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Abstract: In this paper, Mg-doped black ZnO microspheres with the characteristics of large surface
area and surface oxygen vacancies were synthesized using the sol-gel method. The humidity sensing
behavior of the Mg-doped ZnO for relative humidity (RH) from 11% to 95% was measured at room
temperature. The superior humidity sensing performance recorded for Mg-doped ZnO microspheres
(1.5 mol%) exhibits a dramatic change of impedance of about four orders of magnitude, excellent
sensing linearity, small hysteresis (4.1%), a fast sensing response time of as low as 24 s, and a recovery
time of 12 s. Our studies demonstrate that Mg dopant can significantly enhance the humidity sensing
performance of black ZnO. This benefits from the Mg-doped ZnO (1.5 mol%) microspheres having
a high level of surface adsorption and the abundant oxygen vacancies on the surface. Such a new
material could be very useful to develop simple and high-performance humidity sensors for future
applications in varying commercial fields and industries.
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1. Introduction

Humidity, the content of water vapor in the atmosphere, has a great impact on our lives, including
agriculture, living environment, food storage, and industrial production. It is necessary to monitor
and control the humidity to increase human comfort and product quality [1-4]. Measuring humidity is
essential in several areas, including the environment, clinical practice, agriculture, food, industry, and
biotechnology. This highlights the importance of developing all kinds of humidity sensors with simple
fabrication, high sensitivity, and low cost [5]. Modern humidity sensing most commonly measures
the change in resistance of a device to determine differences in humidity [6,7]. Polymers, composites,
ceramics, and metal oxide semiconductors are common functional materials for resistive-type humidity
sensors [8-10]. For the above materials, the advantages of metal oxide semiconductors lie in their
rich resources, controllable size and morphology, simple synthesis, and good physical and chemical
stability [11]. ZnO is a versatile II-VI oxide semiconductor with a wide band gap (3.37 eV) and a
hexagonal wurtzite structure. It exhibits interesting properties in transducers, lasers, biosensors,
optoelectronic gas, and humidity detection [12,13]. Additionally, ZnO is believed to be contained
in nontoxic materials in our daily lives [14]. Some literature has reported that ZnO can be doped
successfully to prepare a black semiconductor humidity sensitive material, which has better humidity
sensing performance than traditional semiconductor materials [15,16]. However, there has been limited
research into black ZnO and its influence on relative humidity (RH) sensing performance as far as we
know [17]. In order to widen the range of ZnO materials in humidity sensors, we have chosen black
ZnO as the research system of our humidity sensor.
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We know that humidity sensing performance is influenced by grain shape, surface area to volume
ratio, and a surface defect of crystalline [18,19]. Therefore, many researchers have changed the structure
and shape of ZnO by selecting suitable elements as dopants, thus obtaining high performance moisture
sensitive sensing materials [20,21]. Among these different elements, Mg is considered to be able to
potentially affect one of the sensing performance elements of ZnO. This is due to the high solubility of
Mg in ZnO, excellent electrical conductivity, and its effective catalytic nature [22-24]. In addition, Mg?*
(0.57 A) and Zn?* (0.60 A) have a similar ionic radius and Mg doping does not affect the ZnO lattice
constant [25]. At present, research on Mg-doped ZnO-based semiconductor materials has achieved
great results in promoting photocatalysis and optoelectronic applications [26-28]. However, research
work on Mg-doped ZnO humidity sensors has rarely been reported. To this end, we will conduct
in-depth research on the moisture sensitivity mechanism of Mg-doped ZnO-based semiconductor
materials in order to develop an effective control method and try to manufacture a high-performance
Mg-doped ZnO-based humidity sensor.

In this paper, Mg-doped black ZnO microspheres were fabricated by sol-gel and were then used to
detect humidity at room temperature. It was found that the humidity sensor based on Mg-doped ZnO
microspheres (1.5 mol%) has a high sensitivity, fast response, good linearity, and low hysteresis. This
means that Mg-doped ZnO microspheres (1.5 mol%) have the potential to enhance humidity sensing
performance due to the large surface area, surface oxygen vacancies, and high electron mobility. Such a
method is a useful way to achieve high-performance humidity sensors.

2. Materials and Methods

2.1. Materials

The raw materials of Zinc acetate (Zn(CH3;COO),-2H,0), monoethanolamine (MEA), and
magnesium chloride hexahydrate (MgCl,-6H,0O) were purchased from Macklin (Shanghai, China) and
directly used without further purification. Deionized water and absolute ethanol were used in the
whole experiment.

2.2. Apparatus

The structural characteristics of samples were analyzed through the X-ray diffraction (XRD)
(Bruker, Karlsruhe, Germany) patterns (26 = 15-90°, rate of 6 deg min~!) from a Bruker D8 Advance
X-ray Diffraction using Cu K« radiation. A field emission scanning electron microscope (SEM) (Hitachi,
Japan) was used to characterize the morphology of the samples. The chemical bonding state of samples
was analyzed by X-ray photoelectron spectroscopy (XPS) (Bruker, Kronach, Germany) using a Thermo
VG ESCA Lab250 spectrometer. Absorption spectra with a wavelength of 200.00 to 1000.00 nm were
obtained by a Lambda 650 UV-Vis spectrophotometer (Perkin Elmer, Karlsruhe, Germany) with a
gold coating. The impedance of humidity sensors was measured by a Zennium workstation (Zahner,
Kronach, Germany).

2.3. Synthesis of Mg-Doped ZnO Microspheres

In this experiment, 2.3 g Zn(CH3COO),-2H,0 and a certain amount of MgCl,-6H,O were
dissolved in a mixed liquid of 20 mL ethanol and 10 mL deionized water. The molar ratio of Mg?* ions
ranged from 0 mol% to 2 mol% after being stirred for 5 minutes in a 65 °C water bath. One milliliter of
ethanolamine (MEA) was slowly dripped into the stirred in a 65 °C water bath for 2 h to get white
uniform sol. After being aged at room temperature for 36 h, all aged sols were calcined in a quartz
tube furnace under nitrogen (N;) environmental protection for 2 h.

2.4. Preparation of Humidity Sensors

At first, the DI water and the synthesized samples were thoroughly mixed in a weight ratio of
3:1 and ground to a diluted paste. Secondly, in order to form a good sensitive film, the paste was
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uniformly applied on the ceramic substrate (40 mm x 70 mm) of five double-crossed Ag-Pd electrodes
with a small brush, then aged for 48 h. Finally, the humidity sensitivity of the prepared thin film
electrodes was tested at 11%, 33%, 54%, 75%, 85%, and 95% RH. These humidity environments were
controlled by supersaturated aqueous salts solutions of LiCl, MgCl,, Mg(NOs3),, NaCl, KCl, and KNO3
in a closed glass containers. In order to measure the resistance characteristic curve of the Mg-doped
ZnO humidity sensor changing with RH, the voltage of the Zennium workstation was always kept at
AC 1V during the whole experiment, and the measurement frequency ranged from 40 Hz to 100 kHz.
The humidity sensor measurement system can be found in Figure 1.

.
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Figure 1. The diagram of humidity sensor measurement system.

3. Results and Discussion

XRD patterns of the undoped ZnO and Mg-doped ZnO (1.5 mol%) are shown in Figure 2.
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Figure 2. (a) XRD patterns of undoped ZnO and Mg-doped ZnO (1.5 mol%). (b) Magnified
XRD patterns.

Figure 2a shows that the diffraction peaks of the synthesized undoped ZnO and Mg-doped ZnO
samples correspond to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202). All the
diffraction peaks point to the formation of ZnO hexagonal wurtzite structure (JCPDS No. 80-0075).
There are no characteristic peaks of MgO and other impurities in the XRD pattern, indicating that the
Mg?* ions successfully replaced the Zn?* ions in the ZnO lattice [29,30]. Compared with undoped
ZnO, Mg-doped ZnO samples showed a stronger diffraction peak, indicating that the growth of
nanoparticles forming Mg-doped ZnO (1.5 mol%) microspheres showed a high priority orientation.
In Figure 2b, there is a small offset of diffraction peaks to lower angles for Mg-doped ZnO, which
might be due to the Mg?* dopant causing distortion of the lattice of ZnO and generation of crystal
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defects around the dopants [31]. The results show that the microspheres will have more active sites,
which enhances the adsorption characteristics of the microspheres on water molecules.

Figure 3a,b display the microstructure of undoped ZnO at different resolutions. It turns out that
the undoped ZnO possesses irregular massive particles and the size is from 0.1 um to 0.4 pm. Figure 3c
shows that Mg-doped ZnO (1.5 mol%) samples consist of a large number of regular microspheres with
diameters varying from 0.1 um to 0.4 um. As shown in Figure 3d, the high-magnification SEM images
of ZnO show that the microspheres are assembled by thousands of nanoparticles with an average size
of about 10 nm. This means that the Mg-doped ZnO nanostructured microspheres are aggregated
by uniform size nanoparticles. Such a structure undoubtedly increases the surface roughness and
specific surface area. These results showed that Mg?* doping promoted the great changes of ZnO
nanostructure [32]. Thus, a large roughness surface area, good stability, and high activity Mg-doped
ZnO microspheres were obtained.
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Figure 3. SEM images of (a,b) undoped ZnO and (c,d) Mg-doped ZnO (1.5 mol%) nanostructures at
different multiple resolutions.

The X-ray photoelectron spectroscopy (XPS) technology was used to analyze the chemical states
of the elements of Mg-doped ZnO in Figure 4. The peaks from Zn 2p, Mg 1s and O 1s can be clearly
observed without any other impurity peaks. Figure 4a shows the Zn 2p consists of two peaks 1021.6 eV
and 1044.7 eV corresponding to Zn 2ps,, and Zn 2pq/;, respectively. Additionally, 23.1 eV peak
separation corresponds to the standard reference value of ZnO, indicating that the Zn atom is in a
+2 oxidation state [33]. From Figure 4b, it can be obtained that the bonding energy peak for Mg 1s is
1304.2 eV, and Mg can be expected to be in the +2 oxidation state [34]. In Figure 4c,d, the O 1s peak of
the high-resolution spectrum were Gaussian fitted into three peaks of O;, O,, and O3. The highest
banding energy peak of Oy is centered at around 530 eV, which can be attributed to the O?>~ ion in
the hexagonal ZnO structure. The O, peak intensity at 531.5 eV represents the oxygen vacancy defect
concentration. The peak O3 of the binding energy 532.7 eV can be attributed to hydroxyl species
presented on the surface of the ZnO [35]. The O, peak intensity of Mg-doped ZnO has a higher
peak intensity than the undoped ZnO, and the O, peak area ratio changes from 14.19% t to 45.15% t,
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indicating that the dopant greatly increases the oxygen vacancy concentration. This result is an increase
in oxygen vacancies due to the difference in electronegativity and ionic radius between Zn and Mg
during the substitution of Zn?* by Mg?* in the ZnO lattice [36]. Some previous studies have shown
that oxygen vacancies on the surface increase the concentration of the charge carriers and are therefore
able to improve the humidity sensing performance [37]. Consequently, Mg-doped ZnO (1.5 mol%)
microspheres with abundant oxygen vacancy have excellent humidity sensitivity.
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Figure 4. The XPS spectra of (a) Zn 2p, (b) Mg (1 s) of Mg-doped ZnO (1.5 mol%). The XPS spectra of
O (1 s) of (c) undoped and (d) Mg-doped ZnO (1.5 mol%), respectively.

In Figure 5, the optical properties of different contents of Mg-doped ZnO were determined by
UV-Vis diffuse reflectance spectra. It can be seen from the figure that the absorption of Mg-doped ZnO
samples in the visible light region were significantly enhanced. Compared with pure ZnO, as the Mg?*
doping amount increases, the absorption band edge of the Mg-doped ZnO sample shifts toward the
wavelength (red shift). This red shift behavior may be that Mg?* was successfully doped into ZnO
lattice, resulting in 3d—4s and 4d-5s orbital electron interactions and reduced electron density [38].

The band gap energies (Eg) of the sample are determined by Kubelka-Munk (F(R)) formula. F(R)
can be derived from the relation F(R) = (1 — R)?/2R = K/S, where R, S and K represent the reflectivity,
scattering and absorption coefficient, respectively. The band gap energies of the samples with Mg/Zn
molar ratios of 0, 1.0%, 1.5%, and 2.0% can be calculated by plotting 2.65 eV, 2.05 eV, 2.40 eV and 1.80 eV.
It is obvious that the band gap energy of all Mg-doped ZnO samples are significantly lower than that
of undoped ZnO samples, which means that Mg?* doping can reduce the band gap of ZnO samples.
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Figure 5. UV-Vis absorption spectra (a) and the band gap energy (b) of the Mg-doped ZnO with
different Mg contents.

Figure 6a shows the dependence of impedance on the RH for ZnO sensors containing different
contents of Mg?*. The test frequency and AC voltage were selected as 100 Hz and 1V, respectively.
As RH increases from 11% to 95%, the impedance of undoped ZnO decreases slightly and the
impedance of Mg-doped ZnO decreases considerably more. Of all the above samples, the Mg-doped
ZnO (1.5 mol%) sample had the best linearity and maximum impedance change (about 4 orders of
magnitude). Therefore, it can be determined that the Mg-doped ZnO (1.5 mol%) sample has the best
doping ratio of Mg 2*. It can be seen from the SEM that the surface of Mg-doped ZnO (1.5 mol%)
microspheres are composed of highly uniform nanoparticles. Such a structure has a large roughness
surface and a large number of active sites. As a result, more water molecules are easily attached to
the ZnO microsphere surface. Considering all of the above discussions, Mg-doped ZnO (1.5 mol%)
microspheres were selected for humidity performance measurements in the following experiments.
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Figure 6. (a) Impedance versus RH curves of a Mg-doped ZnO humidity sensor with different
ratios, (b) relationship of impedance and RH about Mg-doped ZnO (1.5 mol%) microspheres at
various frequencies.

To determine the optimal measuring frequency, we tested the correspondence between RH and
impedance at different frequencies, as shown in Figure 6b. It can be seen that at low frequencies (40 Hz
and 100 Hz), the Mg-doped ZnO (1.5 mol%) humidity sensor has the best sensitivity and linearity.
However, at high frequencies (1 kHz, 10 kHz and 100 kHz), the linearity between impedance and RH
is very poor. In addition, the humidity sensor will become unstable when the operating frequency
is too low. Considering the high response and stability of impedance under full RH range at 100 Hz
frequency, we chose it to work at 100 Hz.

Figure 7a illustrates the humidity hysteresis characteristics of the humidity sensor with Mg-doped
ZnO microspheres (1.5 mol%) measured at 100 Hz. The red solid line in Figure 7a represents the
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adsorption process and the black solid line represents the desorption process. The sensor indicates
that the desorption curve is slightly below that of the adsorption and that the two curves for the
respective processes almost imitate each other. In this process, hysteresis error is determined by the
following equation:

'YH = iAHmax/ZFFS (1)

where AHpnax is the output difference between adsorption and desorption process and Frs is the full
scale output [16].
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Figure 7. (a) Humidity hysteresis curve of Mg-doped ZnO microspheres, (b) response and recovery
characteristic curve of Mg-doped ZnO microspheres (1.5 mol%).

In our experiments, Mg-doped ZnO microspheres show an excellent hysteresis value of less
than 4.1%. A narrow humidity hysteresis loop indicates a good reversible performance and slight
immaterial hysteresis of this sensor.

In industrial production, response and recovery characteristics of humidity sensors are very
important and have to be tested for such a humidity sensor. Figure 6b shows the response and recovery
characteristic curve of Mg-doped ZnO (1.5 mol%) microspheres measured at 100 Hz with RH from
11% to 95% RH. Special attention is paid to the time required for the total resistance change of 90% as
the measurement response and recovery time standard. In the figure, the time interval between two
points is 2 s, it can be clearly seen that the response time is about 24 s (sensor moves from 11% to 95%
RH), and the recovery time is about 12 s (sensor moves from 95% RH to 11% RH). The humidity sensor
measures four basic similar curves in different test cycles, meaning that the humidity sensor has good
repeatability. In addition, it can be observed that any curve has four orders of magnitude impedance
variation. In our experiments, a four order of resistance change for humidity sensor of Mg-doped
ZnO is similar to that of recently reported resistivity-type ZnO humidity sensor, such as Er-doped
black ZnO nanocrystallines with three orders of magnitude [17], MoS;-modified ZnO quantum dot
nanocomposites with three or four orders of magnitude [39], and ZnO dandelion-like structures with
three orders of magnitude [40].

In order to study the humidity sensing mechanism, the complex impedance of the Mg-doped ZnO
microspheres have been measured as shown in Figure 8. In low humidity (11%, 33%, 54% RH), the
complex impedance curve appears semicircular. Kannan et al. reported that at relatively low humidity,
chemisorption process occurs at ZnO surface defects, leading to the presence of negatively charged
species such as O, ~, 0~, 0>~ or OH ™~ [41,42]. In this experiment, XPS results proved that doping Mg?*
ions will cause rich surface oxygen vacancies on the surface of ZnO microspheres. Oxygen vacancies

promoted the absorption of more water molecules on the surface of Mg-doped ZnO microspheres.
The absorbed water molecules reacted with the surface oxygen vacancy defects to produce OH™ and
H*. At this stage, abundant oxygen vacancy defects on the surface of ZnO are beneficial for hopping
transportation of protons from site to site across the surface of the microspheres and the conduction
is caused by protons in the low RH range. As a consequence, oxygen vacancy defects exhibit a high
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local electric field, promoting the dissociation of water molecules (Equation (2)). The equations can be

expressed as follows [37]:
2H,0 + Oy + Op, — Oy-OH™ + O,-H* 2)

where Oy, is oxygen vacancy defects and Oy, is bridging-oxygen.
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Figure 8. Complex impedance curves of Mg-doped ZnO microspheres (1.5 mol%) in (a) 11% RH,
(b) 33% RH, (c) 54% RH, (d) 75% RH, (e) 85% RH and (f) 95% RH, respectively.

With the increase of RH (75%, 85%, and 95% RH), physical adsorption of water molecules takes
place, and one or more water layers are connected in series between ZnO microspheres, resulting
in capillary condensation [4]. As a result, more H3O" ions are able to transfer freely to promote the
electron transport formation, in which H3O" ions are dominant charged carriers and they accelerate
the electron conduction by releasing protons into water molecules nearby. The quick transfer of H;O*
ions on the water layers results in a decrease of the impedance of Mg-doped ZnO microspheres.
In Figure 8e,f, the end of the semicircle rises at a low frequency, and the upturned line becomes
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more and more obvious, meaning that more conduction ions move freely among the microspheres,
increasing the electrical conduction of the sensors.

In the above humidity process, doping Mg?* can offer unique physicochemical and electronic
properties which will play a very important role in humidity sensors. In the case of low RH level on
the surface of Mg-doped ZnO, abundant oxygen vacancies provide a highly local charge density and
hence a strong electrostatic field. The adsorbed water molecules can then be decomposed into H* and
OH™ ions. In the case of high RH, the doping of Mg?* induces a large number of adsorption sites on
the surface of ZnO microspheres to enhance more water molecules to be absorbed, which results in a
large number of H30* as dominant charged carriers. Therefore, the specific surface area will enhance
humidity sensing performance of the Mg-doped ZnO microspheres.

4. Conclusions

To summarize, we synthesized Mg-doped black ZnO microspheres using the sol-gel method
and investigated their structure, morphology, and humidity sensing performance. These results
demonstrate that a highly sensitive humidity sensor has been discovered using Mg-doped black ZnO
microspheres. In these samples, the Mg-doped ZnO (1.5 mol%) shows about four orders of magnitude
for sensitivity, good linearity, low humidity hysteresis, and rapid response speed from 11% to 95%
RH at room temperature. The recovery and the response times of Mg-doped black ZnO are 12 s
and 24 s, respectively. The enhanced response to water molecules basically comes from the changes
in resistance due to the large amount of adsorption sites and oxygen vacancies on the surface of
Mg-doped ZnO microspheres, which can result in a high density of conductivity H3O*. Our results
demonstrate that Mg?* dopant into black ZnO growth is a very effective method to improve humidity
sensing performance.
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