sample number Frequency (Hz) Rerystal (Q) Frequency (Hz) Rerystal (Q) Af (Hz) AR crystal (Q) nanoflowers (ng)
QCM-1 9985 878 5.427862 9985473 5.606280 405 0.178418 210.9375
QCM-2 9985911 5.591627 9984 994 6.131448 917 0.539821 477.6042
QCM-3 9985 892 5.398821 9984633 8.787252 1259 3.38843 655.7296
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Fig. 1 (a) XRD pattern of MgAl-LDH nanoflowers. (b) FT-IR spectra of
MgAl-LDH nanoflowers.
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the SEM photographs reveal that the MgAlI-LDH nanoflowers
exhibit a clustered formation, resembling the shape of rose
petals, with a distinct planar sheet morphology. The nano-
flowers exhibit both dispersive and fluffy properties, high-
lighting their unique structure. Furthermore, transmission
electron microscopy (TEM) images, depicted in Fig. 2c and d,
reveal a level of transparency in the nanosheets of the MgAl-
LDH nanoflowers, indicating their remarkably thin thickness.
This observation further confirms the unique and delicate
structure of these nanoflowers.

The SEM image of single MgAI-LDH nanoflower together
with selected-area element analysis maps of O, Mg, and Al in
Fig. 3a indicates that all O (red), Mg (green), and Al (cyan) atoms
are distributed uniformly through the whole selected-area,
revealing a homogeneous distribution of O, Mg, and Al in the
structure of MgAI-LDH nanoflowers. This MgAI-LDH nano-
flower was additionally employed in the point analyses of
energy dispersive spectra (EDS) (refer to Fig. 3b), illustrating the
simultaneous presence of O, Mg, and Al atoms dispersed across
the MgAI-LDH nanoflower surface. The comprehensive
composition of MgAI-LDH nanoflower was determined through
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) analysis, as depicted in Table 3. The MgAI-LDH nano-
flowers exhibit a weight concentration of 50.60% for O, 33.61%
for Mg, and 15.79% for Al, as determined through precise
compositional analysis.

To evaluate the influence of varying MgAl-LDH nanoflower
deposition amounts on sensor efficiency, we fabricated sensors
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Mag= 2000KX

Fig. 2
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(a) and (b) SEM images of MgAl-LDH nanoflowers. (c) and (d) TEM images of MgAl-LDH nanoflowers.
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Fig. 3 (a) Elemental mapping characterization of prepared MgAl-LDH
nanoflower. (b) EDS profile obtained from MgAl-LDH nanoflower.

Table 3 Relative compositions of O, Mg, and Al atoms obtained from
ICP-AES analysis

Element Amount (Wt%)
O 50.60
Mg 33.61
Al 15.79

with precisely 1, 2, and 3 pL of MgAI-LDH nanoflower dispersion
deposited onto the electrodes of QCMs. These tailored sensors
were designated as QCM-1, QCM-2, and QCM-3, respectively.
Surface structures of QCM-1, QCM-2, and QCM-3 were exam-
ined using SEM. As depicted in Fig. 4a-c, it's noticeable that
with the addition of more MgAI-LDH nanoflowers disperse
liquid, there's a corresponding rise in the distribution density of
MgAI-LDH nanoflowers. Concurrently, as depicted in Fig. 4d-f,
surface water droplet contact angles were tested on QCM-1,
QCM-2, and QCM-3 at angles of 69.39°, 69.57°, and 69.80°,
respectively. As is commonly known, a water droplet's contact
angle below 90° indicates a hydrophilic surface.** This suggests
that the surfaces of the three sensors are hydrophilic, thereby
enabling them to detect humidity effectively.

21994 | RSC Adv, 2024, 14, 21991-21998
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3.2. Humidity sensing properties

The capacity of MgAI-LDH nanoflower based QCM sensors to
detect humidity was evaluated by modulating the relative
humidity and subsequently recording the corresponding
frequency shift. Fig. 5a portrays the variation in frequency
exhibited by these MgAIl-LDH nanoflower based QCM sensors as
a function of the relative humidity. This illustration conspicu-
ously demonstrates a decline in frequency as humidity levels
increase across all three sensor types. Specifically, as humidity
varies from 11% to 97%, the frequency shifts to —1747 Hz,
—2019 Hz, and —4085 Hz for the QCM-1, QCM-2, and QCM-3
sensors, respectively. This indicates a significant correlation
between the frequency alteration in MgAI-LDH nanoflowers
based QCM sensors and the quantity of MgAI-LDH nanoflowers
deposited. Among the trio of sensors, the QCM-3 sensor
exhibits the most pronounced frequency shift in response to
a given humidity variation. This enhanced sensitivity to
humidity in the QCM-3 sensor stems from the increased avail-
ability of water absorption sites, a consequence of the higher
concentration of MgAl-LDH nanoflowers utilized. Additionally,
it's noticeable that the frequency shift trajectories for each of
the three sensors display a logarithmic correlation. The BET
model adsorption theory accounts for this rare occurrence.*
Water vapor is adsorbed onto the surface of MgAI-LDH nano-
flowers, a process known as multi-molecular-layer adsorption.
The BET model suggests that the quantity of water vapor
absorbed by the QCM under varying relative humidity levels
approaches a logarithmic correlation. This results in a loga-
rithmic relationship between the frequency shift and the cor-
responding relative humidity. The logarithmic fitting outcome
for these response curves is shown in Fig. 5b. For the QCM-1,
QCM-2, and QCM-3 sensors, the regression coefficients, R?,
stand at 0.99759, 0.98504, and 0.99008, respectively. Conse-
quently, QCM sensors based on MgAI-LDH nanoflowers
demonstrate a distinct logarithmic reaction in relation to
humidity.

Hysteresis levels play a crucial role in humidity sensing, and
minimizing them is highly desirable.** To evaluate the hyster-
esis in MgAI-LDH nanoflower-based QCM sensors, the sensors
were subjected to a humidity cycle, initially increasing from
11% to 97% RH for water absorption, and subsequently
decreasing to 11% RH for water desorption. Fig. 6 illustrates the
ensuing curves of humidity hysteresis. This illustration reveals
that the desorption response curves of the MgAI-LDH nano-
flower based QCM sensors lag slightly behind their adsorption
response curves. Across the full spectrum of humidity (11-97%
RH), the MgAI-LDH nanoflowers based QCM sensors exhibit no
noticeable humidity hysteresis. The minimal humidity hyster-
esis noted is due to the enhanced adsorption and desorption of
molecules in MgAI-LDH nanoflowers. The two-
dimensional structural characteristics and numerous active
sites present in MgAI-LDH nanoflowers offer significant
advantages for the adsorption and desorption of water
molecules.

Lucklum et al. found that an increase in frequency in QCM is
accompanied by an increase in its resistance, and excessive

water

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Surficial SEM images of (a

) QCM-1, (

frequency is detrimental to the stability of the QCM.** Addi-
tionally, Vig et al. reported that resistance is proportional to the
energy dissipation of a quartz resonator, and excessive energy
dissipation is detrimental to the stability of the quartz
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b) QCM-2, and (c) QCM-3. The contact angle test result of (d

) QCM-1, (e) QCM-2, and (f) QCM-3.

resonator.*® Therefore, a larger resistance results in a poorer
stability of a QCM.* The variation in the crystal's resistance
(Rerystat) Of the MgAI-LDH nanoflowers based QCM sensors to

o

Frequency Shift (Hz)

c

Frequency Shift (Hz)

(@)

Frequency Shift (Hz)

-500+
-1000
-1500

-2000
QCM-1

-2500 T
0 20

T T T T

40 60 80 100

Relative Humidity (% RH)

-500
-1000 A
-1500
-2000+
-25004

QCM-2
-3000 T

0 20

T T T

40 60 80
Relative Humidity (% RH)

100

-1000
-2000
-3000

-4000

-5000{ oCM-3

0 20

T T T

40 60 80 100

Fig. 6 Humidity hysteresis curves of (a) QCM-1, (b) QCM-2, and (c)

QCM-3.

RSC Adv, 2024, 14, 21991-21998 | 21995


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03800b

Open Access Article. Published on 11 July 2024. Downloaded on 1/24/2026 5:11:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

[5o]
(=3
(=]

——-QCM-1
——QCM-2
—— QCM-3

wn
(=]
L

100+

of the QCMs (Q)

crystal
n
o

|

R

0 T T T T
0 20 40 60 80

Relative Humidity (% RI)

100

Fig. 7 The change in Rcystat Of QCM-1, QCM-2, and QCM-3 as
a function of humidity.

humidity levels was observed to assess the sensors' stability.
Fig. 7 illustrates the Rcrysa measurements of sensors under
various humidity conditions, noting that the Ry readings of
QCM sensors using MgAI-LDH nanoflowers fall within a 60 Q
range in humidity between 11% and 75% RH. Nonetheless, it's
important to mention that the Ry readings of the sensor,
particularly the QCM-3 sensor, which contains numerous MgAl-
LDH nanoflowers, showed a significant rise when humidity
levels exceeded 75%. As an illustration, the QCM-3 sensor's
Rerystal measurement stood at 151 at 97% RH, approximately 17
times higher than its measurement at 11.3% RH. The findings
suggest that the steadiness of the MgAIl-LDH nanoflowers based
QCM sensor, when heavily laden with MgAI-LDH nanoflowers,

Fig. 8
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deteriorates in environments with elevated humidity, rendering
it ineffective for precise identification of extremely high
humidity.*® Therefore, in practical applications, it's crucial not
to blindly increase the quantity of material loaded onto the
QCM surface, but rather to choose an appropriate quantity of
MgAI-LDH nanoflowers for deposition, which is essential for
maintaining a balance between sensitivity and stability. In this
study, based on the comprehensive test results from Fig. 5 and
7, QCM-2 was found to have a good balance between sensitivity
and resistance stability compared to QCM-1 and QCM-3, so it
was selected for further testing.

The response and recovery curve of the QCM-2 sensor
demonstrates its sensing characteristics. This curve clearly
show how the sensors detect H,O molecule adsorption and
desorption, thereby evaluating their performance in humidity
sensing. As shown in Fig. 8a, the QCM-2 sensor shows contin-
uous frequency shift to relative humidity ranging from 11% RH
to 97% RH. This sensor demonstrates good reversibility as the
relative humidity increases. When the QCM-2 sensor is returned
to 0% RH, the baseline quickly re-establishes. Fig. 8b shows the
response time and recovery time of the QCM-2 sensor. The
response time is the duration for a sensor to achieve 90% of the
total frequency change during response, while the recovery time
is the duration for a sensor to achieve 90% of the total frequency
change during recovery.*” The response time and recovery time
of the QCM-2 sensor are 9 s and 12 s, respectively. To assess the
repeatability of the QCM-2 sensor, it was relocated to an 11%
RH setting for a trio of cycles. To assess the short-term
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(a) Dynamic frequency shift of the prepared QCM-2 sensor. (b) The response time and recovery time of the prepared QCM-2 sensor to
11% RH. (c) Repeatability of the QCM-2 sensor for three alternating humidity cycles. (d) Long-term stability of QCM-2 sensor.
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repeatability of the QCM-2 sensor, it was relocated to an 11%
RH environment for three cycles of testing. As shown in Fig. 8c,
the sensor's output frequencies were captured instantaneously
throughout the entire process, demonstrating that after three
rounds of varying humidity conditions, the frequency of the
QCM-2 sensor consistently reverted to its original level, high-
lighting its short-term repeatability. Extensive research has
been conducted to assess the long-term stability of the QCM-2
sensor. As depicted in Fig. 8d, the QCM-2 sensor underwent
weekly testing across various relative humidity levels (11%,
33%, 52%, 75%, and 97%) for a duration of 20 days, demon-
strating consistent stability without any significant changes
over time.

Fig. 9a illustrates the sensitivity of QCM-2 sensor to 52% RH
and 1000 ppm concentrations of various gases, including
ethanol, formaldehyde, ammonia, carbon dioxide, and oxygen.
Evidently, when contrasted with the 1000 ppm interference
gases, the QCM-2 sensor exhibited a significantly greater
frequency shift towards water molecules. Evidence shows the
humidity sensor's high specificity towards water molecules.
This remarkable selectivity can be attributed to the abundant
hydroxyl groups on the surface of MgAI-LDH nanoflowers.*®
Many scientists have already reported the reversible adsorption
and desorption capabilities of hydroxyl groups for water mole-
cules in the air, as hydrogen bonding adsorption belongs to
weak adsorption interaction.***' As shown in Fig. 9b, under
humidity conditions, water molecules adhere to the hydroxyl
groups, forming an initial adsorption layer via hydrogen
bonds.** As humidity levels increase, water molecules attach to
two adjacent hydroxyl groups via hydrogen bonds, forming
multilayer physisorption water.®® When environmental

© 2024 The Author(s). Published by the Royal Society of Chemistry
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humidity decreases sharply, adsorbed water molecules desorb
to achieve equilibrium with the surroundings.** Additionally,
materials with porous structures facilitate the rapid adsorption
and desorption of water molecules.*”*>>¢

4 Conclusion

In summary, our comprehensive analysis has centered on
exploring the moisture detection capabilities of MgAI-LDH
nanoflowers when incorporated into QCM transducers. The
QCM sensor, utilizing MgAI-LDH nanoflowers, has exhibited
exceptional sensitivity, short response and recovery times,
minimal hysteresis, robust long-term stability, and excellent
selectivity within the 11-97% RH range. These findings suggest
that MgAI-LDH nanoflowers possess significant potential for
applications in humidity detection.
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