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Abstract

The composite microgels were synthesized from N-Isopropylacrylamide
(NIPAM) and acrylic acid (AA) monomers in the presence of graphene oxide
(GO) using an in situ radical copolymerization method. The successful prepa-
ration of these composite microgels was investigated through Fourier trans-
form infrared spectroscopy (FTIR), ultraviolet visible absorption spectroscopy
(UV-vis), and Raman spectroscopy. Due to the hydrophilic properties of
GO and the microgels containing oxygenated groups (—OH, —COOH, and
—CONH,), quartz crystal microbalance (QCM) sensors can be fabricated by
spraying the GO/P(NIPAM-co-AA) dispersion onto QCM sensors as sensitive
coating materials. The results indicate a notable enhancement in the perfor-
mance of GO/P(NIPAM-co-AA) modified QCM humidity sensor, compared to
QCM sensors modified with either GO or P(NIPAM-co-AA) microgels alone.
This improvement is mainly evidenced by higher sensitivity and reduced mois-
ture hysteresis. The humidity sensing mechanism is based on the combined
effect of GO and P(NIPAM-co-AA) microgels, which synergistically enhance
the sensor's performance. Additionally, the results from water contact angle
measurements, laser scanning confocal microscopy (LSCM), and scanning
electron microscope (SEM) show that GO/P(NIPAM-co-AA) exhibits greater
roughness and stronger hydrophilicity than either GO or P(NIPAM-co-AA)
microgels alone. These properties make GO/P(NIPAM-co-AA) an effective

moisture-sensitive material for QCM sensors.
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1 | INTRODUCTION

With the advancement of technology, people are
experiencing the Fourth Industrial Revolution, character-
ized by intelligent products and the Internet of Things
(IoT). This revolution places higher demands on sensors,
which are essential for collecting, processing, and inter-
acting with information." A sensor typically consists of a
sensitive device, a signal conversion system, and a data
receiving and processing system, enabling the conversion
of the measured information into a visual signal for out-
put. Depending on their sensing targets, sensors can be
categorized into various types, including pressure, tem-
perature, humidity, and optical sensors.>™

Changes in humidity are closely related to human
activity and have significant impacts in many fields, and
the effective humidity detection methods are therefore
crucial. For instance, in industrial manufacturing,
humidity directly affects the normal operation of preci-
sion instruments and circuits, as well as the lifespan of
production equipment. In agriculture, soil moisture levels
directly impact the healthy growth of crop roots and the
maintenance of dynamic water balance. In drug storage,
excessive humidity can lead to drug hydrolysis, mold
growth, and reduced efficacy. Regarding human health,
the humidity of exhaled air, which is approximately 90%
relative humidity (RH), can be used to monitor a patient’s
breathing in real-time, as the frequency of breathing var-
ies in different states. Given the diverse and complex
requirements for humidity detection in industrial produc-
tion and daily life, there is an urgent need for a humidity
sensor that offers fast response times, high stability, and
other excellent humidity-sensitive characteristics.

Humidity sensors typically consist of humidity-
sensitive components, signal conversion systems, and data
reception and processing systems. The sensing principle is
that the humidity-sensitive material on the humidity-
sensitive element adsorbs different amounts of water mol-
ecules through physical or chemical interactions in vari-
ous humidity environments. This adsorption changes the
sensor's relevant signal, reflecting the humidity change as
a signal variation and achieving the purpose of sensing.
According to the different sensing signals, commonly
studied humidity sensors include resistive sensors,””’
capacitive sensors,® ' colorimetric sensors,''™*? strain
sensors,'*!> capacitive micromachined ultrasonic trans-
ducer (CMUT) sensors,'®'” and quartz crystal microbal-
ance (QCM) sensors.'**?

QCM sensors have very high sensitivity, capable of
detecting changes in nanogram mass, and are widely used in
protein adsorption,® antipollution materials,”" sensors,*>**
and surface-interface interaction research.>*2° However, a
QCM sensor itself does not have selectivity or adsorption for

the detection molecules, relying mainly on the corre-
sponding sensitive layer loaded on its surface to adsorb
the detection molecules and achieve the purpose of sens-
ing. For QCM-based humidity sensors, humidity-sensitive
materials are key to effective detection and must meet
inspection requirements, such as stability and repeatabil-
ity. In existing literature, the moisture-sensitive materials
used for QCM humidity sensors mainly include carbon
materials,>”*® two-dimensional materials,>® metal oxide
materials,’>*' and polymer materials.>** For example, Su
and Xie et al. have carried out extensive work on prepara-
tion of various namomaterials including, piezoelectric
composite,**** zinc oxide nanorods,*® gas sensor array,**
core-shell structured smart textiles,”” and biodegradable
cotton fiber-based piezoresistive textiles,”® and establish-
ment of sensors for the detection of ammonia, humidity,
NH;, NO,, and human biomechanical activity, respec-
tively. Qi et al.*® prepared polydopamine (PDA) films on
QCM sensors using in-situ growth method. The results
showed that the PDA-QCM humidity sensor with
2 h polymerization growth time owned high sensitivity
(20.77 Hz/% RH), good selectivity, short response/recovery
time (5s/11 s), and acceptable long-term stability. Yuan
et al.** deposited a composite film based on graphene
oxide (GO) and polyethylenimine (PEI) on the QCM sen-
sor by a facile spray method. They obtained high sensitiv-
ity (27.25 Hz/%RH), low hysteresis (0.54%RH) and short
response/recovery time (<53 s/18 s). Cha et al.*® prepared
QCM transducers based on superhydrophilic ZnO nano-
needle array by a convenient and quick chemical
deposition method. The sensors exhibit high sensitivity
(21.4 Hz/%RH), fast response (2 s/2 s) and narrow hystere-
sis (maximum 2%RH), which is determined by the mor-
phology and the wetting performance of nano-ZnO
materials. There are still some minor problems with cur-
rent methods, such as chemical synthesis, use of special
reagents, complex routes, and cost issues. It is difficult to
fully meet the performance requirements of moisture-
sensitive materials by using a single inorganic nanomater-
ial or organic polymer material. Each type of moisture-
sensitive material has its own advantages, and the design
and selection of suitable coating material are essential to
develop the reliable sensors based on QCM. The combina-
tion of materials with different advantages in a convenient
way is the key to solving the above problems.

The two-dimensional (2D) material is rich in numerous
hydrophilic functional groups, making it an ideal candidate
for humidity sensors.*** Leng et al.** prepared a humidity
sensor by self-assembling GO with polymers, and the results
showed that the stability and linearity of the humidity sensor
were both improved and enhanced. Ding et al.** developed a
fullerene (Cqy)/GO nanocomposite-based QCM  sensor,
which demonstrated superior performance, compared with
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sensors using GO as sensing film. GO itself, as a 2D material,
is easy to spread and possesses relatively good rigidity and
hydrophilicity due to its edge oxygen-containing groups.
However, GO generally needs to be combined with other
functional materials to enhance the response performance
and stability of the film on QCM sensors.*

Microgels are one kind of cross-linked polymer
particles.***® Through free radical copolymerization, mono-
mers with various functional groups can be combined
to endow the microgels with rich functionalities, such as
—COOH, —NH,, —CONH—, and —OH.* Microgels with
tunable sizes and environmental responsiveness have found
many applications in medical carrier,”® catalysis,”>* and
sensors.”® The interactions between microgel materials and
dye molecules,* ions,”>’ and proteins®® have also been
extensively studied. When used as a moisture-sensitive
material for QCM sensors, soft and wet microgels exhibit
strong viscoelasticity and are prone to energy dissipation.>*
In contrast, GO is an inorganic and rigid material that can
be combined with microgels to prepare composites suitable
for QCM moisture sensing applications. We synthesized
functional GO composite microgels by a free radical poly-
merization and fabricated the composite thin films by
spraying the GO/P(NIPAM-co-AA) dispersion onto QCM
sensors, which are responsive under varying relative
humidity conditions, and suitable for the fabrication of
QCM humidity sensors. We systematically studied the
response of QCM sensor in the range of 11%-95% RH and
investigated its response sensitivity, reversibility, repeatabil-
ity, hysteresis characteristics, and long-term stability.

2 | MATERIALS AND METHODS

2.1 | Materials

N-Isopropylacrylamide (NIPAM, >98%), acrylic acid
(AA, >99%), N,N'-methylenebisacrylamide (MBA, >99%),
and potassium persulfate (KPS, K,S,0q, >99%) were pur-
chased from Beijing J&K Technology Co., Ltd. GO(>99%,
1-2 pm) was obtained from Nanjing Xianfeng Nanomater-
ial Technology Co., Ltd., China. Lithium chloride (LiCl),
magnesium nitrate (Mg(NO;),), sodium chloride (NaCl),
magnesium chloride (MgCl,), and potassium nitrate
(KNOj), all of analytical grade, were purchased from
Sinopharm Reagent Co., Ltd.

2.2 | Microgel preparation

The GO composite microgel was synthesized using an in-
situ free radical copolymerization method. MBA served
as the crosslinker, while KPS was employed as the
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initiator. Specifically, 0.9 g of NIPAM (8 mmol), 0.1 g of
AA (2 mmol), and 0.06 g of MBA were added in 95 mL of
deionized water. The mixture was stirred continuously at
400 rpm until it became a transparent solution. Nitrogen
gas (N,) was introduced for 0.5h to eliminate oxygen
from the system, following which the reaction solution
was heated to 70 °C. Under identical experimental condi-
tions, after 1 h, 2 mL of GO dispersion (2 mg/mL) and
5 mL of KPS solution (4 mg/mL) were introduced to initi-
ate the copolymerization of NIPAM and AA. Observation
revealed that after 6 h of reaction, the emulsion's color
transitioned from light to dark brown, indicating the for-
mation of the final product, the GO composite microgel
with 0.4 wt% GO. Subsequently, the composite microgel
underwent purification by dialysis to eliminate any
unreacted molecules. By changing the concentration of
GO dispersion, GO composite microgels with different
GO content (0.2 wt%, 0.4 wt%, 0.6 wt%, and 0.8 wt%) can
be obtained. The impact of supplementing GO content
on the performance of QCM humidity sensors has been
studied and can better explain the humidity sensing
mechanism. For comparative analysis, pure P(NIPAM-co-
AA) microgels were also prepared using the same process
without adding GO.

2.3 | Construction of thin film

Figure 1 depicts the construction of the QCM sensor
modified with a GO/P(NIPAM-co-AA) sensitive film.
Initially, GO/P(NIPAM-co-AA) composite microgel sus-
pension was evenly sprayed onto the surface of either a
silicon wafer or a QCM sensor using an air spraying tech-
nique. The QCM sensors used were soaked in a piranha
solution with strong oxidizing properties (concentrated
sulfuric acid and hydrogen peroxide [30%] at a volume
ratio of 7:3) for 10 min to remove trace contaminants on
the gold electrodes of the sensor surface. Then the QCM
sensors were washed three times alternately with ethanol
and deionized water, and finally dried with high-purity
nitrogen. The spraying process involved a volume of
300 pL, a nozzle size of 0.2 mm, and a distance of 18 cm
between the spray pen nozzle and the substrate. Subse-
quently, the sprayed substrate was dried in a vacuum
oven set at 60 °C for a duration of 6 h. Ultimately, the
sensitive film coated QCM sensor was utilized for humid-
ity detection.

2.4 | Characterization

The functional groups of GO, microgel, and GO/microgel
materials were determined using a FTIR spectrometer
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(Nicolet Avatar 370, Nicolet Instruments). The spectrum
of the material was measured employing a UV-vis spec-
trophotometer (UV 1800, Shimadzu Corporation, Japan).
The particle size was analyzed using a Nano-ZS analyzer
(Malvern Instruments Ltd., UK). The sample's Raman
spectra was characterized utilizing a DXR Raman spec-
trometer (Thermo Fisher Scientific, USA). The hydrophi-
licity and hydrophobicity of the materials were tested
using a contact angle tester (Beijing Harke Testing
Instrument Factory, HARKE-SPCA). Surface morphology
was examined using a JSM-6360LA SEM (JEOL, Japan).
The roughness was observed through laser scanning con-
focal microscope (LSCM, Mahr MarSurf CM, Mangofeld
Technology Group). The application of this material in
humidity sensing was analyzed with QCM (Suzhou Siju
Biomaterials Co., Ltd., QCM-DBY).

3 | RESULTS AND DISCUSSION

3.1 | FTIR and UV-vis analysis

Comparing FTIR data can offer evidence of successful copo-
lymerization and crosslinking, as depicted in Figure 2A.
The spectra of GO/P(NIPAM-co-AA) reveal a broad absorp-
tion band associated with —OH at 3410 cm ™' and a C=0
absorption band in GO at 1627 cm™ > A distinct peak

emerges at 1724 cm ', primarily belonging to stretching

vibration of carboxyl (—COOH) groups from AA monomer
units within POINIPAM-co-AA) microgels. Additionally, the
carbonyl stretching vibration (amide I) at 1650 cm ™' and
the N—H bending vibration (amide II) at 1545 cm ™' arise
from the functional groups of NIPAM monomer units.
Hence, FTIR data confirms successful preparation of the
composite microgels through in situ radical polymerization.
Figure 2B depicts the UV-vis spectra of GO, pure
microgels, and composite microgels. Two distinct charac-
teristic absorption peaks appear at 230 and 300 nm, corre-
sponding to the n—-n* and n-n* transitions of C=C bonds
within the aromatic ring of GO.®® Furthermore, the
GO/P(NIPAM-co-AA) solution distinctly manifests varied
absorption peak characteristics in the spectrum, suggest-
ing the binding of GO with microgels of NIPAM and AA.

3.2 | Particle size analysis

The particle size distribution of P(NIPAM-co-AA) and
GO/P(NIPAM-co-AA) composite microgels after polymeriza-
tion with GO is illustrated in Figure 2C. According to
Figure 2C, the average diameter data of pure microgels dis-
persed in water within 1000-2300 nm, with an average
diameter of approximately 1525 nm. Following compound-
ing with GO, the particle size distribution width band of the
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FIGURE 2 (A) Fourier transform infrared spectra, (B) UV-vis spectra, (C) particle size distribution, and (D) Raman spectra of GO,

P(NIPAM-co-AA), and GO/P(NIPAM-co-AA) composite microgels.

microgel widened, resulting in an average diameter of about
1816 nm, which surpasses that of pure microgel. The signifi-
cant difference in particle size between P (NIPAM-co-AA)
and GO/P (NIPAM-co-AA) microgels is due to the binding
of GO to the microgels. Note that the size of GO is in the
range of 1-2 pm. It is supposed that the simple mixing of
GO with microgels does not result in an increase in particle
size of microgels. On the contrary, GO particles owing
oxygen-containing groups and hydrophilic performance, are
easily combined with monomer molecules during the poly-
merization process, and be wrapped into the interior of the
microgel, resulting in an increase in the particle size of the
microgel. In addition, compared with pure microgels, com-
posite microgels can provide more adsorption sites for water
molecules and rigid and hydrophilic GO component, which
are conducive to the improvement of the frequency response
of the QCM sensor.

3.3 | Raman spectroscopic analysis

Figure 2D depicts a Raman spectral comparison of GO,
P(NIPAM-co-AA), and GO/P(NIPAM-co-AA) composite

microgels. From Raman spectrum of GO, two distinct
characteristic peaks emerge around 1350 and 1600 cm ™},
corresponding to D and G peaks in GO. Notably, in the
GO/P(NIPAM-co-AA) spectrum, both D and G peaks are
evident, indicating the presence of GO within the com-
posite microgels. Furthermore, prominent absorption
peaks are observed at 1096 and 2930 cm !, likely stem-
ming from stretching vibrations of C—C and C—H in

P(NIPAM-co-AA) microgels.

3.4 | Contact angle analysis

The water contact angle images of GO, P(NIPAM-co-AA),
and GO/P(NIPAM-co-AA) samples, along with their
metallographic microscope photographs, are depicted in
Figure 3. It can be observed that water contact angles on
surfaces of GO, P(NIPAM-co-AA), and GO/P(NIPAM-co-
AA) composite microgels are measured as 38.5°, 54.3°,
and 37°, respectively. These angles are all less than 90°,
indicating that these materials are hydrophilic and
suitable for use in humidity sensors. Notably, the
GO/P(NIPAM-co-AA) composite microgel exhibits a
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GO P(NIPAM-co-AA)
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CA:54.3°

smaller water contact angle and a rougher surface com-
pared to the others, suggesting a stronger affinity for
water molecules. This characteristic grants it an advan-
tage in humidity sensor applications.

3.5 | Morphology and roughness analysis
The surface topography of GO, P(NIPAM-co-AA), and
GO/P(NIPAM-co-AA) samples is depicted in Figure 4.
The SEM image illustrates the wrinkling and folding
topography of GO alongside the uniform spherical mor-
phology of P(NIPAM-co-AA) microgels on a smooth sub-
strate. In Figure 4C, the morphology of the microgel
particles postbinding with GO is presented. It is evident
that the composite microgel exhibits uniform sizing with
a dry-state diameter of approximately 500 nm, which dif-
fers from its hydrated particle size as determined by

GO/P(NIPAM-co-AA)
CA:37°

FIGURE 3 Water contact angles of
GO, P(NIPAM-co-AA), and
GO/P(NIPAM-co-AA) composite
microgels.

FIGURE 4 Scanning electron
microscope images of (A) GO (5 pm), (B)P
(NIPAM-co-AA) microgels (1 pm scale),
and GO/P(NIPAM-co-AA) composite
microgels at (C) 1 pm and (D) 300 nm
scales.

particle size analysis. Figure 4D provides a magnified
view revealing that the film covering the substrate is
coarser and possesses a larger specific surface area com-
pared to pure microgels. This characteristic facilitates an
increased availability of binding sites for water mole-
cules, consequently enhancing the sensor's response rate.

To further determine the roughness of GO/P(NIPAM-
co-AA) composite microgels, samples were scanned using
laser scanning confocal microscopy (LSCM) for analytical
imaging. Figure 5A1-A3 display microscope images of GO,
P(NIPAM-co-AA), and GO/P(NIPAM-co-AA) samples,
showcasing the excellent film-forming properties of the sam-
ples. Figure 5B1-B3 present their three-dimensional imaging
maps, revealing roughness (Ra) values of 243, 108, and
441 nm for the three samples, respectively. The increased
roughness observed for GO/P(NIPAM-co-AA) sample is
based on the combination of GO and microgels. The LSCM
data corroborates the findings of the SEM analysis.

85U SUOWILLIOD A 81D 3|qed!|dde au Ag peusenoh e ajole YO ‘88N JO 3| 10} ARiq 1T BUIIUO AB]IM UO (SUO1IPUOO-PUE-SWBHL0D /8] 1M AR 1BU1U0//SURY) SUORIPUOD PUE SLLIB L 8L3 885 *[7202/0T/T0] Uo Ateiqiauiiuo A8|im ‘4lupeg meyijioed yoseesay puy Asieatun wbuiusbem Aq 050120z 10d/200T 0T/10p/wod Aa|im: ARl pul|uo//SdRy woiy pepeojumod ‘0 ‘69TYZr9z



JIET AL.

_WILEY_L_~
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FIGURE 5
corresponding (B1-B3) three-dimensional imaging maps.

3.6 | QCM dynamic response
characteristics and sensing tests

First, we discuss the influence of the spray amount of
sensitive materials on the performance of QCM sensors.
Figure 6A displays the response curves of GO/P(NIPAM-
co-AA) modified QCM sensors with varying spray vol-
umes (100, 200, and 300 pL) within the range of 11%-95%
RH, while Figure 6B illustrates the corresponding film
thickness. As the deposited amount of GO/P(NIPAM-co-
AA) microgel increases from 100 to 300 pL, the film
thickness escalates from 1.50 to 1.97 ym. Since the
amount of deposition on the surface of a QCM sensor
increases, the more active sites can be provided, leading
to a larger number of hydrophilic groups and a higher
frequency response. The frequency response of GO/P
(NIPAM-co-AA) modified QCM sensors amplifies with
the increase in the spray amount of sensitive materials.
However, when the spraying volume exceeds 300 pL, the
oscillation of QCM sensor becomes very unstable or its
inability even made the QCM sensor stop operating.
Therefore, we selected the GO/P(NIPAM-co-AA) modi-
fied QCM sensor with the highest sensitivity (300 pL) for
subsequent experiments.

* J“

Ra=441nm

LSCM of (A1) GO, (A2) P(NIPAM-co-AA) microgels, (A3) GO/P(NIPAM-co-AA) composite microgels, and their

Figure 7A illustrates the frequency responses of QCM
humidity sensors utilizing various materials, including
P(NIPAM-co-AA), GO, and GO/P(NIPAM-co-AA), upon
reaching absorption equilibrium under varying humidity
conditions. P(NIPAM-co-AA) microgels, with their large
size, are abundant in hydrophilic groups, such as amide
and carboxylic acid groups, facilitating effective water
molecule binding. After binding to water molecules,
P(NIPAM-co-AA) microgels coated on the QCM sensor
surface alone become soft and hydrated, leading to highly
viscoelastic properties and a mediocre frequency response.
It is evident that the pure GO-modified QCM sensor
exhibits a lower responsiveness to humidity compared
with the pure P(NIPAM-co-AA) modified QCM sensor.
This discrepancy arises from the tightly bound two-
dimensional structure of GO to the sensor surface, lacking
a three-dimensional configuration. Moreover, GO pos-
sesses a limited number of oxygen-containing groups pri-
marily located at its edges, resulting in fewer active sites
for water molecule binding. However, the combination of
the two components, with GO as a rigid scaffold and
microgels as functional and hydrophilic components,
leads to a three-dimensional configuration, a certain rigid
structure, abundant binding sites, and a highly sensing
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FIGURE 6

4000

Real-time response curves of GO/P(NIPAM-co-AA) sensitive film-modified quartz crystal microbalance sensors with spray

volumes of (A1) 100 pL, (A2) 200 pL, and (A3) 300 pL at 11%-95% RH humidity, and scanning electron microscope images corresponding to

different film thicknesses at (B1) 100 pL, (B2) 200 pL, and (B3) 300 pL.

stability. As shown in Figure 7A, the frequency response
of composite microgel modified QCM sensors has a signif-
icant increase in frequency shifts within 11%-95% RH,
which is better than that of the QCM sensors modified
with two materials including pure microgels and GO, sep-
arately, indicating the synergistic effect of GO and
P(NIPAM-co-AA) microgels.

Furthermore, Figure 7B presents linear fitting curves
indicating that all three QCM sensors employing differ-
ent materials exhibit good linearity, with correlation coef-
ficient (R,) values of 0.99, 0.93, and 0.95, respectively.
Notably, the sensitivity of QCM sensors utilizing GO/P
(NIPAM-co-AA) material reaches 7.52 Hz/% RH.

The frequency response of a GO/P(NIPAM-co-AA)
modified QCM sensor across varying humidity levels
(11%-95% RH) is illustrated in Figure 7C. Initially, the

GO/P(NIPAM-co-AA) modified QCM sensor is exposed
to an 11% RH environment, and the resonance frequency
signal obtained serves as a reference line once the fre-
quency stabilizes. Upon transitioning the modified QCM
sensor to a 33% RH environment, the mass on its surface
increases as the surface-sensitive film adsorbs water mol-
ecules, consequently reducing the frequency response of
the QCM sensor. Initially, there is a rapid decreased Af
of the modified sensor, followed by a tendency to stabi-
lize, indicating saturation of water molecules adsorbed by
the GO/P(NIPAM-co-AA) under this humidity condition.
Subsequently, when returning to an 11% RH environ-
ment, water molecules gradually desorb from the sensi-
tive film due to the decreased relative humidity until
reaching the initial state for complete desorption. This
entire process constitutes a complete adsorption—-desorption

95UB017 SUOLILLIOD) SIS0 8|l dde au Ag pausnob 812 sajole YO ‘88N J0 S9N o} ARG 8UIIUQ AB]IAA UO (SUONIPUOD-PUE-SLUISYW0D" A 1M Afe.q1BUI|UO//:SANL) SUONIPUOD PUe SWLB | 84} 89S *[7202Z/0T/T0] Uo Aeiqiauliuo A8l 'Hitipeg 1reil|ied yoseessy puy AisieAiun uebuiueBem Aq #050v20 10d/200T OT/10p/wod A8 Akeiqjpuluo//sdiy woly pspeojumod ‘0 ‘69Trzr9z



JIET AL. JOURNAL OF 9
POLYMER SCIENCE —WI LEYJ—
(A)-700 (B)
W co o —-600F « GO
_600 | MM P (opaM co-an) g & P(NIPAM-co-AA) .
* I o/ (NIPAM co-AA) 2B R -S00F e GO/P(NIPAM-co-AA) :
T -500 2 = 3
| =3
& & —400f
= 400 =
B o =300} 2
= d
§ 300 5 R2=0.93
s S 200t
g 200 g
Tt
= = -100F
-100 AN
‘ 0F R2=0.99
33% RH 54% RH 75% RH 85% RH 95% RH 30 40 50 60 70 80 90 100
Relative Humidity (%o RH) Relative humidity (%RH)
© (D)
—140 F 12700
< -50 P
{2400
T -100 g -180
= -
E 500 swm £ —200 {2100 %
@ @ —220F =7
7 200} o A
s o -240p {1800 £
@ 250+
= 250 ) q=) 260k E
g 85%RH = 11500
2 =300 S 280t 11
= 350 =
e 95%RH = {1200
_400 L 1 1 1 L 1 _320 L 1 -l 1 1 1 1
0 500 1000 1500 2000 2500 3000 3 40 S0 60 70 80 90 100
Time (s) Relative Humidity (%RH)
(E) _700- [33% rRH
[J95% rRH
—600 - si3s LY o
N o 1 : 507.3
jan]
< _s00{ -4649 —1-
& I
=
i —400 4
o
=
g —300 -
=
g
= —200 -
~100 =772 -84.2 _79.9 _747
-33.6 I—i— |"‘
0 4]
0 0.2 0.4 0.6 0.8
GO content (%)
FIGURE 7 (A) Frequency shift of quartz crystal microbalance (QCM) humidity sensors modified with GO, P(NIPAM-co-AA), and GO/P

(NIPAM-co-AA) materials under different humidity conditions; (B) Linear fitting curves of frequency response of QCM sensors modified by
three materials under different humidity conditions; (C) Frequency response of GO/P(NIPAM-co-AA) modified QCM sensors 11%-95% RH;
(D) Relationship between frequency response and mass change at different humidity (11%-95% RH); (E) Frequency responses of QCM

humidity sensors modified with GO/P(NIPAM-co-AA) materials at different GO content (0.2and, 0.4, 0.6, 0.8 wt%) under low (33% RH) and

high (95% RH) humidity conditions.

cycle, repeated for subsequent cycles. The alteration in mass
of GO/P(NIPAM-co-AA) composites deposited on QCM
sensors can be correlated with frequency shift using the
Sauerbrey equation.*

_ —CAf,
="

Am (1)

where Am represents the area mass density of the absorb-
ing film (measured in unit area mass, ng cm %), C is
17.7ng cm > Hz !, Af, denotes the frequency shift of
QCM sensor at harmonic number n (1, 3, 5, 7, ...), and
the effective area of the blank QCM sensor is 1.54 cm?®.
Normally, the harmonic number was chosen to be 3. In
Figure 7D, the change in frequency shift of the
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GO/P(NIPAM-co-AA) modified QCM sensor and the mass
change of water molecules absorbed at different humidi-
ties are depicted. As moisture levels increase, more water
molecules adhere to the sensitive film, leading to increased
mass change and a decreased frequency shift.

By changing the concentration of GO dispersion, GO
composite microgels with different GO content (0 wt%,
0.2 wt%, 0.4 wt%, 0.6 wt%, and 0.8 wt%) can be obtained.
The impact of supplementing GO content on the perfor-
mance of QCM humidity sensors has been studied.
Figure 7E shows frequency responses of QCM humidity
sensors modified with GO/P(NIPAM-co-AA) materials at
different GO content under low (33% RH) and high (95%
RH) humidity conditions. From Figure 7E, with the
increase of GO content from 0 to 0.4 wt%, the frequency
response value of QCM sensors modified with GO/P
(NIPAM-co-AA) was increased, indicating the introduc-
tion of GO as a rigid scaffold and its effective combination
with microgels as functional and hydrophilic component.
However, when the GO content was increased from 0.4 wt
% to 0.8 wt%, the frequency response value of QCM sen-
sors modified with GO/P(NIPAM-co-AA) was gradually
decreased, indicating the decreased amount of active bind-
ing sites of GO/microgel film with water molecules. The
humidity sensing mechanism of GO/P(NIPAM-co-AA)
modified QCM sensors can be explained that the

z

0 —— P (NIPAM-co-AA)

Frequency shift (Hz)

0 500 1000 1500 2000 2500
Time (s)

1

Z

Frequency shift (Hz)

combination of the two components, with GO as a rigid
scaffold and microgels as functional and hydrophilic com-
ponents, leads to a three-dimensional configuration, a cer-
tain rigid structure, abundant binding sites, and a highly
sensing stability. The frequency response of composite
microgel modified QCM sensors has a significant increase in
frequency shifts within 11%-95% RH, which is better than
that of the QCM sensors modified with two materials sepa-
rately. Therefore, the enhanced sensor performance is due
to synergistic effects between GO and P(NIPAM-co-AA)
microgels at a suitable GO content of 0.4 wt%. The GO/P
(NIPAM-co-AA) modified QCM sensors with 0.4 wt% GO
were used for the following studies of repeatability,
response-recovery time, hysteresis characteristics, and long-
term stability.

3.7 |
sensors

Repeatability of QCM humidity

The repeatability curves of the modified QCM sensors at
relative humidity levels between 11% and 95% are depicted
in Figure 8. In Figure 8A, the P(NIPAM-co-AA) microgel-
modified QCM humidity sensor exhibits poor repeatabil-
ity. This observation may stem from the viscoelastic
nature of the hydrophilic P(NIPAM-co-AA) microgel,

—— GO/P (NIPAM-co-AA)

1 1

0 450 900 1350 1800 2250 2700
Time (s)

(C) —a— P (NIPAM-co-AA)
- -GO/P (NIPAM-co-AA)

201

Relative error (%)
s

FIGURE 8

Cycle

(A) Repeatability response curve of P(NIPAM-co-AA) modified quartz crystal microbalance (QCM) sensor in four cycles of

11%-95% RH; (B) Repeatability response curves of GO/P(NIPAM-co-AA) modified QCM sensor in four cycles of 11%-95% RH; (C) Relative
error of QCM sensors modified with P(INIPAM-co-AA) and GO/P(NIPAM-co-AA) in each cycle.
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which tends to be soft and moist, thereby leading to signif-
icant energy dissipation. Consequently, the vibration of
the QCM sensor is adversely affected. Furthermore, the
incorporation of GO with P(NIPAM-co-AA) microgels
marginally mitigates discrepancies in repeatability, as
illustrated in Figure 8B. To provide a more intuitive depic-
tion of the error in each measurement cycle, the relative
error is defined as per Equation (2).

Af, —A
Relative error = ’u

Af, x 100%, (2)

where Af; and Af, are frequency shift in the first and nth
(n=2, 3, 4, ..) test cycles, respectively. As shown in
Figure 8C, the relative error of P(NIPAM-co-AA) modified
QCM sensor is obviously becoming large as the cycle time
increases. However, the relative error of GO/P(NIPAM-
co-AA) modified QCM sensor is small, indicating that the
sensor has excellent reversibility and repeatability.

3.8 | Response-recovery time, hysteresis
characteristics, and long-term stability

Response time and recovery time serve as pivotal
indicators for assessing the practicality of humidity

sensors. The time taken for the QCM sensor's response
value to attain 90% of the full frequency shift is typi-
cally designated as the response time during adsorption
or recovery time during desorption. As illustrated in
Figure 9A, the response-recovery time of a GO/P
(NIPAM-co-AA) based QCM humidity sensor reveals a
response time of 44s and a recovery time of 134 s
within 11%-95% RH. These findings underscore the
capability of the GO/P(NIPAM-co-AA) modified QCM
sensor to swiftly adsorb and desorb water molecules.
Microgels containing many hydrophilic groups includ-
ing —OH, —COOH, and —CONH, groups, strong inter-
actions are present between the structure of microgels
and water molecules, making it difficult to desorb
water molecules in a high humidity environment.
Humidity hysteresis emerges as a crucial parameter for
evaluating QCM humidity sensors. Specifically, this
parameter denotes the lack of alignment between the
sensor's response curves during the processes of water
adsorption and desorption at various humidity levels.
It can be quantified by calculating the ratio of the max-
imum difference in the adsorption and desorption
response curves in comparison to the full-scale fre-
quency change.

Figure 9B reveals that the QCM humidity sensor uti-
lizing a P(NIPAM-co-AA) sensitive film exhibits a notable
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(A) Response-recovery curve of GO/P(NIPAM-co-AA) modified quartz crystal microbalance (QCM) sensors; Hysteresis

curves of (B) P(INIPAM-co-AA) and (C) GO/P(NIPAM-co-AA) modified QCM sensors at 11%-95% RH; (D) Long-term stability of GO/P

(NIPAM-co-AA) modified QCM humidity sensors.
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disparity in response values between the adsorption
and desorption processes, evident in the distinct devia-
tion of the adsorption and desorption curves. However,
Figure 9C illustrates that the GO/P(NIPAM-co-AA) modi-
fied QCM sensor demonstrates reduced hysteresis. While
not achieving complete desorption, it proves more suit-
able for practical humidity measurement compared to
the former P(NIPAM-co-AA) modified QCM sensor. It
should be emphasized that the QCM sensor modified
with the pure microgel shows increased humidity hyster-
esis, due to the viscoelastic and soft characteristics of the
microgels. On the contrary, because of the introduction
of rigid and hydrophilic GO, composite microgels have
reduced moisture hysteresis than pure microgels.

The long-term stability of QCM humidity sensors
employing GO/P(NIPAM-co-AA) sensitive film under
various humidity conditions was examined. The GO/P
(NIPAM-co-AA) modified QCM sensor underwent expo-
sure to air for a month, with moisture sensitivity tests
conducted every 5 days to measure the resonance fre-
quency shift. From Figure 9D, Af of the GO/P(NIPAM-
co-AA) modified QCM humidity sensor exhibits minor
fluctuations, ensuring commendable long-term stability
and sensor quality.

4 | CONCLUSIONS

This study focuses on the synthesis of GO/P(NIPAM-co-
AA) through in situ radical copolymerization. Through a
comprehensive analysis including FTIR, UV-vis, DLS,
and SEM, the composition, particle size, and morphology
of the microgels were confirmed. A GO/P(NIPAM-co-AA)
film was subsequently fabricated on a QCM sensor sur-
face by spraying a mixture dispersion. To evaluate the
surface hydrophilicity and roughness of the QCM sen-
sors, comparisons were made among GO, P(NIPAM-
co-AA) film, and GO/P(NIPAM-co-AA) composite film
using water contact angle and LSCM. These analyses ver-
ified the advantages of GO/P(NIPAM-co-AA) for humid-
ity sensor applications. QCM sensor equipped with a
GO/P(NIPAM-co-AA) sensitive film exhibited significant
responses in various humidity environments. Its sensitiv-
ity reached 7.52 Hz/% RH, with a response time of 44 s
and a recovery time of 134 s. The sensor demonstrated
repeatability and reversibility during testing. Moreover,
the addition of GO notably improved the hysteresis of the
QCM sensor compared to the pure P(NIPAM-co-AA)
microgel-modified QCM sensor. In the future, the
GO/microgel composite materials with functionalities
can further be studied for revealing the interaction
between materials and organic gas molecules and fabri-
cating highly sensitive gas sensors.
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