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ABSTRACT: The present work reports the rapid sweat detection inside
a PPE kit using a flexible humidity sensor based on hydrothermally
synthesized ZnO (zinc oxide) nanoflowers (ZNFs). Physical character-
ization of ZNFs was done using scanning electron microscopy (SEM), X-
ray diffraction (XRD), Fourier transmission infrared spectroscopy
(FTIR), UV−visible, particle size analysis, Raman analysis, and X-ray
photoelectron spectroscopy (XPS) analysis, and the hydrophilicity was
investigated by using contact angle measurement. Fabrication of a
flexible sensor was done by deposition on the paper substrate using the
spin coating technique. It exhibited high sensitivity and low response and
recovery times in the humidity range 10−95%RH. The sensor
demonstrated the highest sensitivity of 296.70 nF/%RH within the
humidity range 55−95%RH, and the rapid response and recovery times
were also calculated and found as 5.10/1.70 s, respectively. The
selectivity of the proposed sensor was also analyzed, and it is highly sensitive to humidity. The humidity sensing characteristics were
theoretically witnessed in terms of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) and electronic properties of sensing materials in ambient and humid conditions. These theoretical results are evidence of
the interaction of ZnO with humidity. Overall, the present study provides a scope of architecture-enabled paper-based humidity
sensors for the detection of sweat levels inside PPE kits for health workers.

■ INTRODUCTION
Presently, both young and elderly individuals are increasingly
focusing on their healthcare status. Consequently, there is a
growing interest in medical monitoring devices that offer high
performance, comfort, compact size, high flexibility, and the
ability to detect physiological information such as sweat levels
through point-to-electronic devices.1 The coronavirus disease
2019 (COVID-19) pandemic has increased rapidly all over the
world, so this is a measured challenge for regular health care.
Healthcare workers have continuously protected us using a
personal protective equipment (PPE) kit, which provides
absolute shield protection for fighting disease spread in the
world. However, wearing these PPE kits has various problems,
including dehydration, sweating, etc.2 There is an urgent need
to consider these problems faced by healthcare workers
(HCWs) both qualitatively and quantitatively. An electronic
wearable device can be used in a PPE Kit that detects the
moisture level3 or sweat level and gives a signal in the form of
an alarm. According to the electronic survey of HCWs who
had performed COVID-19 duties while wearing the PPE kits,
they expressed many problems.4 The most common problems
while using the PPE kits were extreme sweating (100%),
clouding on the surface of goggles (88%), suffocation (83%),

breathlessness problem (61%), tiredness (75%), headache due
to continuous use of this kit (28%), and pressure marks on the
skin on more areas on repetitive use (19%).5

Sweating in the human body is a form of thermoregulation
where 500 and 700 mL of hypotonic fluid is stowed by the
sweat glands of the human body under environmental
conditions. Sweat is easily excreted from the skin surface of
the human body and contains sodium ions, potassium ions,
and metabolites such as glucose.6 Generally, human sweat
mainly contains 99% water with a negligible proportion of salt
and fat.7 In this context, precise monitoring of sweating levels
inside PPE kits is highly urged as an effective preventive
measure against COVID contamination. In this work, we have
proposed a moisture detector for sweat with an alarm system
device that will give a signal during high sweat levels inside the
PPE kit.8 For humidity sensing, researchers have been focused
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on a variety of materials, such as metal oxides, ceramics, carbon
compounds, perovskites, polymers, etc.9

In particular, metal oxides such as ZnO,10 CuO,11 Al2O3,
and others12 are widely used for sensor development due to
their simple fabrication, high sensing response, good opera-
tional stability, low cost, and good portability. Chen and Zhang
investigated ZnO nanostructure, synthesized by thermal
decomposition and controlled via dielectrophoresis, applica-
tion as a capacitive relative humidity sensor, and the response
and recovery times have been reported as 20 and 70 s,
respectively.13 Yu et al.14 explored ZnO becoming widely
studied as a humidity-sensing material because it is abundant
and has controllable surface morphology, wide resistivity range,
and good chemical stability. The currently reported ZnO metal
oxide has poor electron mobility, a small specific surface area,
and no hydrophilic functional groups on its surface, which
significantly restricts its development as a humidity sensor.10

The ZnO-based humidity sensor may be improved with a
variety of materials, including composites and doping.15,16

Enhancing the sensing parameters, including the response and
recovery times, has emerged as a prominent research area in
the field of metal oxide-based sensors.17 Zinc oxide is a
nontoxic and high-adsorption material due to more oxygen
vacancies attached to its structure.18,19

A low-cost, biocompatible, flexible, and wearable sweat-
sensing device based on ZNFs was proposed in the present
work. We have systematically investigated its humidity sensing
properties, such as sensitivity, aging, stability, and flexibility.
Several reasons were proposed for the important increased
sensitivity of using the ZNFs. First, the adhesion of the
material on the substrate may increase the sensitivity of the
material. This flower-like surface provides more active sites
during the adsorption and desorption of water molecules.
Second, the surface functional group and hydrophilic nature of
the sensing material can be responsible for enhancing the

adsorption of water molecules. A statistical survey has also
been conducted involving healthcare workers of different ages
showing the problem of wearing the PPE kit for a long time.
The present work also includes a theoretical study that
investigates the HOMO−LUMO gap, electronic properties,
and interaction between ZnO and water molecules. This
analysis sheds light on the impact of humidity on the structure
of the ZNFs. All of these parameters, as observed during both
experimental and theoretical studies, demonstrate significant
promise for the detection of humidity levels within the PPE kit.

■ EXPERIMENTAL SECTION
Materials and Methods. Zinc nitrate hexahydrate [Zn(NO3)2·

6H2O] (99%, Thermo Scientific Chemicals) and sodium hydroxide
[NaOH] (99.9%, pellets from Thermo Fisher) were purchased. All
chemicals were used in analytical grade without further purification.
Synthesis via the Hydrothermal Method. The ZNFs were

synthesized by a hydrothermal route; for this purpose, 0.3 M Zn
(NO3)2·6H2O solution was dissolved in 20 mL of an aqueous solution
under constant stirring for 50 min. Meanwhile, 4 M NaOH was also
prepared in 20 mL of aqueous solution under constant stirring for 30
min. After that, the NaOH solution was dropwise added to the
previous solution. The mixture of this solution was transferred into
sealed Teflon-lined stainless-steel autoclaves and put in an oven for
hydrothermal treatment at 150 °C temperature for 2 h.20 Then the
autoclave was taken outside from the oven and allowed to cool at
ambient temperature. The solution was filtered with filter paper and
centrifuged several times. The precipitate was found and dried for 2 h
in the oven. This method is different from other reported methods
because no capping agent was used during the synthesis; owing to this
reason, it is suitable for processing, is nontoxic, and is low cost. The
block diagram and possible reaction are shown in FigureS1a.
Fabrication of the Sensing Element and Sensing Setup. The

fabrication of the sensing device has been already reported by our
group and is shown in Figure S1b.21 Initially, a small amount of ZnO
powder was dissolved in NMP solvent, and this was ultrasonicated for
clear dispersion. Further, cellulose paper was cut into the desired
shape and size. Then this paper substrate was fixed (one by one) on

Figure 1. Morphological and structural analysis of ZNFs: (a) surface morphology, (b) XRD diffraction pattern, (c) FTIR analysis, XPS analysis of
the (d) zinc element and (e) oxygen element, and (f) Raman analysis.
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the spin coater of the ZnO dispersant on paper substrate at 1000 rpm.
This process was repeated three times to obtain uniformity of the
device. Again, these devices were dried under ambient atmospheric
conditions, and silver paste was painted for the electrical measure-
ment.
The sensing setup consisted of many constituents such as an

impedance analyzer (Wayne Kerr Precision Component Analyzer,
6440B), a Keithley 6517B, and a sensor made of ZNFs that was tested
for its ability to detect humidity inside the chamber and sweat level
inside the PPE kit. To maintain the humidity levels inside the glass
chamber, saturated salts of K2SO4 and KOH solutions were used and
retained by the static process. The flexible sensing element’s %RH
concentration was used using a K2SO4 solution to increase it and
KOH to reduce it. Using a hygrometer (HTC-1), the relative
humidity (%RH) was precisely measured. Interdigitated electrodes
made of silver paste were imprinted with wires connecting them to an
impedance analyzer on the sensing screen. The entire experiment was
conducted at 300 K above ambient temperature. The sensing setup is
also depicted in Figure S2.22

■ RESULTS AND DISCUSSION
Figure 1a shows the SEM images of the ZNFs exhibiting a
uniform flower morphology with diameters of approximately
72.62 nm. Furthermore, these images with different magnifi-
cations show the flower made with the combination of the rods
as displayed in Figure S3a,b. To achieve the desired
hierarchical, flower-like structure, ZnO nanoflowers need
thorough control over reaction conditions, surfactant selection,
and ongoing refining. The unique crystal growth mechanism
during the synthesis procedure can give rise to nanoflower
formations. ZnO nanoparticle generation is a result of
nucleation followed by crystal growth. Morphologies, such as
nanoflowers, can arise from the circumstances surrounding
nucleation and development. The facets of the ZnO crystal
structure may have controlled the crystal growth, producing an
arrangement that looks like a flower. The formed flower plays
an important role in the sensing element because of the high
surface-to-volume ratio, which provides high adsorption and
desorption capacity. The X-ray diffractometer (PANalytical,
Netherlands) with Cu Kα radiation (λ = 0.15406 nm) used to
study the structural analysis of ZNFs is shown in Figure 1b.
The Miller indices (100), (002), and (101) correspond to the
peaks at angles of 31.85, 34.51, and 36.33°, respectively. The
Debye−Scherrer formula23 is used to calculate the average
crystallite size, which is found to be 30.18 nm, where k is the
Scherrer constant. The signature peaks positioned at 45.80,
52.59, and 62.47° correspond to Miller planes (100), (200),
and (103) of ZNFs respectively.24 The presence of ZNFs is
shown in planes (112), (004), and (202) in Figure 1b. From
the XRD analysis, we can conclude that there is no impurity of
the synthesized material. One other characterization for the
confirmation of the pure ZNFs is the FTIR (Fourier transform
infrared) spectrum, as shown in Figure 1c, which is connected
to the vibrational modes of the Zn−O bonds in the crystal
lattice. These peaks can reveal details of the chemical and
structural peaks of ZnO as well as any impurities that might be
present. The given peaks correspond to the infrared spectra of
ZNFs. The peak at 3432.67 cm−1 relates to the stretching
vibration of the hydroxyl (OH) groups that may be present on
the surface of ZNFs, and the peak at 2076.95 cm−1

corresponds to the stretching vibration of C−H bonds.
Because of this peak, the ZNFs exhibit hydrophilicity, and it
is responsible for good humidity adsorption and desorption.
The peak at 1556.12 cm−1 can be assigned as the bending

vibration peak at 1398.13 cm−1 that corresponds to the

symmetric stretching vibration of H−O−H, whereas the peak
at 1340.54 cm−1 corresponds to the asymmetric stretching
vibration of Zn−O−Zn bonds in ZNFs.25 The peak at 1031.73
cm−1 corresponds to the bending vibration of the Zn−OH
bonds, which could be due to the presence of water or
hydroxyl groups on the surface of ZnO shown in Figure 1c.
The peak positioned at 611.32 cm−1 , and 464.76 cm−1

corresponds to the bending vibration of Zn−OH bonds,26,27

which could be due to the presence of water or hydroxyl
groups on the surface of ZNFs. . FTIR analysis provides the
purity of ZNFs and the hydrophilic functional groups that will
be responsible for the sensing application. The elemental
analysis confirmed by the convoluted electrical structure of
solids can be studied using X-ray photoelectron spectrosco-
py.28 Regarding the excitation source, we used a standard Al
Kα X-ray source. The electron emission angle was kept at a
fixed 45° angle with respect to the sample surface. The size of
the analyzed area was approximately 1 mm in diameter. Prior
to the analyses, the samples were sputter-etched using an Ar+
ion beam with energy of 2 keV and an incidence angle of 60°.
The base pressure during the analyses was approximately 10−9

Torr, and a charge neutralizer was used to minimize the effect
of charging on the spectra. The C 1s element was used for
charge adjustment. To adjust the binding energies of other
elements in the spectrum, the standard element’s binding
energy was utilized as a guide. Shirley background
mathematical functions were used to simulate the background
in XPS peak fitting. The Lorentzian function was used to
simulate the XPS peaks in the Origin software.29 The peak
profiles around the Zn 2p3/2 and Zn 2p1/2 peaks were similarly
fitted, with the peak energies being 1022.25 and 1045.31 eV,
respectively. These emissions are related to Zn atoms located
in ZnO’s normal lattice location. It was observed that the
binding energies' difference between the Zn 2p3/2 and Zn 2p1/2
emissions in this instance was 23.06 eV, which is the typical
value for ZnO. The Zn LMM Auger peak analysis is frequently
utilized to determine the chemical states of the Zn species
because it has been previously observed30 that the Zn 2p3/2
peak shape does not always exhibit an asymmetric feature
shown in Figure 1d. Because a single Auger transition involves
three electrons and several physical effects, Auger peaks
typically exhibit bigger shape variations than XPS peaks with
different chemical states.31

From Figure 1e, the existence of oxygen interstitials (Oi)
and oxygen vacancy (VO) point defects in ZnO can be
identified in this context by XPS analysis. It was previously
observed that the O1s state always has three binding energy
components, which correspond to at 532.40 eV. And this peak
is attributed to oxygen or hydroxyl (OH) species that have
chemisorbed or dissociated on the surface of the ZNFs.32 In a
different study, two unique Gaussian curves with centers at
530.28, 531.30, and 532.36 eV, , were attributed to oxygen
atoms at regular lattice sites (OL), oxygen-deficient locations
(e.g., VO), interstitial O (Oi), or surface oxygen atoms,
respectively and the peaks are confirmed by the previous
literature.32 A greater BE shift is caused by Oi, which stands for
more oxygen atoms inside the crystal lattice, whereas a lower
BE shift is caused by VO, which is for missing oxygen atoms.
Because of their disruptive effect on the crystal lattice, point
defects are characterized by peak widening and changes in peak
shape.33,34 Peak fitting is done with the Origin-09 software to
break down the O 1s peak into many components, which aids
in differentiating between the various chemical states of
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oxygen, such as Oi and VO. These results showed the
confirmation of the pure Zn−O bonds with the presence of
electronic states.35 The electrical conductivity, high surface-to-
volume ratio, and surface oxygen vacancies have played an
important role as a sensor due to oxygen vacancies that are
responsible for the adsorption and desorption of the humidity.
The sensitivity also increased as a result of oxygen molecules
because they interact with H2O and make the hydronium that
increases the conductivity of the sensing film.
Raman spectra also give information about the Raman active

modes of the ZNFs often exhibiting a variety of peaks that are
connected to the vibrational modes of the Zn−O bonds and
the crystal lattice structure. Determining the characteristics of
ZnO, such as the strain, flaws, and crystal quality, is possible
with the aid of Raman spectroscopy. The 278.03 cm−1 peak
corresponds to the LO (longitudinal optical) phonon mode,
which involves the vibration of the Zn and O atoms in the
crystal in a direction perpendicular to the c axis. From Figure
1f, the peak at 397.89 cm−1 corresponds to the E2 high phonon
mode, which involves the vibration of the Zn atoms in the
lattice, and the peak at 504.13 cm−1 corresponds to the
E1(TO) phonon mode, which involves the vibration of the
oxygen atoms in the lattice. Another peak at 932.89 cm−1

corresponds to a combination of the E1(TO) and E2(high)
modes.32 The 1063.02 cm−1 peak can be assigned to the
A1(TO) phonon mode, which involves the vibration of the
oxygen atoms in the lattice. The peak at 1295.87 cm−1 can be
recognized as the E1(LO) phonon mode, which involves the
vibration of the oxygen atoms in the lattice in a direction
parallel to the c axis, and the 1438.20 cm−1 peak can be
recognized as the second-order LO (LO-2) phonon mode,
which involves the formation of two LO phonons. The Raman
spectra helped to confirm the chemical forms, and this is very
important for the purity of the material.
The graph of (αhυ)2 versus photon energy (hυ), where is

the α is absorption coefficient and h is the photon energy, the
value of bandgap was calculated by this formula. The optical
band gap energy of a semiconductor material, such as ZNFs, is
frequently determined and shown in Figure S3c. Typically,
UV−visible spectrophotometer or other optical methods are
used to determine the absorption coefficient in a Tauc plot of
ZNFs as a function of photon energy.36 Hence, the band gap
energy may be roughly determined by the Tauc plot approach
and was found to be 3.70 eV. This band gap is close to the
electronic band gap of the ZNF material; the obtained results
show that the produced ZNFs possessed wide optical band
gaps, good crystallinity, and good monodispersity in the
nanosize range. The optical band gap of the ZNF film was
calculated before and after exposure to humidity. From the
results, we can observe that the band gap increased from 3.7 to
3.9 eV. At the same time, a decrease in ZnO conductivity is
shown by the band gap values increasing. The resistance of the
metal oxide increased with the increase in the band gap. The
wide gap reduced the concentration of charge carriers in their
conduction. In the context of ZnO, the increase in energy band
gap upon humidity exposure is anticipated to alter the
electronic structure of ZnO. The successive change in humidity
concentration led to the introduction of defects in ZnO. These
defects act as a trapping center within the materials' band gap
for humidity absorption that causes the change in the optical
characteristics of metal oxide. Consequently, there is an
increase in the required energy values observed for electrons to
transition from the valence band to the conduction band. This

behavior is widely found in metal oxide semiconductors such
as zinc oxide (ZnO) and titanium dioxide (TiO2) for a variety
of reasons, including the ability of water molecules to
dissociate into hydroxyl groups (OH−) and protons (H+)
when they adsorb onto the surface of these materials. The
presence of these hydroxyl groups can alter the electrical
structure of the metal oxide surface.37 Dynamic light scattering
(DLS) was used to precisely analyze the average particle size of
ZNFs, as shown in Figure S3d. DLS analysis reveals the
Brownian motion of the scattered particles, and the average
particle size of the particles is calculated. The ZNF’s average
particle size distribution ranges from 40 to 120 nm. These
results were also verified with SEM and XRD analysis. The
SEM images presented the zinc oxide grown as the flower -like
structure with the combination of rods or leaf. The size of the
leaf confirmed by the XRD analysis and its also showing the
high surface area. From the results its confirmed ZNF is the
promising material for humidity sensing, which is responsible
for the adsorbed the desorbed water molecules easily.
Sensing Mechanism. The water vapor is known to be

adsorbed on the surface of ZNFs and reacts reversibly with the
ZnO lattice. The possible reaction is shown in eq 1:

H O O 2Zn 2(OH Zn) V 2e2 O+ + + • • ++

(1)

where O represents the oxygen atom at the oxygen site and
VO•• represents the vacancy formed at the oxygen site. Ionic
Zn2+ will induce chemisorption followed by physisorption of
water molecules in the increasing number of free electrons at a
high RH medium, and NFs should become more conductive.38

Initially, the film was free of water molecules; therefore, no
interaction between water and zinc oxide is shown in Figure
2a. In the region with mid humidity (10−45% RH), the

adsorption rate of water molecules increases, and a chain of
water molecules is formed on the zinc oxide sensor film by a
chemisorption process shown in Figure 2b. In this range, the
capacitance increases rapidly, and simultaneously, resistance
decreases because of this proton transport, which increases the
conductivity of the sensing element, with the increase of the
sensitivity as ∼27.13 nF/%RH. At the high-humidity region
(45−95% RH), the formation physisorption of the layer was
triggered by the proton ions jumping through the chem-
isorption layer as can be observed in Figure 2c. When they
interact with the water molecules, they form hydronium ions,

Figure 2. Humidity sensing mechanism. (a) ZNFs free from water
molecules, (b) low-humidity region, and (c) high-humidity region.
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and the capacitance was again increased because of the
condensation of the capillary in the pores of the sensing
element, and the sensitivity is high at ∼296.70 nF/%RH at an
optimum frequency of 20 Hz for ZNFs.
Humidity Sensor Measurement. The change in resist-

ance corresponding with time variation at different relative
humidity was recorded and is presented in Figure 3a. The plot
makes it clear that, over time, as the humidity level rises (10 to
95%RH), the resistance provided by the sensing film also rises.
An impedance analyzer was used to analyze capacitance values
at each level of humidity. The variation in capacitance
corresponding to %RH is also represented as a function of
frequency (20, 100, 3000, and 8000 Hz,) presented in Figure
3b. From the curve, it is obvious that the capacitance reduces
with rising frequencies but rises with increasing humidity.39

Low humidity levels are ideal for a capacitive humidity sensor
because there is less adsorption of water molecules. The
presence of space charge polarization in adsorbed water
molecules causes the direction of the electric field to slowly
change at low frequencies. To avoid the adsorbed molecules'
polarization from interacting with the electric field, the
direction of the electric field abruptly reverses at a higher
frequency.40 As a result, the resistance is low and independent
of humidity (%RH). According to the sensing curve, the
capacitance value changes from 114.21 to 14,614.10 nF, which
provides the sensing material’s high sensitivity (S ∼296.70 nF/
%RH) at a greater humidity range. The detailed sensitivity for
each humidity regime is presented in Table S1. At 8000 Hz,
there was a very minor shift in capacitance from 74.56 to
5611.12 nF when compared to other frequencies, and the
sensitivity was determined to be S ∼67.44 nF/%RH across the
full range of 10−95%RH.

It is clear from Figure 3c in the variation of capacitance with
respect to humidity at decreasing mode that when relative
humidity increases from 30 to 94%RH, the capacitance rate
decreases monotonically in the same manner. Inside the
humidity chamber, the relative humidity increases as the ZNF
sensor’s capacitance value increases. Adsorbed water molecules
on the surface enable polarization and increase the dielectric
constant of sensing materials, which is the cause of this sensing
property.41 The value of capacitance varies with relative
humidity in all frequency domains; however, the major
variation in capacitance value is low in the higher-frequency
regime. The value of capacitance swings with relative humidity
in all frequency regimes, but in the higher-frequency regime,
the abrupt shift in capacitance value is small, and humidity
management becomes self-governing.42 The capacitance and
humidity detection performance of humidity sensors, especially
capacitive ones, are significantly influenced by the test
frequency. The test frequency and capacitance have a nonlinear
connection that influences how these sensors react to
variations in humidity. Lower test frequencies give the sensing
element more time to respond to changes in humidity, which
cause more noticeable capacitance fluctuations. As a result, the
sensor is better suited to recording slow changes in the
humidity. Very low frequencies, however, may increase the
sensitivity of the sensor to outside noise and drift.43 Higher
test frequencies, on the other hand, might result in smaller
capacitance changes and shorter reaction times, which can
lessen sensitivity to tiny changes in humidity.44 While taking
the trade-off between sensitivity and reaction time into
account, the test frequency selection should be in line with
the needs of the application. Lower frequencies above 8000 Hz
can detect the transferable humidity level. Instead of the
frequency of the applied AC, the relative humidity in the

Figure 3. Variation of electrical parameters at a different relative humidity. (a) Change in resistance with respect to time; (b, c) capacitance
absorption and desorption of humidity at 20, 100, 3000, and 8000 Hz; (d) capacitance at logarithmic scale with respect to relative humidity; (e)
sensor performance as sensitivity by linear fitting in both regimes at 20 Hz; and (f) humidity sensor response at logarithmic scale concerning time.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c00366
Langmuir 2024, 40, 9602−9612

9606

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c00366/suppl_file/la4c00366_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00366?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00366?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00366?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00366?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


immediate environment has a greater impact on a sensor’s
capacitance value. However, it is significant to learn that
variations in the AC signal’s frequency might still have an
impact on how much capacitance is measured. The dielectric
characteristics of the sensing material or the space between the
sensor plates are affected by the relative humidity in a
capacitive humidity sensor. The material’s dielectric constant
or effective dielectric thickness fluctuates in response to
exposure to various humidity levels, causing a shift in
capacitance values. Usually, capacitive sensors detect capaci-
tance using an AC signal. A consistent voltage across the
sensor’s components can be maintained by delivering an AC
voltage, assisting in avoiding problems.
As can be seen from the curve in Figure 3d, the optimum

linearity for sensing characteristics was discovered in the range
of 45 to 95%RH at the lowest frequency of 20 Hz. The linear
fitting was used to analyze of sensitivity of the material as
shown in Figure 3e. Sensitivity was calculated at both low- and
higher-humidity regions, and it was found as S ∼296.70 nF/%
RH. Figure 3f shows the humidity sensor response on a
logarithmic scale over time, with a nonlinear curve ranging
from 10 to 95%RH.45 The stability and responsiveness,
hydrophilicity, repeatability, and recovery time with different
temperatures are also studied and shown in Figure 4a−f.
Figure 4a depicts the stability of the capacitive humidity curve
at 20 Hz frequency. For 60 days, we investigated the
parameters of flexible humidity sensor elements at 20 Hz
under different relative humidity levels of 15, 35, 55, 75, and
95%. The humidity detection occurred every 5 days.
Long hysteresis is a negative parameter for any sensor,

including capacitive humidity sensors, because it causes the
detecting material to change, lowering sensor performance.
The hysteresis characteristic is an important statistic for
determining the sensor accuracy. Using the equation presented
in the prior literature, hysteresis was computed as 2.5%RH

from. The hysteresis of a ZNF film sensor was studied by
exposing it to different humidity levels ranging from 10 to 95%
RH followed by desorption from 95 to 10%RH. The hysteresis
curve in adsorption and desorption mode at 20 Hz frequency is
shown in Figure S4, as calculated by eq 2. As can be shown,
our humidity sensor has a low hysteresis characteristic for the
sensing material.46

Hysteresis
capacitance capacitance

sensitivity

(%RH)

desorption adsorption=

(2)

Natural changes in the environment, such as temperature
variations inside the PPE kit, are the main reasons for the
irregularities of the response. The sensor’s response is
measured in terms of changes in conductivity over time as it
interacts with sweat. The corresponding data shown in Figure
4b and the inset data again presented at short scale the
confirmation that the sensor responded after the adsorption of
sweat. When the data are plotted in a short range, the irregular
pattern and also the combination of cycles of sensor response
are clearly shown in the inset of Figure 4b. The device was
placed inside the PPE KIT, and after 2 h, measurement was
taken when the body temperature reached ∼32 °C. Because of
sweat inside the body, the temperature changed. We carried
out the humidity sensing experiment at body temperature (37
°C), and Figure 4c illustrates this. Because body sweat is like a
conductor and a conductor does not depend on humidity,
relative humidity increases while temperature decreases for a
few minutes. And the data have been recorded at three
temperatures: 27, 33, and 37 °C.
The hydrophilicity of a sensing material can be determined

by measuring the contact angle between water droplets on the
sensor surface. The water contact angle measurements showed
that the angle is 24.84°, which is less than 90°. From the

Figure 4. Other parameters of the ZNF humidity sensing device. (a) Stability curve at 20 Hz frequency, (b) sweat measurement sensor response in
the PPE kit, (c) sensor response at different body temperatures, (d) contact angle measurement of ZNFs, (e) dynamic sensor response and
recovery times of the proposed sensor, and (f) repeatability test at 45%RH.
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contact angle, it presented a hydrophilic nature, and the ZNFs
showed good wettability as shown in Figure 4d. At this lowest
angle, we can say that the sensor is highly hydrophilic in nature
and has excellent properties for any humidity sensor. The
response and recovery times are very essential characteristics
displayed in Figure 4 e, which confirmed the time of sensor
response from its environmental condition, and the recovery
time reveals that the time sensor reaches the original position.
The response and recovery times were calculated to be 5.10
and 1.70 s, respectively. The humidity sensor based on ZNFs
demonstrated excellent repeatability at the same condition of
the sensor. We examined the sensor at 45%RH as shown in
Figure 4f, and the sensor exhibited repeatability. The
comparison of other reported humidity sensing devices is
also presented in Table S2, which shows that this ZNF paper-
based humidity sensor has the best response and recovery
times as compared to other reported composite materials with
ZnO.
Sweat Level Measurement inside the PPE Kit

Sensors. In Figure 5a, the variation of current with respect
to time is shown as humidity in and humidity out. This study
shows that the material is highly responsible for sweat
measurement. The sensor was also tested inside the mask,
and it exhibits high responsiveness, as shown in Figure 5b.
From Figure 5c, it can be observed that the ZNFs are
responsive for the shoes of the PPE kit. This exhibits that the
sensor is highly responsive for the entire PPE kit. Figure 5d
displays the current variation with voltage at 35, 45, 75, and
95%RH (relative humidity). Figure 5e presents the flat and
bent sensors used in a humidity sensing experiment under
comparable test conditions. It is clear that the current of the
flat and bent sensors was almost identical for the relative
humidity range of 10 to 95%RH. At high humidity levels, a
little variation in the current versus %RH curve has been seen.

This might be because humidity absorbs at different rates in
flat and bending circumstances. The dynamic sensing proper-
ties of humidity sensors such as humidity absorption and
desorption under flat and bent situations are depicted in Figure
5e. Additionally, the sensor demonstrated a reliable response
across several test cycles under both flat and bending
circumstances without any degradation. These deformation
characteristics show the flexibility of the sensing device.
Selectivity is an important criterion for any sensing device, so
different analytes were used during the sensing performance.
Figure 5f shows the selectivity of the zinc oxide nanoflower.
After the water molecule, glucose is the second one that has a
high percentage during sweating, so we have tested analytes
such as glucose, ethanol, and acetone. The sensing material
may affect the accessibility and diffusion of analytes, and
specific interactions affect the selectivity and sensitivity of the
device for each analyte. An interesting finding from the testing
is that the sensing device is highly responsive to humidity for
the ZnO nanoflower.
The statistical analysis was also done, and data are presented

in Figure S5a. We have taken the data from King George’s
Medical University Hospital, Lucknow, India. The survey also
presented that the sweat level increased, and many more
problems were detected such as dizziness, loss of breathing,
sweating, and headache. As age increases, the sweat level
timing also increases, as presented in Figure S5b.
DFT Analysis. The Gaussian 09 program was used to form

the ZnO molecules, and the structures were then optimized
with interaction of water molecules and without water
molecules.47 In this optimization procedure, the ground-state
B3LYP density functional theory model and the LanL2DZ
basis set were both used.48 The optimization of the zinc oxide
molecule is shown in Figure 6a−d, and this optimized
molecule also interacted with the water molecule for the

Figure 5. Variation of electrical parameters of the ZNF humidity sensor in the PPE kit. (a) Current with respect to time, (b) detection of moisture
level inside the mask, (c) sensor response in PPE kit shoes, (d) current−voltage at different relative humidity, and (e) dynamic sensor response at
flat and bent (f) selectivity of the sensor with different analytes.
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theoretical confirmation, which is also shown in Figure 6e−h.
The energy level of the highest electron-containing molecular
orbital is shown by the ZnO highest occupied molecular orbital
(HOMO) energy levels, which vary from −6.629 to −6.835
eV. Simultaneously, the lowest unoccupied molecular orbital
(LUMO) energy levels for ZnO range from −4.251 to −2.853
eV, signifying the energy level of the lowest unoccupied
molecular orbital. The energy gap between the HOMO and
LUMO levels in ZnO is known as the HOMO−LUMO gap
energy, and it ranges from 2.179 to 3.983 eV. Additionally,
upon interactions between ZnO and H2O, particularly as it
relates to the humidity sensing properties, the HOMO energy
levels for ZnO-H2O vary from −5.070 to −6.214 eV, revealing
changes in electronic structure when in contact with water.49

The influence of water on the electrical characteristics of the
semiconductor is further shown by the LUMO energy levels
for ZnO-H2O, which span from −2.173 to −2.170 eV.
Interestingly, ZnO-H2O exhibits an HLG energy variation

ranging from 2.397 to 4.045 eV, suggesting variations in the
energy needed for electron transitions when water is present.50

From these observations, it can be clearly seen that upon
interaction with water, the HLG energy of ZnO increases,
which suggests lower conductivity, and this exactly resembles
the experimental results.
For a more detailed study of the electronic properties, many

other parameters calculated by relations S1−S10 are given in
the Supporting Information, and the corresponding data with
comparison study are presented in Figure S6a−d. The
ionization potential and electron affinity values are calculated
by using relations S2 and S3, respectively. The ionization
potential values for ZnO vary from 5.995 to 6.856 eV, whereas
the electron affinity values range from 2.853 to 4.251 eV. The
energy needed to introduce and remove electrons from the
system is reflected in these values, respectively. In contrast, the
values of the ionization potential and electron affinity vary
from 5.016 to 6.214 and 2.170 to 2.477 eV, respectively, when

Figure 6. HOMO−LUMO gap representation of (a) 1ZnO, (b) 2ZnO, (c) 3ZnO, (d) 4ZnO, (e) 1ZnO-H2O, (f) 2ZnO-H2O, (g) 3ZnO-H2O,
and (h) 3ZnO-H2O.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c00366
Langmuir 2024, 40, 9602−9612

9609

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c00366/suppl_file/la4c00366_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c00366/suppl_file/la4c00366_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00366?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00366?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00366?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c00366?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ZnO interacts with water (ZnO-H2O). The values for ZnO
and its interaction with water ZnO-H2O are included in Table
S3 together with their electronegativity (relation S4) and
chemical potential (relation S5). The electronegativity values
for ZnO vary from 4.844 to 5.440 eV, indicating the atoms'
propensity to draw electrons. For ZnO, the chemical potential
values span from −4.844 to −5.440 eV, signifying the energy
needed for the addition or removal of one electron. The
electronegativity values of ZnO in water (ZnO-H2O) exhibit a
range of 3.621 to 4.981 eV, indicating alterations in the
electron-attracting capacity brought about by the presence of
water molecules. Chemical potential values of ZnO-H2O vary
from −3.621 to −4.981 eV, suggesting that the energy needed
for electron-related reactions changes when water is present.
Values for ZnO and its water interaction ZnO-H2O for
chemical hardness and chemical softness are shown in Table
S3 and in relations S6 and S7, respectively. Chemical softness
refers to how receptive a system is to changes in electron
density, whereas chemical hardness measures how resistant a
system is to such changes. The chemical hardness and chemical
softness values for ZnO are 0.841 to 1.189 eV and 0.494 to
1.991 eV, respectively. Comparably, ZnO-H2O has chemical
softness and hardness ranges of 0.490 to 2.022 eV and 0.502 to
1.991 eV, respectively. These figures shed light on the stability
and reactivity of ZnO and ZnO-H2O, suggesting possible
reactions to variations in electron density. Predicting the
behavior of materials in a variety of chemical and electrical
applications requires an understanding of chemical hardness
and softness. A material’s capacity to give electrons is indicated
by its nucleophilic nature, which is reflected in the
nucleophilicity index. The maximum charge transferred during
a chemical process can be inferred from the charge transfer
(Nmax). The charge transfer values for ZnO vary from 2.432
to 4.574 eV, whereas the nucleophilicity index (Nmax) spans
from −12.443 to −5.891 eV. The nucleophilicity index
(Nmax) and charge transfer values for ZnO-H2O vary from
−4.526 to −4.344 eV and from 2.073 to 2.951 eV, respectively.
Comparison of Theoretical and Experimental Data.

Theoretical and experimental evidence plays complementary
roles in increasing scientific understanding. Theoretical models
inform experimental design, whereas experimental data
develop and validate theoretical frameworks. To summarize,
theoretical data are derived from models and predictions,
whereas experimental data depend on direct observations and
measurements. Both are important to the scientific method,
and their combination enables a more comprehensive
knowledge of natural events. In this work, according to the
theoretical results, it has already been proven that the band gap
of the material is increased 3.88 eV after interaction of
humidity. This adsorption can change the zinc oxide electrical
structure, causing band gap shifts, and the corresponding data
are also shown in Table 1. Another explanation is that moisture
can generate surface charges on zinc oxide. These surface
charges can modify the energy levels of electrons within the
material, hence affecting the band gap. The presence of water

on the surface can form dipoles or affect the surface potential,
thus influencing the electrical structure. And this is the
enhancement of the band gap at 3.91 eV. When zinc oxide with
a suitable band gap encounters water vapor, its electrical
conductivity changes. This is particularly true for semi-
conductors used in humidity sensors. As water molecules
adsorb onto the material’s surface, they can impact the transfer
of charge carriers, causing differences in electrical conductivity.
And the resistance is also enhanced, which is presented in our
experimental studies.

■ CONCLUSIONS
The hydrothermal process was used to synthesize of ZNFs
without any capping agent for humidity-sensing applications.
The as-developed humidity sensor was employed to detect
moisture in a regularly used device of the PPE Kit. From the
experimental studies, we can observe that the ZNF material is a
promising material for humidity sensors with short response
and recovery times of 5.10 and 1.70 s in the humidity range of
10−95%RH. The highest sensitivity with good linearity in the
humidity ranging from 50 to 95%RH was found as 296.70 nF/
%RH with excellent repeatable performance at 45%RH. The
simulation performed numerous studies on the computer
model for the made zinc oxide. These findings established the
groundwork for establishing the essential fact that the
developed ZNF material is extremely appropriate for absorbent
behavior and may be used for developing durable flexible
devices for applications such as moisture monitoring. DFT
studies in association with experimental data have exhibited its
great potential in the field of metal oxides with exposure of
analytes.
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