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High-performance humidity sensor based on Ag-
doped ZnGa,0,4/ZnO composite nanofibers

Chunhua Sun;? Wenjing Li;t? Ze Lv*® and Ying Guo @ *2

Ag-doped ZnGa,04/ZnO composite nanofibers (ZG-Ag) were synthesized using electrostatic spinning
followed by calcination. Compared to undoped ZnGa,O4/ZnO composite nanofibers (ZG), Ag-doped
ZnGay04/ZnO composite variants exhibited superior room-temperature humidity sensing capabilities.
Notably, the humidity-sensitive performance of the Ag-doped ZnGa,04/ZnO composite nanofibers can be
tuned by adjusting the Ag content, achieving a reliable wet hysteresis of 2.81% and a rapid response and
recovery time of 1.5 and 2 seconds, respectively. The humidity sensing mechanism of the composites was
also investigated. Compounding ZnO with ZnGa,O,4 was found to mitigate the hysteresis issue, while the
porous nanofiber structure and doping with Ag increased oxygen vacancies and conductivity. These

rsc.li/RSCApplinter

Introduction

Relative humidity (RH) is an important index in drying
technology, food processing, biomedicine, agriculture, etc.’”
Humidity sensors have been developed as convenient devices
for detecting RH in various environments. For practical
applications, humidity sensors must possess high sensitivity
and selectivity, fast response and recovery speed, as well as
long-term stability and repeatability.*” However, an important
challenge for humidity sensors today is to have the ability to
respond and recover quickly with a small wet hysteresis. In
response to these requirements, a wide variety of humidity-
sensitive materials has been developed, including metal oxide
semiconductors,® polymers,” carbon materials,"® one/two/
three-dimensional (1D/2D/3D) functional materials, etc."'™*
The important reason for designing these sensing materials is
to enhance the performance of humidity sensors so that they
can be practically used in daily life. Metal oxide
semiconductors, known for their high surface activity,
excellent surface-to-volume ratio, ease of fabrication and low
cost, have been widely utilized in humidity sensing over many
years."””® Among the metal oxides, zinc oxide (ZnO) stands
out as a versatile II-VI semiconductor with an energy gap of
3.37 eV and a high exciton binding energy of about 60 meV. It
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enhancements collectively contributed to an improved sensitivity to water molecules.

has been used in the humidity sensing field due to its unique
chemical, optical, and electronic properties.'**° However,
conventional ZnO humidity sensors have the disadvantage of
large hysteresis and the response sensing performance needs
to be improved. In order to solve these problems,
combination of ZnO with other substances is considered to
improve humidity characteristics. ZnGa,0, is a wide band
gap semiconductor, with band gap energy between 4.5 and
5.2 eV. The high electron mobility of ZnGa,0O,, which enables
electrons to migrate rapidly from the interior to the surface
for the reaction and the ability to sense and respond to
external changes more quickly, suggests that the hysteresis
effect of ZnGa,0, is small.*! Therefore, compounding ZnO
with ZnGa,0, has the potential to solve the hysteresis
problem of ZnO.

In addition to this, oxygen vacancy is known to be an
important factor in the humidity-sensitive properties of
materials. It has been shown that noble metal doping can
increase the number of oxygen vacancies in the material. Tao
Shen et al. report that the uniformly distributed Ag particles
on ZnO/graphene make ZnO/graphene have abundant active
sites on the surface and more oxygen vacancies to capture
more water molecules which increases the humidity sensing
performance.*

Moreover, one of the important factors affecting the
moisture-sensitive performance is the specific surface area.
Constructing the material as a one-dimensional nanofiber
structure can effectively increase the specific surface area,
which can provide more adsorption sites for water molecules
to enhance the moisture-sensitive performance. One of the
methods to construct one-dimensional nanostructures is the
electrostatic spinning method. For example, Alireza Nikfarjam
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et al. have reported single TiO, and Au-doped TiO, nanofibers
obtained by electrostatic spinning and the structure helps to
show high response to CO at low concentration.*

Therefore, in order to solve the disadvantage of large
hysteresis and improve the moisture-sensitive properties of
ZnO, a new kind of 1D nanofiber, Ag-doped ZnGa,0,/ZnO
composite (ZG-Ag) with high specific surface area and
electrical conductivity was obtained by calcining the
precursor prepared by electrostatic spinning in this paper.
The content of Ag was controlled to tune the oxygen
vacancies. By studying the humidity sensing properties, the
multi-material was found with the best performance such as
high response, low humidity hysteresis, and fast response
and recovery. Furthermore, based on the complex impedance
curves of the composite materials, equivalent circuit
simulations were performed as an aid to the analysis. The
results show that moisture-sensitive sensors, as electronic
devices, produce different resistive as well as capacitive
structures as the ambient humidity increases, and that the
combination of the two enables a better analysis of the
sensing mechanism.

Experiments

Materials

Zinc nitrate (Zn(NOj;),-6H,0) and polyvinylpyrrolidone (PVP)
were purchased from Aladdin (Shanghai, China, https://www.
aladdin-e.com). Gallium nitrate (Ga(NO3);-9H,0),
dimethylformamide (DMF), and polyethylene oxide-
polypropylene oxide-polyethylene oxide (PEO-PPO-PEO,
P123) were purchased from Macklin (Shanghai, China,
https://www.macklin.cn). Silver nitrate (AgNO;) and ethanol
(CH3CH,0H) were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China, https://www.reagent.com.
cn). All the reagents used were of analytical grade (AR) and
no further purification was required.

Synthesis of the samples

To prepare the precursor solutions, 0.7574 g of zinc nitrate
and 0.5115 g of gallium nitrate were added to a 50 mL
solvent mixture of ethanol and DMF in a 1:1 volume ratio,
designated as solution A. For the second solution, 1.500 g of
PVP, 0.4000 g of P123 and varying amounts of silver nitrate
were dissolved together under stirring, designated as solution
B. The molar ratios of silver nitrate to zinc nitrate were set at
0.05, 0.10, 0.15 and 0.20, respectively. Subsequently, solution
A and B were combined and subjected to electrostatic
spinning under the parameters of 15 kV of voltage, 15 cm of
receiving distance, and a sample flow rate of 1 mL h™" of,
resulting in a series of nanofibers. These nanofibers were
then calcined at 600 °C for 4 hours with a heating rate of 2
°C h™', yielding Ag-doped ZnGa,04/ZnO nanofibers, labeled
as ZG-Ag-1, ZG-Ag-2, ZG-Ag-3, and ZG-Ag-4 according to the
varying silver content. Additionally, a control group without
silver nitrate was prepared under the same conditions,
resulting in the formation of a nanofiber named ZG.
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Characterization

X-ray diffraction (XRD) measurement was performed on a
D8A25 Advance diffractometer with Cu Ko radiation (4 =
0.15418 nm) (Bruker, Karlsruhe, Germany). Scanning electron
microscopy (SEM) was performed using a Supra-55 scanning
electron microscope (Zeiss). The binding energy was
characterized using a Thereto VGESCAL 250 X-ray
photoelectron spectroscope (XPS) to confirm the valence of
every element and chemical composition. The specific
surface area and pore size distribution images were
performed using an ASAP-2460 automatic specific surface
area and porosity analyzer (BET, Micromeritics, USA). The
high resolution transmission images were taken with a JEM-
2100 transmission electron microscope (HRTEM) (Hitachi,

Japan).

Fabrication and measurements of humidity sensors

The resistive humidity sensor consists of an Al,O; ceramic
substrate, Ag-Pd interdigital electrodes, and a humidity-
sensitive material layer, as illustrated in Fig. 1. The
fabrication process of the humidity sensor involves several
steps. Initially, 10 mg of the sample material was finely
ground using a mortar and pestle. Subsequently, 2 mL of
deionized water was added to the sample to form a
homogeneous paste. This paste was carefully and evenly
applied to the surface of the Al,O; ceramic substrate using a
small brush, ensuring complete coverage of the interdigital
electrodes to a thickness of 0.02 mm. Special care was taken
to avoid contact between the material and the solder joints
during application to prevent potential short circuits during
subsequent testing.

To investigate the moisture-sensitive properties of the
samples, the resistance of the sensor was measured using a
Chemical Humidity Sensing-1 (CHS-1) measurement system
(Beijing Elite Technology Co., Ltd.) at room temperature (25
°C) and 1.25 V AC. To control the humidity levels,
supersaturated aqueous solutions of LiCl, MgCl,, Mg(NO3),,
NaCl, KCl, and KNO; were prepared and placed in airtight
glass containers at room temperature, generating relative
humidity (RH) levels of approximately 11%, 33%, 54%, 75%,
85%, and 95%.

Sensing layer

Interdigital electrode

%nm

0.5 mm

Ceramic substrate

6 mm

Fig. 1 Schematic diagram illustrating the structure of the humidity
sensor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of (a) ZG, (b) ZG-Ag-1, (c) ZG-Ag-2, (d) ZG-Ag-3,
and (e) ZG-Ag-4.

Results and discussion

The XRD patterns of ZG, ZG-Ag-1, ZG-Ag-2, ZG-Ag-3, and ZG-
Ag-4 are shown in Fig. 2. All samples show high crystallinity
due to their clear and sharp peaks.>* The ZG nanofiber
(Fig. 2a) exhibits six distinct characteristic diffraction peaks
of ZnO at 26 = 31.84°, 34.50°, 36.33°, 47.65°, 56.73°, and
63.01°, respectively, corresponding to the (100), (002), (101),
(102), (110), and (103) crystal planes of hexagonal ZnO
(JCPDS#89-0510). The characteristic diffraction peaks of
7ZnGa,0, at 26 = 18.43°, 30.32°, 35.72°, and 43.41°,
corresponding to the (111), (220), (311), and (400) crystal
planes of ZnGa,0O, (JCPDS#71-0843), are observed from the
composite of ZG as expected.”® After Ag doping (Fig. 2b-e),
these nanofibers all show four distinct characteristic
diffraction peaks of Ag at 20 = 38.11°, 44.29°, 64.44°, and
77.39° (JCPDS#87-0597), indicating the generation of
elemental silver in the multi-materials. Moreover, the XRD
patterns reveal that Ag is only doped on the surface of the
nanofibers rather than doped in the crystal lattice as the 26
of the peaks of ZnO and ZnGa,0, do not show any obvious
shift.>

Fig. 3 shows the SEM images of ZG and ZG-Ag composites.
The SEM image of ZG shown in Fig. 3(A) has a fibrous
structure with a rough surface and a diameter of about 0.3-
0.5 um, which is due to the volatilization of residual solvents
inorganic

and salts during the calcination process.

Fig. 3 SEM images of the (A) ZG, (B) ZG-Ag-1, (C) ZG-Ag-2, (D) ZG-
Ag-3, and (E) ZG-Ag-4 fibers.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Meanwhile, PVP and P123 were decomposed into CO,, which
eventually formed the complex of Ag and ZnGa,0, of ZnO. As
shown in Fig. 3(B-D), after roasting, the conversion of silver
ions into elemental silver and nitrate ions into NO, leads to
the development of a porous rough surface on the doped
fibers. The diameter of the fibers becomes bigger, about 0.5-
1 um. Moreover, with an increase in silver nitrate, the ZG-Ag
fibers become rougher with the amount of silver. In
particular, the composites of ZG-Ag-1, ZG-Ag-2, and ZG-Ag-3
show a significant increase in the number and distribution
of the mesoporous structure. However, when adding too
much silver nitrate in the fibers, such as in ZG-Ag-4, as
shown in Fig. 3(E), it shows a fractured structure. This is
because too much doping may lead to lattice distortion,
making the crystal structure of the material unstable and
prone to fracture.

Fig. 4(A) shows the HRTEM images of ZG-Ag-2 fibers. It is
obvious that the ZG-Ag-2 fibers are composed of uniformly
distributed nanoparticles of approximately 20 nm in size.
The lattice fringes of ZnO, ZnGa,0, and Ag can be observed
in Fig. 4(B). The lattice spacing of ZnO is 0.255 nm,
corresponding to the (101) crystal planes of hexagonal ZnO,
and the lattice spacing of ZnGa,O, is 0.478 nm,
corresponding to the (111) crystal planes of ZnGa,O,.
Meanwhile, the lattice spacing of Ag is 0.231 nm,
corresponding to the (111) crystal planes of Ag. These
findings confirm that the roasted fiber is a mixture
consisting of ZnO, ZnGa,0, and elemental silver. Therefore,
it can be concluded that Ag-doped ZnGa,0,/ZnO composite
nanofibers have been successfully prepared.*”

As shown in Fig. 5, XPS was used to better understand the
chemical composition of ZG and ZG-Ag-2 composites. The
XPS spectra of Zn 2p for ZG and ZG-Ag-2 are presented in
Fig. 5(A), which confirms the existence of Zn>" ions in the
ZnO lattice, indicated by the peaks with binding energies of
1044.50 eV (Zn 2py,) and 1021.41 eV (Zn 2p;.,). The binding
energies of the Ga 2p,,, and Ga 2p;,, peaks are observed to
be 1144.71 eV and 1117.80 eV, respectively, as shown in
Fig. 5(B). The double peaks imply the presence of oxidizing
Ga*" ions.*®

Furthermore, compared with the binding energies of Zn
and Ga in ZG, a tiny shift of the binding energies of Zn and

200'nm: .

Fig. 4 HRTEM images for ZG-Ag-2 sample at different magnifications
(A: low magnification and B: high magnification).
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Fig. 5 XPS survey spectra of (A) Zn, (B) Ga, (C) Ag, and (D) O in ZG and
ZG-Ag-2 samples.

Ga of ZG-Ag-2 can be observed, potentially due to the Ag
doping. In addition, a slight increase in the binding energies
of Zn and Ga can be observed for ZG-Ag-2 as compared to the
binding energies of Zn and Ga in ZG, which may be
attributed to the fact that the electronegativity of Zn (1.65)
and Ga (1.81) is smaller than that of Ag (1.93), and the lower
electronegativity indicates that their atoms are less capable of
attracting electrons in the compounds, resulting in the loss
of electrons and an increase in the binding energy. However,
this shift cannot provide a strong force between Ag and metal
oxides.”” As shown in Fig. 5(C), elemental
demonstrated to exist in ZG-Ag-2 with peaks at binding
energies of 373.65 eV and 367.65 eV, corresponding to Ag
3d;z,, and Ag 3ds),, compared with no Ag peak in ZG fiber. As
illustrated in Fig. 5(D), three peaks can be fitted to the O 1s
peaks of ZG at 530.25 €V, 530.65 eV, and 531.95 eV, and three
peaks can be fitted to the O 1s peaks of ZG-Ag-2 at 530.02 eV,
530.61 eV, and 531.59 eV, representing lattice oxygen (O,),
oxygen vacancy defects (O,), and surface adsorption of oxygen
and H,O (03) on metal oxides. The specific percentages of
04, O, and O3 content are listed in Table 1. The doping of Ag
results in an effective increase in the number of oxygen
vacancies in ZG-Ag-2, as evidenced by the change in the O,/
O, ratio from 0.93 in ZG to 1.32 in ZG-Ag-2. As mentioned by
other researchers, the presence of oxygen vacancies facilitates
the adsorption of water on the surface and the
decomposition of water molecules.***' Apparently, in this
paper, ZG-Ag-2 exhibits a large number of oxygen vacancies
that can dissociate the water molecules adsorbed on the

silver is

Table 1 XPS analysis of ZG and ZG-Ag-2

Samples 0, (%) 0, (%) 0O; (%) 0,/0,4
G 32.55 30.27 37.18 0.93
ZG-Ag-2 27.36 36.12 36.52 1.32
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surface, leading to the formation of H;0" conductive ions.
This phenomenon later contributes to the enhanced
humidity sensing performance of the sensor.

The N, adsorption-desorption isotherms were used to
measure the specific surface area of ZG and ZG-Ag, which are
all composed of aggregated nanoparticles with porous
structures. According to Table 2, the specific surface area of
the fibers shows an increasing trend with the increase of Ag
doping. Furthermore, the increasing amount of silver nitrate
in the spinnable solution leads to the release of more NO,
gas during calcination, which promotes the formation of
porous and coarse fibers.

The N, adsorption-desorption isotherms and pore size
distributions of ZG, ZG-Ag-1, ZG-Ag-2, ZG-Ag-3, and ZG-Ag-4
fibers are presented in Fig. 6. It can be seen that the curve of
the ZG composite in Fig. 6(A) shows a H3-type hysteresis
return line and IV-type adsorption isotherm, which implies
that these fibers have a mesoporous structure formed by CO,
and NO, gases released from PVP, P123, and nitrate during
the heating process. Also, Fig. 6(A) shows that after co-doping
with Ag, the curves of ZG-Ag-1 and ZG-Ag-2 display H4-type
hysteresis return lines and type IV adsorption isotherms,
indicating the presence of both micropores and mesopores
in the ZG-Ag-1 and ZG-Ag-2 fibers. It is hypothesized that the
formation of micropores can be attributed to the presence of
elemental silver, which hinders the mesoporous structure
within the metal oxide nanofibers. With the increase of the
silver nitrate content, ZG-Ag-3 and ZG-Ag-4 exhibit H3-type
hysteresis return lines and IV-type adsorption isotherms. Due
to the increasing amount of nitrate, more NO, gas was
released from nitrate, which led to the reappearance of the
mesoporous structure of the fibers. The corresponding trend
was obtained as shown in Fig. 6(B), where the pore size
distribution of ZG fibers is concentrated around 14-16 nm.
Whereas, with the addition of silver nitrate, it leads to the
clogging of the pore structure; the pore size distribution of
7ZG-Ag-1 and ZG-Ag-2 fibers is marginally concentrated
around 7-10 nm. It further confirms that the elemental silver
doping leads to the formation of microporous structures.*”
Meanwhile, the pore size distributions of ZG-Ag-3 and ZG-Ag-
4 fibers are concentrated around 14-16 nm again.

The operating frequency is an important parameter that
affects the performance of the humidity sensor. The curves
for the determination of the operating frequency are similar
for all samples, so we selected a representative of the ZG-Ag-2
sample to describe how the operating frequency was
determined. First, the impedances of the ZG-Ag-2 sensor were
tested at various frequencies (50 and 100 Hz, and 1, 10, and
100 kHz) as shown in Fig. 7. At 50 Hz, the ZG-Ag-2 humidity
sensor exhibits the highest response and linearity. However,
the impedances of the sensor are too large to test at 11% RH.
In contrast, at frequencies of 1, 10, and 100 kHz, the ZG-Ag-2
humidity sensor does not show a significant response to
water molecules at low relative humidity levels due to the
difficulty in polarizing water molecules at such high
operating frequencies. It can be seen that only at 100 Hz, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The specific surface area of nanofibers with varying proportions of silver

Samples ZG ZG-Ag-1 ZG-Ag-2 ZG-Ag-3 ZG-Ag-4
Specific surface area (m* g™") 23.6697 24.5881 26.3396 31.5679 37.1421

ZG-Ag-2 humidity sensor achieves the best linearity and
response. Therefore, the optimum operating frequency for
further sensing tests was determined as 100 Hz.

The response-recovery curves of the ZG and ZG-Ag
humidity sensors are shown in Fig. 8(A-E). The
corresponding hysteresis loops for these sensors are shown
in Fig. 8(F-]J). The humidity sensing performances of these
sensors are presented in Table 3. The sensitivity of the
sensors was calculated using the formula S = AR/ARH, where
AR represents the impendence difference from a% RH to b%
RH and ARH is the difference in relative humidity from a%
RH to % RH (with values of a = 11 and b = 95 in this study).
The hysteresis error of the sensors was determined using the
formula H = AH,,.,/S, where AH,,,, denotes the maximum
hysteresis value.>® Additionally, the response/recovery time of
the humidity sensor is defined as the time taken for the
impedance of the sensor to reach 90% of its total impedance
change.**

From Fig. 8(A-E) and Table 3, it can be seen that the
response time of the ZG sample is only 2 s, and the
sensitivity is 4.83 MQ/% RH, but the recovery time is 23 s,
which still indicates a long recovery time. This is because the
mesoporous structure of the fiber provides a large number of
oxygen vacancies capable of capturing water molecules
rapidly, explaining its rapid humidity response. However, this
unique structure also hinders conduction and desorption of
water molecules, resulting in a prolonged recovery time. After
Ag doping, it can be seen that all the response times of the
composites of ZG-Ag are still around 2 s, but there is a
significant change in the recovery time. Compared with ZG,
the sensitivity of ZG-Ag-1 increased to 7.06 MQ/% RH and
the recovery time was shortened to 10 s. Combined with the
specific surface area and pore size analysis, it can be
concluded that the increase in sensitivity can be attributed to
the increase in specific surface area. Also, a small amount of
silver doping will cause the sensor to produce a microporous
structure, which is favorable to the desorption of water

(A) & (B)_
=
£ ——(@) » - . ——(a)
5| —» #1El A~ —~®)
= ~© IS DA —©
S| —@ prad - i - B
1 4 bo| [V @
R Wnals BUDUEIRIIS S o | 4 N
2 "m—mmw;*mg 3 ‘,
- =17
© hoseos-ssorcrcsooooo s =1 N\ e

By _—
E > e
B e e s e eaiitell =
Soo 02 04 06 08 10 1020 30 40 50 60 70
Relative Pressure (P/P,) Pore Diameter (nm)
Fig. 6 (A) N, adsorption-desorption isotherms and (B) pore size

distributions of (a) ZG, (b) ZG-Ag-1, (c) ZG-Ag-2, (d) ZG-Ag-3 and (e)
7G-Ag-4.
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molecules, making the recovery time shorter. The sensitivity
of ZG-Ag-2 was further increased to 7.36 MQ/% RH and the
recovery time was drastically shortened to only 1.5 s, which
indicates that the ZG-Ag-2 fiber has excellent adsorption and
desorption ability for water molecules. This is attributed to
the moderate amount of silver doping, which further
increases the specific surface area of the sensor and
moderates the pore size.

Additionally, the abundance of oxygen vacancies on the
surface of ZG-Ag-2 fibers facilitates the decomposition of
water molecules into H;O" species, contributing to the
conduction. The electrical conductivity of the fibers is
significantly enhanced by the Ag" doping. As for the ZG-Ag-3
and ZG-Ag-4 sensors, when too much silver nitrate was
added, the structure of the sensor was fractured and the
mesopores were regenerated. Although the structure was
fractured to further increase the specific surface area, the
emergence of the mesoporous structure made the desorption
of water molecules more difficult, thus resulting in longer
recovery times, such as 38 and 51 s, respectively.

From Fig. 8(F-]) and Table 3, it can be seen that ZG-Ag-2
has the smallest hysteresis parameter, which confirms that
the addition of an appropriate amount of silver can improve
the moisture-sensitive performance of the sensor.

Fig. 9(A-E) show the impedance changes of the ZG sensor
and ZG-Ag sensors under certain relative humidity which
were changed from 11% RH to 95% RH for five cycles.
Apparently, all the sensors show good stability and
repeatability in humidity sensing tests. Even after repeated
tests for up to 6 months, all the sensors show similar
humidity sensing behavior without significant degradation,
which shows the long-term stability of these sensors.

Table 4 provides a comparative analysis of the
performance of the ZG-Ag-2 humidity sensor against other
previously reported humidity sensors. The comparative study

—o— 50 Hz
9 —— 100 Hz

Impedance (Q)
3

——
10° T T T v v
0 20 40 60 80 100
Relative Humidity (%)

Fig. 7 Relationship between impedance and RH for the ZG-Ag-2
humidity sensor with working frequencies of 50 and 100 Hz, and 1, 10,
and 100 kHz.
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Fig. 8 The response-recovery curves of (A) ZG, (B) ZG-Ag-1, (C) ZG-
Ag-2, (D) ZG-Ag-3, and (E) ZG-Ag-4; the hysteresis loops of (F) ZG, (G)
ZG-Ag-1, (H) ZG-Ag-2, (1) ZG-Ag-3, and (J) ZG-Ag-4.

indicates that the ZG-Ag-2 sensor exhibits superior
performance metrics, particularly in terms of rapid response
and recovery times. Additionally, the ZG-Ag-2 sensor
demonstrates a reduced wet hysteresis, which contributes to
its enhanced sensitivity to humidity levels. These attributes
collectively underscore the advanced humidity-sensitive
performance of the ZG-Ag-2 sensor in relation to its
counterparts.

Complex impedance spectroscopy (CIS), which was tested
in the frequency range from 30 Hz to 100 kHz, and the

Table 3 The humidity sensing performances of ZG and ZG-Ag sensors

Sensitivity Response Recovery Hysteresis
Samples (MQ/% RH) time (s) time (s) (% RH)
G 4.86 2 23 4.88
7ZG-Ag-1 7.06 2-3 10 18.20
ZG-Ag-2 7.36 2.2 1.5 2.81
ZG-Ag-3 6.62 2 38 10.61
7G-Ag-4 7.26 2.5 51 16.25
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Fig. 9 Humidity performance cycle curves of (A) ZG, (B) ZG-Ag-1, (C)
ZG-Ag-2, (D) ZG-Ag-3, and (E) ZG-Ag-4.

equivalent circuit (EC) models were utilized to explore the
humidity-sensitive mechanism of ZG-Ag-2 fibers (Fig. 10). At
11% RH, the CIS curve exhibits half of a semicircle due to
the low RH environment, resulting in a large impedance.
This is caused by the limited number of adsorbed water
molecules on the surface of ZG-Ag-2 fibers. The EC is
represented by a constant phase element (CPE).** At 33% RH,
the CIS curve shows a semicircle with a downward slope.
During this stage, oxygen vacancies decompose water
molecules on the fiber surface into OH™ and H', where H"
conducts electricity by jumping between hydroxyl groups.
Additionally, a small number of escaping electrons from the
fiber surface join the conduction process due to the
adsorption of water molecules. In this case, the EC can be
modeled by a parallel circuit composed of resistance (R¢) and
capacitance (Cg).** At RH levels of 54%, 75%, and 85%, all
the CIS curves display a straight line in the low-frequency
region and a semicircle in the high-frequency region. The
straight line in the low-frequency region is attributed to the

Table 4 The comparison of the humidity-sensing performance of Zg-
Ag-2 with the published work

Sensing Response time Recovery time Hysteresis

material (s) (s) (%) Ref.
Zn0O-ZrO, 53 69 — 35
ZnO-Ag 36 6 3 36
Zn0O/Sn0O, 35 8 6.6 37
PLA/PANI-ZnO 85 120 8.9 38
Zn0O/In, 05 15 40 4 39
ZnO/PVP-RGO 12 3 3.9 40
ZnO/RGO 2 11 3.1 41
7G-Ag-2 2.2 1.5 2.81 This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Complex impedances and (B) corresponding equivalent

circuit models of the ZG-Ag-2 sensor.

Warburg impedance (Z),** resulting from the diffusion

process of ions at the sensing membrane/electrode interface
and presenting the diffusion process of water molecules or
charge carriers. It indicates that at this humidity, the
carrier diffusion process begins. On one hand, a significant
number of water molecules are adsorbed on the surface of
ZG-Ag-2 fibers, and these molecules ionize into abundant
charge carriers, H;0" and OH, through the reaction H,O +
H,0 — H;0" + OH. On the other hand, the ion transport
theory of Grotthuss, H;O' + H,0 — H30' + H,O, further
enhances the electrical conductivity.”” In these cases, the
EC can include Cf, Ry and Z,. At high RH levels, such as
95% RH, the adsorption of water molecules on the fiber
surface increases, leading to the formation of a continuous
network structure and the dominant factor of conductivity
becoming ionic migration. In this situation, the CIS curve
appears as a line in the low-frequency region with a
weakened semicircle and display a straight line in the high-
frequency region. The EC can be represented by Z, and C¢
in series.

Conclusions

Ag-doped ZnGa,0,/ZnO composite nanofibers (ZG-Ag) were
prepared by electrostatic spinning and calcination process.
The composite nanofibers exhibit superior room temperature
and humidity sensing performance. By optimizing the Ag
doping amount, the ZG-Ag composite exhibit excellent
linearity, small hysteresis (2.81%), high humidity sensitivity
and rapid response and recovery times of 2.2 s and 1.5 s,
respectively. The remarkable humidity sensitivity of ZG-Ag
can be attributed to the following: First, the one dimensional
nanofiber structure provides great specific surface area.
Second, the porous structure provides more oxygen vacancies,
enhancing the sensitivity to water molecules. Third, the
doping of silver ions noticeably increases electrical
conduction. All the evidences presented above demonstrate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that doping ZnGa,0,/ZnO composite nanofibers with silver
significantly enhances their humidity-sensing properties,
especially when combined with one-dimensional (1D)
morphology. Moreover, the material exhibits a rapid response
time and minimal wet hysteresis, making it a promising
candidate for future applications in monitoring human
respiration.
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