#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

A highly transparent humidity sensor with fast

i") Check for updates‘
response speed based on a-MoO5 thin films+

Cite this: RSC Adv., 2020, 10, 25467

Hailong Ma,? Huajing Fang, ©* Wenting Wu,? Cheng Zheng,® Liangliang Wu®
and Hong Wang & *<

Metal oxide based humidity sensors are important indicators in environmental monitoring. However, most
of them are non-transparent and have a long response time, which cannot meet the application of real-time
humidity sensing in transparent electronics. Here, we report a metal oxide humidity sensor based on
chemically synthesized molybdenum oxide (a-MoO3) thin films. By a green reaction in an ice water bath,
the stable precursor containing nanocrystalline colloids was obtained. Molybdenum oxide films with
controllable morphology were fabricated through one-step spin coating. The a-MoOz based humidity
sensor exhibits extremely high transparency (85%) in the visible region and has short response and
recovery times (0.97 and 12.11 s). In addition, it also shows high sensitivity, good logarithmic linearity and
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Accepted 29th June 2020 selectivity in a wide relative humidity range of 11% to 95%. The mechanism of humidity sensing was
further studied by complex impedance spectroscopy. This novel metal oxide humidity sensor combined

DOI: 10.1035/d0ra03958f with high transparency and fast response speed is expected to broaden the application ranges of
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Introduction

As an important indicator of environmental monitoring,
humidity refers to the content of water molecules in the air.*
The magnitude of humidity is usually characterized by relative
humidity (RH), which represents the ratio of the partial pres-
sure of water vapor in the air to the saturated water vapor
pressure at a certain temperature.” Humidity measurement and
control are significant for industrial production, crop manage-
ment, anti-corrosion of devices, human comfort and health,
etc.® Therefore, humidity sensors with good performance, such
as high sensitivity, fast response speed, good linearity and
selectivity are widely required.*® Various types of materials,
such as polymers, carbon materials, ceramics, metal oxides and
composites have been extensively studied for humidity
sensing.®** For example, Peng et al. demonstrated an inkjet-
printed flexible humidity sensor based on a Ti;C,/Ag hybrid
film for touchless sensing.'” Reddy et al. fabricated a nano-
composite of magnesium ferrite and molybdenum oxide with
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increased intergranular pores for humidity sensing at room
temperature."* Kim et al. synthesized the wafer-scale molyb-
denum oxide film by plasma enhanced chemical vapor depo-
sition which shows a sensitive response to humidity.”> Among
them, the metal oxides are mainly porous sintered bodies based
on the traditional ceramic processes, which possess mature
preparation process, good physical, chemical and thermal
stability as well as porous structure that is easy to adsorb water
molecules, thus endowing the metal oxide-based humidity
sensors the excellent stability, good response reversibility, high
mechanical strength and low manufacturing cost.> However, at
the same time they usually suffer from long response and
recovery times (about tens of seconds to a few minutes),'>*?
which limits their application in real-time humidity sensing.
On the other hand, transparent electronics have recently
become a research hotspot to realize next generation “see-
through” smart devices.* ' As one of the most common elec-
tronic devices, sensors those can convert different environ-
mental information into electrical signals are the key enablers
of the internet of things (IoT). Undoubtedly, the extra “see-
through” feature adapts transparent sensors to special occa-
sions and broadens their application area.”” For example,
transparent sensors can be integrated on the displays or
windows with little impact on the original functions. Recently,
Ren et al. developed a sensitive graphene sensor with a high
transparency which can used as 24 h continuous intraocular
pressure monitoring."® Lu et al. reported a flexible and trans-
parent humidity sensor with cellulose based ionic film which
can be integrated in a wearable skin moisture detector.”
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However, most reported metal oxide based humidity sensors are
non-transparent, which greatly limits their application where
the optical transparency is required.*®** Therefore, the devel-
opment of transparent metal oxide based humidity sensors with
high performance is of great significance.

In this work, we demonstrated a transparent humidity
sensor based on a-MoO; thin films prepared by a low-cost and
facile solution method. The device exhibits a high trans-
mittance in the visible range (85%) as well as short response
and recovery times (0.97 and 12.11 s). Moreover, this humidity
sensor also possesses high sensitivity, good humidity selectivity
and logarithmic linearity. The combination of fast response and
high transparency suggests that a-MoOj; thin film may be a good
candidate for next generation transparent electronics that
require real-time humidity sensing.

Experimental section
Materials

Molybdenum powder (99 wt%) and hydrogen peroxide (30 wt%)
were purchased from Sinopharm Chemical Reagent Co. Ltd.,
China. Deionized water was produced by a laboratory ultrapure
water manufacturing system (UPH-I-20). The laser-etched FTO
glass substrate (with 180 pm stripe electrodes and 70 pm
spacing) was purchased from South China Xiangcheng Tech-
nology Co. Ltd.

Device fabrication

2 g of molybdenum powder was slowly added to a beaker con-
taining 20 ml of hydrogen peroxide while continuously stirring
with a glass rod. The mixture was cooled in an ice water bath to
slow down the violent reaction. The yellow suspension obtained

Fig. 1
nanocrystal.
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by the reaction was allowed to settle for 24 h, and then the
supernatant was taken for filtration. The resulting solution was
diluted with deionized water at a volume ratio of 1:2 to
improve the transparency of the subsequently prepared films.
To fabricate the humidity sensor, the laser-etched FTO glass
substrate was washed sequentially with acetone, ethanol and
deionized water. Then the as-prepared solution was spin-coated
on FTO glass at 4000 rpm for 20 s. The sample was subsequently
baked on a 120 °C hot plate for 5 minutes. Finally, the device
was annealed at 450 °C for 2 h to allow a complete formation of
the a-MoOj thin film.

Measurement and characterization

The crystal structure of the prepared film was identified by X-ray
diffraction (XRD, X'Pert Pro) with Cu Ko radiation. Raman
spectrum of the a-MoO; thin film was obtained by a Raman
spectroscopy (LabRAM HR Evolution) with a 532 nm laser. The
elements and chemical states of the film are analyzed via X-ray
photoemission spectroscopy (XPS, ESCALAB Xi+). The
morphology of the nanocrystals was observed by transmission
electron microscopy (TEM, JEOL JEM-F200HR). The
morphology of the film was observed by scanning electron
microscopy (SEM, Zeiss Gemini500). The transmittance of the
device was tested by a spectrophotometer (Mapada V-1600PC).
All thin film characterization tests were performed with the
substrate. In order to eliminate the influence of the substrate,
the thickness of the film was increased by multi-layer spin
coating during XRD and Raman tests. The humidity sensing test
was carried out in six closed chambers containing saturated
solutions of LiCl, MgCl,, NiCl,, NaCl, KCl and KNO3, and the
corresponding RH values were 11%, 33%, 54%, 75%, 85%, 95%,

20,0nm

T

(a) The photograph of the as-prepared precursor. (b) TEM image of the nanocrystals, inset is a high resolution TEM image of a single
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respectively. The complex impedance spectroscopies were ob-
tained through an electrochemical workstation (Zahner Zen-
nium pro). To test the response and recovery times, the air with
a certain RH was drawn out from the closed chambers con-
taining saturated salt solutions through an injector and sprayed
against the film surface. All electrical measurements were
carried out through a digital sourcemeter (Keithley 2410).

Results and discussion

The precursor of a-MoO; was prepared by a redox reaction
between molybdenum powder and hydrogen peroxide, as
described below:

Mo + 4H202 - MOO3’H202 (H2M005) + 3H20 (1)

The reaction is an exothermic process. To suppress self-
acceleration, the reactants were mixed slowly in an ice water
bath. Fig. 1a shows the yellow supernatant obtained after the
redox reaction. When irradiated with a green laser beam,
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Fig. 2
(d) O 1s of the a-MoO3 thin film.
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a significant Tyndall effect can be observed. It indicates that the
H,Mo00s5 product exists in a colloidal state. We observed the
morphology of H,Mo0Os; through a transmission electron
microscope (TEM). As shown in Fig. 1b, the H,MoO;5 nano-
crystals demonstrate a size of less than 20 nm on average.
Furthermore, high resolution TEM shown in inset of Fig. 1b
shows the labeled lattice fringes, which fully proves the good
crystallinity of the H,MoOs5 product. Moreover, colloids of these
H,Mo00s5 nanocrystals are stable for several months, bringing
convenience to the subsequent solution processing.
Moisture-sensitive «-MoO; thin film was prepared by
a simple spin coating method. Fig. 2a shows the X-ray diffrac-
tion (XRD) patterns of the prepared films before and after
annealing. The phase before annealing was identified as
H,Mo00; (PDF#41-359), which indicates that a-MoO; cannot be
directly generated by the reaction of hydrogen peroxide and
molybdenum powder under this experimental condition. After
annealing at 450 °C, all the diffraction peaks coincide with the
standard XRD profile of orthorhombic a-MoO; (PDF#05-0508),
and the high intensity of diffraction peaks indicates the good
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(a) XRD patterns of the prepared film before and after annealing. (b) Raman spectrum of the a-MoOs5 thin film. XPS spectra of (c) Mo 3d and
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crystallinity. The above thermal decomposition process can be
described by the following chemical reaction equation.

2MOO3'H202 (H2M005) i 2MOO3 + 2H20 + OzT (2)

Fig. 2b presents a typical Raman spectrum of the a-MoO;
thin film. Sharp peaks corresponding to different vibrational
modes indicate a highly ordered structure of the film. The peaks
at 994, 819 and 665 cm ' can be respectively assigned to
different stretching modes of the terminal oxygen (Mo=0), the
doubly coordinated bridge-oxygen (Mo,-O) and the triply
coordinated bridge-oxygen (Mo3;-0).>* In addition, other char-
acteristic peaks at 378, 337, 289, 244, 217,196 and 155 cm ™~ ' can
be assigned to the bending modes of the orthorhombic phase of
Mo00O;.»* The characteristic spectrum of Raman further
confirmed the formation of highly crystalline a-MoO; thin film.
The elements and chemical states of the film are analyzed via X-
ray photoemission spectroscopy (XPS). Fig. 2c shows the narrow
scan spectrum of Mo 3d. A spin orbit doublet with peaks
occurred at 235.9 and 232.7 eV, which can be assigned to Mo
3ds, and Mo 3ds),, respectively.”* The spectrum for O 1s is
shown in Fig. 2d. The low binding energy component located
530.3 eV originated from the lattice oxygen of a-M00O;. The peak
at 532.1 eV indicates the existence of some hydroxyl groups,
which may come from water molecules adsorbed on the surface
of the film.*

Fig. 3a shows the schematic structure of the humidity
sensor, in which the laser-etched FTO stripes were used as the
interdigital electrodes. Then, the annealed a-MoO; thin film
was coated on the surface of this patterned substrate. The

(@)
a-MoO; film

Fig. 3
(c) FTO electrode.
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morphologies of the H,MoO; and o-MoO; thin films were
observed by a scanning electron microscopy (SEM). An inter-
esting phenomenon is that although the entire film was
prepared in one step, the morphologies of the film on the
channels and FTO electrodes are not exactly the same, which
indicates that the patterned substrate has an important influ-
ence on the film formation process. The H,Mo0Os thin films on
the channels (Fig. S1(a)t) and FTO electrodes (Fig. S1(b)) both
show a sheet-like porous structure formed by the aggregation of
H,Mo005 nanocrystals. The difference is that the film on the
surface of the channel obviously possesses more pores.
Fig. S1(c)T shows the cross-sectional morphology of the H,M005
film, from which the thickness of the H,Mo0O; film was
measured as 127 nm. The morphologies of the a-MoOj; thin film
formed after annealing are shown in Fig. 3. The film
morphology on the channels (amorphous glass substrate)
exhibits a well-crystallized planar porous structure (Fig. 3b), and
its specific surface area is larger than that of the film structure
on the electrode surface, thereby facilitating adsorption of water
molecules. On the contrary, the film on FTO electrodes (crys-
talline F-doped SnO, substrate) is constructed from a dense
granular structure with a much larger average grain size
(Fig. 3c). This dense structure allows the film to be more closely
connected to FTO electrodes, thus potentially reducing the
contact resistance. The cross-sectional view of the a-MoQj; thin
film on the channel surface is shown in Fig. S2,7 and its
thickness was measured to be about 120 nm. One possible
reason for different surface morphologies of the a-MoOj3 thin
film is the surface affinity difference of molybdate solution with
the channels and FTO electrodes. To verify the above points, we
separately tested the contact angles () of the molybdate

(a) Schematic device structure of the transparent humidity sensor. SEM images of the «-MoOs thin film on the surface of (b) channel and
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solution with the channel and electrode. As shown in Fig. S3,f
the contact angle of the molybdate solution with the channel
(A1) is 39.7° and with the electrode (6,) is 22.9°, which means
that the molybdate solution has better wettability to the elec-
trode surface, so it can be evenly spread during the spin coating
process and formed a thin film with dense structure after
annealing. On the contrary, the poorer wettability of the
molybdate solution to the channel surface causes the film to
shrink easily during the spin coating process, resulting in the
annealed film exhibiting a planar porous structure. This kind of
substrate-related film morphology may be a key factor to the
excellent performance of our humidity sensor.

Next, we studied the functions and features of the «-MoO;
based humidity sensor. The transmittance spectrum of the
sensor is shown in Fig. 4a. This device exhibits an extremely
high transmittance of ~85% in the visible and near-infrared
regions, which is derived from the very thin a-MoO; film and
transparent substrate. The inset photograph further confirms
the high transmittance of the device. In order to investigate the
humidity sensing characteristics of the a-MoO; thin film, the
resistance between the FTO interdigital electrodes was
measured at different RHs. As plotted in Fig. 4b, when the RH
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increased from 11% to 95%, the resistance of the film decreased
from 3 x 10° to 9 x 10° Q. By linearly fitting the points in the
graph, we can get a correlation coefficient (R*) of 0.98 in a wide
humidity range. This result reflects the good logarithmic line-
arity of the resistance of the a-MoO; thin film toward RH, which
will bring great convenience to practical applications. Moreover,
sensitivity (S) is also an important parameter of the humidity
sensors, which can be expressed as

S =|Ro — Ryl/Rx 3)

where R, and R, refer to the resistance of the sensor at the
lowest RH (11%) and other higher RH.*® Fig. 4b shows the
sensitivity of the o-MoO3 based humidity sensor increases with
the increasing of RH, and the highest sensitivity is approxi-
mately 302 at 95% RH. The cycling performance of the humidity
sensor was obtained by cyclically changing the RH. As shown in
Fig. S4,1 the humidity sensor exhibits stable cycling perfor-
mance, demonstrating its good response reversibility. These
results indicate that the a-MoO; thin film humidity sensor
possesses superior humidity response.
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(a) Transmittance spectrum of the humidity sensor, inset is a photograph of the transparent device. (b) Resistance and sensitivity of the a.-

MoOs3z humidity sensor as a function of RH. (c) Dynamic response and recovery curve for one cycle. (d) Sensitivity of the device to different
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A well-performing humidity sensor should also have the
characteristics of short response and recovery times, especially
for a real-time humidity detection system such as human
respiratory monitoring.>” The response time (¢.s) is defined as
the time required for the current to increase to 90% of the
maximum value after stimulus is applied. While, the recovery
time (fc) is defined as the time required for the current to
decrease to 10% of the maximum value after stimulus removal.
Based on the dynamic current-time curve in Fig. 4c, the
response and recovery times of the a-MoO; based humidity
sensor are about 0.97 s and 12.11 s. Accordingly, it is worth
noting that our humidity sensor has the fastest response speed
and highest transparency compared to the other reported
transparent humidity sensors, as shown in Table 1. Hence, this
a-MoO; based humidity sensor demonstrates high performance
for potential applications in the field of transparent electronics
requiring real-time humidity sensing.

Good selectivity for moisture is essential for humidity
sensors, which represents the sensitivity of the sensor to water
molecules in environments where various gases coexist. In
a laboratory air environment, the selectivity of the o-MoOj;
humidity sensor was investigated by exposing it to common
gases, including 100 ppm ammonia, saturated ethanol and
acetone vapors and 95% RH. As can be seen in Fig. 4d, the
fabricated sensor is much more sensitive to moisture than other
gases, indicating its good anti-interference ability.

The complex impedance spectroscopy (CIS) is widely used to
study electrode process dynamics. In order to study the
humidity sensing mechanism, we measured the CIS plots of the
®-MoOj; thin film humidity sensor at different RHs (Fig. 5a). The
CIS plot approximates a straight line at low humidity (11% RH),
exhibiting a “non-debye” behavior, which is derived from the
intrinsic impedance of the a-MoO; thin film.*® In this case, only
a small amount of water molecules are chemically adsorbed to
form a discontinuous layer of water on the surface of the film. At
the same time, the adsorbed water molecules dissociate rapidly
and release protons. However, due to the discontinuity of the
water layer, the transfer of protons between the electrodes is
difficult to achieve.** Therefore, the impedance of the sensor is
particularly high. Further, as the relative humidity increases
(33-85% RH), the CIS plots approximate half semicircles with
gradually decreasing radius, indicating that both the resistance
and reactance of the humidity sensor are significantly reduced.
This phenomenon means that more water molecules begin to

View Article Online
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be physically adsorbed on the surface of the film and form
a “liquid-like” water layer.*® The protons dissociated on this
layer can be freely transferred between adjacent water mole-
cules under an applied electric field, that is, the so-called
Grotthuss chain reaction.*

H,O0 + H;0" = H;0" + H,O (4)

Protons that can move freely increase the concentration of
carriers, resulting in a significant reduction in the impedance of
the humidity sensor. When the RH increases to 95%, the CIS
plot resembles a semicircle with a smaller radius. This corre-
sponds to a further reduction in impedance due to more
protons transfer.

In order to further confirm the proton transfer conductivity
model, we measured the capacitance-frequency curves at
different RHs from the complex impedance spectroscopy, as
shown in Fig. 5b. The capacitance hardly changes with
frequency at low RHs (11-54% RH), which is consistent with the
ideal capacitor. However, at high RHs (75-95% RH), the
capacitance is sensitive to the frequency, especially in the low
frequency region (107>-1 Hz). Moreover, the higher the
humidity, the faster the capacitance changes with frequency. In
this case, the capacitance can be expressed as follow,*”

C = e*Cy = (& — ivlweg)Cy (5)
where ¢* is the complex dielectric constant, C, and ¢, refer to the
capacitance and relative dielectric constant of the ideal capac-
itor, &, is the permittivity in vacuum and v is the leak conduc-
tance; i and w are the imaginary unit and frequency. Since y will
increase with RH increasing, we can see from the eqn (5) that
the capacitance will increase with RH increasing. Contrarily, the
capacitance has a negative correlation with w. A reasonable
explanation is that the protons transfer speed cannot catch up
with the rate of electric field change at high frequencies, while
the protons have sufficient time to respond at low frequencies.*®
Therefore, the capacitance will change with humidity only at
low frequencies. A schematic diagram of the above humidity
sensing process is shown in Fig. 5c. All these theoretical anal-
yses are consistent with the experimental results and further
demonstrate that proton transfer conductivity model is appli-
cable to the a-MoO; thin film humidity sensor.

Table 1 Comparison of the performances of transparent humidity sensors based on various sensing materials in the literatures

Measurement range Transparence Response/recovery

Sensing materials (%RH) (%) times (s) Ref.

SnoO, 30-70 68 51/38 13

CuO 1.72-83 56 17.8/5.5 28
ITO/PET 60-80 77 31.5/31 29

WS, 11.3-97.3 60 12/13 30
R-GO/polyurethane 10-70 75 3.5/7 31

WS, 35-40 70 5/6 32
o-MoO3 11-95 85 0.97/12.11 This work
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(a) Complex impedance spectroscopies of the humidity sensor at different RHs. (b) Capacitance—frequency curves of the humidity sensor

at different RHs. (c) Schematic diagram of humidity sensing mechanism for the a-MoOsx thin film.

Conclusions

In conclusion, we demonstrated a green chemical synthesis
route for stable H,MoOs nanocrystals. A transparent
humidity sensor based on a-MoOj; thin films was then
fabricated by a facile spin coating method. The morphology
of a-MoO; thin films can be easily controlled by the patterned
substrate. The chemical states, transparency, humidity
sensing performance and mechanism of the «-MoO; thin
films were thoroughly investigated. This sensor not only
demonstrates high sensitivity and selectivity to water mole-
cules, but also has high transparency and short response and
recovery times, indicating its great potential for novel appli-
cations in transparent electronics where real-time humidity
sensing is required.
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