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ABSTRACT: In this study, a high-performance humidity sensor based on KCl-doped CuO/
SnO2 p−n heterostructures was fabricated by a ball milling−roasting method. The
morphology and nanostructure of the fabricated KCl-CuO/SnO2 composite were
characterized by scanning electron microscopy, X-ray diffraction, transmission electron
microscopy, X-ray photoelectron spectroscopy, and nitrogen sorption analysis. The results
showed that the humidity sensor had a high sensitivity of 194 kΩ/%RH, short response and
recovery times of 1.0 and 1.5 s, a low hysteresis value, and good repeatability. The energy
band structure and complex impedance spectrum of the KCl-CuO/SnO2 composite indicated
that the excellent humidity sensing performance originated from the ionic conductivity of
KCl, the formation of heterojunctions, the change in the Schottky barrier height, and the
depletion of electronic depletion layers. The KCl-CuO/SnO2 sensor has great potential in
respiratory monitoring, noncontact sensing of finger moisture, and environmental
monitoring.

1. INTRODUCTION
In recent decades, wide-ranging and intensive research has
been focused on the control of environmental humidity in
industry, agriculture, and medicine. Precise and stable
humidity sensing is important for monitoring instrument
corrosion,1 leakage of high-temperature vapors,2 agricultural
cultivation,3 and human respiration.4−6 Fabrication of
humidity sensors featuring high sensitivities, low hysteresis,
fast responses, short recovery times, and strong stabilities is
currently the main challenge.7

Resistance and capacitance humidity sensors have become
important research goals due to their simple structures and
easily industrialized production. Unquestionably, sensitive
materials directly affect the properties of humidity sensors.
Nanoparticles, nanowires, and layered nanosheets8,9 are
candidates for the fabrication of high-performance humidity
sensors. In particular, metal oxide nanoparticles are excellent
moisture-sensitive materials owing to their ability to adsorb
oxygen on their surfaces. Zhang et al. reported a three-
dimensional mesoporous Co3O4 humidity sensor that ex-
hibited good linearity, low hysteresis, a quick response (1 s),
and a short recovery time (13.5 s). The excellent sensing
performance was attributed to the strong hydrophilicity and
unique 3D porous structure of Co3O4.

10 In addition, Yu et al.
fabricated a porous Co3O4 humidity sensor modified by carbon
dots (CDs). The CD-Co3O4 humidity sensor showed high
water vapor selectivity and was capable of sensing slight
variations in finger humidity.11 However, humidity sensors
based on metal oxide nanoparticles are restricted by their

limited oxygen adsorption capabilities at room temperature.
Obtaining better sensing performance at room temperature is
still a challenge.

In 1938, F. W. Dunmore fabricated a LiCl humidity sensor.
Although LiCl sensed humidity levels effectively, the humidity
sensor comprising pure LiCl was easily dissolved at high
humidity levels, resulting in a dramatic drop in sensing
performance.12 Metal oxides compounded with hydrophilic
inorganic salts provided a pathway to enhancing moisture
sensitivity at high humidity levels. Feng et al. reported a LiCl-
doped ZnO nanorods/silicon nanoporous pillar capacitive
humidity sensor,13 for which doping remarkedly improved the
sensitivity. Zhu et al. reported LiCl-doped SnSe nanosheet
humidity sensors. They found that the incorporation of LiCl
dramatically decreased the response/recovery time and
increased the sensitivity.14 Qi et al. reported a KCl-doped
ZnO nanofiber humidity sensor.15 Doping with KCl increased
the sensitivity and shortened the response time. Subsequently,
Song et al. reported KCl-doped SnO2 nanofibers that exhibited
excellent moisture sensing performance.16

Recently, the heterostructures of composite materials have
attracted interest in the development of humidity sensors. The
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metal oxide semiconductor heterostructure17−19 dramatically
improved the sensitivity and responsiveness of the sensor
owing to the special physicochemical property resulting from
energy band bending. Wu et al. reported an rGO-BiVO4
heterostructure humidity sensor that exhibited good repeat-
ability, low hysteresis, and high sensitivity.20 Given the
favorable effects of heterostructures doped with hydrophilic
inorganic salts for humidity sensing, it is of interest to
incorporate hydrophilic inorganic salts into nanoheterostruc-
tures to further improve the sensor performance. However, few
reports describing this approach can be found.

As a result, a moisture-sensitive material was prepared in this
study by doping KCl into CuO/SnO2 nanoheterostructures
using ball milling−roasting. A humidity sensor was fabricated
by depositing the moisture-sensitive material on an interdigital
electrode. The nanostructural, morphological, and composi-
tional characteristics of the KCl-doped CuO/SnO2 were fully
examined with X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), nitrogen sorption
analysis, and ultraviolet−visible (UV−vis) spectroscopy. The
humidity sensing performance of the sensor based on KCl-
doped CuO/SnO2 was investigated over a wide range of
relative humidities (RHs) with a simple homemade device.
Compared with previously reported sensors, the sensor based
on KCl-doped CuO/SnO2 exhibited high sensitivity, good
linearity, and low hysteresis. The mechanism for sensing water
with KCl-doped CuO/SnO2 was explored. KCl-doped CuO/
SnO2 has great potential for use in health monitoring and
environmental detection, given its ultrahigh humidity sensing
capability.

2. EXPERIMENTAL SECTION
2.1. Preparation of CuO or SnO2. One gram of CuC2O4

or SnC2O4 powder was added to the ball milling tank. The
rotation rate, rated power, and ball milling time of the ball
milling machine (QM3SP4, Nanjing Shunchi Technology, Co.
Ltd., China) were 530 rpm, 1.5 kW, and 10 h, respectively. The
rotation direction was changed every 1 h. After ball milling, the
powder was dried in a vacuum oven at 60 °C for 12 h. After
that, the dried powder was placed in a muffle furnace, heated
up to 380 °C at 2 °C min−1, and held at 380 °C for 3 h. Finally,
the powder was cooled to room temperature in the furnace.
The above reagents were purchased from Shanghai Macklin
Biochemical Co., Ltd., China.
2.2. Preparation of KCl-Doped CuO or SnO2. CuC2O4

or SnC2O4 and KCl (Shanghai Macklin Biochemical Co., Ltd.,
China) powders were added to the ball milling tank in a mass
ratio of 10:1. The specific ball milling and roasting scheme
used was consistent with that described in Section 2.1.
2.3. Preparation of CuO/SnO2. CuC2O4 and SnC2O4

powders were added to the ball milling tank in a 1:1 mass ratio.
The specific ball milling and roasting scheme used was
consistent with that described in Section 2.1.
2.4. Preparation of KCl-Doped CuO/SnO2. The syn-

thesis of KCl-doped CuO/SnO2 is shown in Figure 1a.
CuC2O4 and SnC2O4 powders were added to the ball milling
tank in a 1:1 mass ratio, and a mass of KCl powder
corresponding to one-tenth of the total mass of the above
powders was also added. The specific ball milling and roasting
scheme used was consistent with that described in Section 2.1.
2.5. Fabrication of Humidity Sensors. The synthesized

moisture-sensitive material was dissolved in deionized water to
prepare a colloidal solution. The colloidal solution was added

Figure 1. (a) Preparations of moisture-sensitive materials and humidity sensors. (b) Photographs of sensing electrodes. (c) Saturated salt solutions.
(d) Humidity testing process.
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dropwise onto the interdigital electrode using a 1 mL pipette
gun. The electrode was dried at 80 °C for 6 h to solidify the
moisture-sensitive material. Photographs of the fabricated
sensing electrodes are shown in Figure 1b.
2.6. Characterization of Moisture-Sensitive Materials.

The superficial morphologies and crystal structures of the
formulated moisture-sensitive materials were characterized by
SEM (Hitachi regulus 8100, Japan) and TEM (Jeoljem-2100,
Japan). The crystal structures of the moisture-sensitive
materials were characterized by XRD (Rigaku Miniflex 600,
Cu Kα, λ = 1.54 Å, Japan). The band gaps were determined via
UV−vis spectroscopy (Shimadzu, UV-3600, Japan). The
specific surface areas and pore diameters were measured with
nitrogen adsorption and desorption (BET, ASAP 2020 PLUS
HD88). The elemental compositions and oxidation states of
the elements were characterized by XPS (Thermo ESCALAB
250Xi Scanning).
2.7. Humidity Sensing. Humidity sensing was performed

with the saturated salt solution method (Figure 1c).21,22

Solutions of P2O5, CaCl2, LiCl, CH3COOK, MgCl2, K2CO3,

Mg(NO3)2, CuCl2, NaCl, KCl, and K2SO4 were placed in
wide-mouth bottles to provide RH environments of 0, 7, 11,
23, 33, 43, 52, 67, 75, 82, and 97%, respectively. These
reagents were purchased from Shanghai Macklin Biochemical
Co., Ltd., China. The resistance of the sensor was detected and
recorded by a UC 2858B+ (Changzhou Youce Electronic
Technology Co., Ltd., China) inductance capacitance resist-
ance (LCR) meter (Figure 1d). The complex impedance
spectrum (CIS) was obtained from an electrochemical
workstation (Shanghai Chenhua Instrument Co., Ltd.,
China). The sensor sensitivity was measured as S = (RX −
R0)/(RHX − RH0), where RX and R0 are the resistance values
of the sensor at the X and 0% RH levels, respectively.23 When
the sensor absorbed and desorbed water molecules, the
response/recovery time was defined as that when the
resistance of the moisture-sensitive material reached 90% of
the total resistance change.

Figure 2. SEM images of (a) CuO, (b) KCl-CuO, (c) SnO2, (d) KCl-SnO2, (e) CuO/SnO2, and (f) KCl-CuO/SnO2. TEM images of (g) CuO/
SnO2 and (h) KCl-CuO/SnO2. HRTEM image of (i) KCl-CuO/SnO2. SAED data for (j) KCl-CuO/SnO2; the orange and blue marks correspond
to SnO2 and CuO, respectively. EDS maps of (k) KCl-CuO/SnO2.
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3. RESULTS AND DISCUSSION
3.1. Material Characterizations. Figure 2a−f presents the

surface morphologies of CuO, KCl-CuO, SnO2, KCl-SnO2,
CuO/SnO2, and KCl-CuO/SnO2, respectively. The particle
sizes of the KCl-CuO/SnO2 composites were smaller than 100
nm (Figure 2g,h). The surface morphology of KCl-CuO/SnO2
was investigated by high-resolution TEM (HRTEM). As
shown in Figure 2i, the interplanar spacings (d) were 2.32,
2.64, and 3.35 Å, which were consistent with reported values
for the (111) plane of CuO and the (101) and (110) planes of
SnO2, respectively, indicating the formation of CuO/SnO2
heterostructures.24 The presence of periclases CuO and SnO2
was also confirmed by the selected area electron diffraction
(SAED) pattern (Figure 2j), which showed diffraction rings
corresponding to reflections of CuO and SnO2. The elemental
compositions and distributions of the KCl-CuO/SnO2
composites were evaluated by energy-dispersive X-ray spec-
troscopy (EDS) mapping. The uniform distributions of Cu, Sn,
O, K, and Cl are shown in Figure 2k, indicating the
formulation of the KCl-CuO/SnO2 composite.

The XRD patterns for the synthesized CuO, KCl-CuO,
SnO2, and KCl-SnO2 nanoparticles (Figure 3a,b) showed
diffraction peaks in the range 10−70°. The reflection peaks for
CuO/SnO2 and KCl-CuO/SnO2 (Figure 3c) corresponded
exactly to the diffraction peaks for KCl, CuO, and SnO2. The
band gap was calculated from the UV−vis spectrum.20 As
shown in Figure 3d, CuO, SnO2, and KCl-CuO/SnO2
primarily absorbed UV light at a wavelength of 280 nm. The
band gaps of CuO, SnO2, and KCl-CuO/SnO2 were 1.7, 3.3,
and 1.5 eV, respectively (Figures S1−S33). Compared with
CuO and SnO2, KCl-CuO/SnO2 has a lower band gap. The

formed heterostructures provided special physicochemical
properties. The unimpeded and rapid migration of carriers
enhanced the sensitivity and response speed for humidity
sensing.25

The materials CuO, KCl-CuO, SnO2, KCl-SnO2, CuO/
SnO2, and KCl-CuO/SnO2 exhibited Type-IV isotherms for
nitrogen adsorption/desorption (Figure 4a−c). The incorpo-
ration of KCl reduced the specific surface area, which likely
resulted from the agglomeration of nanoparticles due to the
infiltration of KCl. The KCl-CuO/SnO2 had a larger specific
surface area than KCl-CuO and KCl-SnO2. As shown in
Figures S4−S6, more macropores (diameter higher than 50
nm) appeared upon incorporation of KCl into CuO, SnO2, and
CuO/SnO2, suggesting that the dispersion of KCl in the
materials altered the topological morphologies of the pores.

Figure 4d illustrates the full XPS spectrum of KCl-CuO/
SnO2 and confirms the existence of Cu, Sn, O, K, and Cl
elements. The peaks at 934.6 and 954.5 eV in the Cu 2p
spectrum (Figure 4e) corresponded to Cu 2p3/2 and Cu 2p1/2
binding energies, with satellite peaks at 942.1, 944.5, and 963.0
eV (labeled as Sat).26 The peaks at 494.8 and 486.3 eV (Figure
4f) corresponded to Sn 3d3/2 and Sn 3d5/2 binding energies,
respectively. The peak at 529.7 eV (Figure 4g) was assigned to
the oxygens of the CuO and SnO2 lattices, while the peak at
531.0 eV was ascribed to surface adsorbed oxygen.27 The peaks
at 295.9 and 293.0 eV (Figure 4h) corresponded to K 2p1/2
and K 2p3/2 binding energies, respectively.28 The peak at 198.8
eV (Figure 4i) was assigned to ionization of the Cl 2p3/2
state.29 Therefore, the formation of the CuO/Ti3C2TX
heterostructure was further verified.

Figure 3. (a) XRD patterns for CuO and KCl-CuO. (b) XRD patterns for SnO2 and KCl-SnO2. (c) XRD patterns for CuO/SnO2 and KCl-CuO/
SnO2. (d) UV−vis spectra of CuO, SnO2, and KCl-CuO/SnO2.
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3.2. Humidity Sensing Performances. The humidity
sensing data were determined at 26 °C. Table 1 shows the
humidity sensing data obtained for the six samples at 100 Hz.
The sensitivities of the pure CuO and pure SnO2 sensors were
poor. The KCl-doped samples showed higher sensitivities and
faster response/recovery times than the undoped ones. The
CuO/SnO2 and KCl-CuO/SnO2 sensors exhibited high

sensitivity, which was attributed to the special physicochemical
properties of the semiconductor heterostructures. Therefore,
both KCl doping and the CuO/SnO2 p−n heterostructures led
to high sensitivities and fast response/recovery times.

Figure 5a compares the resistance values of the six sensors,
which were determined at 100 Hz and with different RH
values. Except for the CuO sensor, the resistance values of all

Figure 4. Nitrogen adsorption and desorption isotherms of (a) CuO and KCl-CuO, (b) SnO2 and KCl-SnO2, and (c) CuO/SnO2 and KCl-CuO/
SnO2. XPS spectra of KCl-CuO/SnO2 composites, including (d) the full scan spectrum and (e) Cu 2p, (f) Sn 3d, (g) O 1s, (h) K 2p, and (i) Cl 2p
spectra.

Table 1. Moisture-Sensitive Properties of the Six Samples

samples CuO KCl-CuO SnO2 KCl-SnO2 CuO/SnO2 KCl-CuO/SnO2

sensitivity (kΩ/%RH) 0.12 2.36 0.004 0.31 141 194
detection range (RH) 0−97% 0−97% 0−97% 0−97% 0−97% 0−97%
response/recovery time (s) 6.0/8.5 4.0/5.0 3.0/5.0 2.0/2.5 6.0/9.0 1.0/1.5
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sensors declined with increases in RH. Figure 5b shows plots
of the resistance as a function of RH at different frequencies for
the KCl-CuO/SnO2 sensor. The highest sensitivity of 194 kΩ/
%RH was achieved at 100 Hz. Consequently, 100 Hz was used
in the subsequent experiments to obtain the optimal sensing
performance. Figure 5c illustrates the fit for a plot of resistance
data versus RH for the KCl-CuO/SnO2 sensor at 100 Hz.
Excellent linearity resulted for KCl-CuO/SnO2 with a

regression coefficient R2 of 0.994. As shown in Figure 5d,
the response time and recovery time of KCl-CuO/SnO2 were 1
and 1.5 s, respectively.

Figure 5e demonstrates the dynamic response of the KCl-
CuO/SnO2 sensor at different RH values. As shown in Figure
5f, the resistance values for the KCl-CuO/SnO2 sensor were
nearly identical for each RH cycle over the range 0−97%,
indicating excellent repeatability. The hysteresis behavior of

Figure 5. (a) Plots of resistance as a function of RH at 100 Hz for the six sensors. The inset shows a partially enlarged drawing. (b) Plots of
resistance as a function of RH at different frequencies for the KCl-CuO/SnO2 sensor. (c) Fit for a plot of resistance versus RH for the KCl-CuO/
SnO2 sensor at 100 Hz. (d) Resistance as a function of time at 100 Hz for the KCl-CuO/SnO2 sensor. The humidity sensing performance of KCl-
CuO/SnO2 sensors; (e) dynamic response of the sensor; (f) repeatability; and (g) resistance as a function of RH during adsorption and desorption.
The inset shows humidity hysteresis with various RHs; (h) plots indicating stability.

Table 2. Comparison of the Sensor Prepared in this Work with Previously Reported Humidity Sensors

material sensing mechanism detection range (RH) (%) sensitivity (kΩ/%RH) response/recovery time (s) reference

Ti3C2/polyelectrolyte resistive 10−70 1.6 0.11/0.22 30
MoS2/PEO resistive 0−80 85 0.6/0.3 31
hBN/PEO impedance 0−90 24 2.6/2.8 32
PAM, Cr3C2 impedance 0−90 0.66 1.0/1.9 33
PEDOT: PSS/MoS2 flakes impedance 0−80 50 0.5/0.8 34
KCl-CuO/SnO2 resistive 0−97 194 1.0/1.5 this work
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the KCl-CuO/SnO2 sensor during adsorption (RH was
increased from 0 to 97%) and desorption (RH was decreased
from 97 to 0%) is shown in Figure 5g. The equation for the
humidity hysteresis value at different RH values is H = (Rads−
Rdes)/S × 100%, where Rads and Rdes are the resistance values
during adsorption and desorption, respectively.35 As shown in
the inset of Figure 5g, the hysteresis values were below 2.5%.
Notably, the hysteresis values gradually converged to 0.5 below
an RH level of 43%, indicating that the sensor was highly
reversible at low RH. The KCl-CuO/SnO2 sensor exhibited
stable resistance for over 60 days (Figure 5h), indicating good
long-term stability.

Table 2 compares the humidity sensing behaviors of
previously reported sensors and our fabricated KCl-CuO/
SnO2 sensor. The resistance humidity sensor detects changes
in the resistance caused by exposure of the material to different

humidities. In contrast, the impedance humidity sensor
measures variations in the impedance values of the material.
Naturally, resistive sensors exhibit the characteristics of simple
structures, convenient testing, and wide application ranges.
Compared with the resistive and impedance sensors, the KCl-
CuO/SnO2 sensor exhibited a higher sensitivity and a wider
detection range. It should be noted that the KCl-CuO/SnO2
sensor was not satisfactory in terms of response/recovery time
compared to the two resistive sensors that were fabricated from
a two-dimensional (2D) material,30−32,34 as shown in Table 2.
This short response/recovery time of 2D material-based
sensors was attributed to the inherently hydrophilic functional
groups, large specific surface area, and superior electrical
conductivity of the 2D material.
3.3. Humidity Sensing Mechanism. Figure 6a shows that

at low RH, chemisorption of water molecules occurred on the

Figure 6. (a) Schematic diagram for water molecule adsorption. (b) Energy band diagram of the KCl-CuO/SnO2 heterostructure. (c−e) Complex
impedance plots of KCl-CuO/SnO2 at 11, 43, 75, and 97% RH. Inset: the EC corresponding to the complex impedance spectrum.
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KCl-CuO/SnO2 surface. Moreover, hydrogen bonds were
formed between the water molecules. Given the presence of
water molecules, KCl dissociated into K+ and Cl− and
enhanced the conductivity, resulting in high sensor sensitivity
even under low RH conditions.29 With a further increase in
RH, the water molecules underwent physical adsorption and
were protonated to H3O+. Furthermore, proton hopping on
the KCl-CuO/SnO2 surface occurred, which can be explained
by Grotthuss’ ion-transfer mechanism.36,37 Due to the porous
structure of the KCl-CuO/SnO2 and the hydrophilicity of KCl,
many water molecules were incorporated into the pores and
generated high sensitivity.

Compared with the favorable effects of hydrophilic KCl, the
CuO/SnO2 heterostructure improved the sensitivity and
response speed of the sensor to a greater extent. To illustrate
the mechanism for enhanced humidity sensing by the CuO/
SnO2 heterostructures, energy band diagrams are provided in
Figure 6b. CuO is a typical p-type semiconductor for which the
humidity sensing mechanism can be explained by the
adsorption and desorption of oxygen molecules.38 Oxygen
molecules adsorbed on the CuO surface in a dry room

environment trap electrons such that the hole concentration of
the CuO increases and the resistance decreases. Conversely,
oxygen ions adsorbed on the CuO surface in a moist
environment are replaced by water molecules, leading to an
increase in resistance because the trapped electrons are
released back into the CuO. On the other hand, SnO2 is an
n-type semiconductor with a humidity sensing mechanism
different from that of CuO.39 In a dry environment, adsorbed
oxygen molecules on the surface of SnO2 accept electrons and
decrease the electron concentration, increasing the sensor
resistance. When the RH increases, the oxygen ions adsorbed
on the SnO2 surface are substituted by water molecules, and
the trapped electrons are released back to the SnO2, resulting
in a decrease in the resistance of the sensor.

CuO (5.3 eV)40,41 and SnO2 (4.9 eV)42 exhibit different
work functions. Therefore, electrons are transferred from SnO2
to CuO to effect Fermi-level equality and form a p−n
heterojunction due to the interaction of CuO and SnO2.
Furthermore, Schottky barriers and electron depletion regions
are formed at the interfaces between CuO and SnO2.

Figure 7. Applications of the KCl-CuO/SnO2 sensor in daily life. (a) Rapid nose breathing. (b) Normal nose breathing. (c) Slow nose breathing.
(d) Mouth breathing. (e) Water vapor testing at different temperatures. Noncontact finger humidity detection at (f) a height of 3 cm; (g) a height
of 2 cm; and (h) a height of 1 cm.
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In a dry environment, the CuO/SnO2 sensor adsorbs oxygen
at the interfaces between CuO and SnO2 and captures
electrons. Given the reduction of the electrons, the electron
depletion region becomes thinner, and the energy band bends
upward, which leads to increased resistivity. In the case of wet
air, the oxygen ions at the CuO/SnO2 interface are supplanted
by water molecules, and the originally trapped electrons are
released. The increase in the number of electrons results in a
thickened electron depletion region, a downward-bending
energy band, and a decreased resistance. Briefly, the formation
of a p−n heterojunction obviously increases the resistance of
the composite in dry air and decreases the resistance of the
composite in high-humidity air, leading to a remarkable
enhancement in the sensing response. In addition, the presence
of p−n heterojunctions contributes to an increase in the
interfacial hole−electron separation rate, which enables the
electrons to be more easily trapped by chemisorbed oxygen.
Consequently, the recovery time is reduced to some extent.

We further investigated the moisture sensing mechanism of
KCl-CuO/SnO2 with CIS diagrams. Figure 6c−e displays the
impedance values of KCl-CuO/SnO2 at various working
frequencies (from 50 Hz to 1 MHz). The CIS curves exhibited
incomplete semicircles in lower humidity environments (11%
RH). This may be attributed to the inherent conductivity of
the KCl-CuO/SnO2 composites, reflecting weak ionic
conductivity at low RH.43 At low relative humidity, the CIS
can be characterized with an equivalent circuit (EC)
comprising a shunt resistor (R) and a capacitor (CPE). With
increases in the RH (from 43 to 97% RH), the CIS curve
exhibited a semicircular tail in the low-frequency region. The
shape became more pronounced with increases in the RH.
This was ascribed to H3O+ diffusion through the KCl-CuO/
SnO2 nanocomposite structure, which was explained by the
Warburg impedance.44,45 CIS at high humidity can be depicted
as EC with parallel capacitance and resistance and series
Warburg impedance (ZW). Consequently, the humidity sensors
based on KCl-CuO/SnO2 composites demonstrated out-
standing sensitivity to humidity, especially at low RH levels.
3.4. Application. Humidity measurements with the KCl-

CuO/SnO2 sensor in ordinary life were investigated to confirm
the ultrahigh sensitivity and rapid response. Figure 7a−c shows
application of KCl-CuO/SnO2 sensors in monitoring nose
respiration. The KCl-CuO/SnO2 sensor distinguished between
different rates of nasal respiration and exhibited different
responses. In addition, the sensor was used to test mouth
breathing and demonstrated extremely good reproducibility
(Figure 7d).

Figure 7e shows that the KCl-CuO/SnO2 sensor was
applicable for determinations of water vapor at different
temperatures. Accordingly, the temperature of the water could
be inferred from the response of the sensor. The KCl-CuO/
SnO2 sensor also showed an excellent response for noncontact
sensing of finger humidity. Figure 7f−h illustrates the
responses of the sensor when the human finger was placed 3
cm, 2 cm, and 1 cm away from the sensor, respectively. Thus,
the KCl-CuO/SnO2 sensor has enormous potential for
application in contactless sensing and other fields. In future
studies, the resistance of the sensor based on KCl-doped CuO/
SnO2 p−n heterostructures must be decreased further to
reduce power consumption. In addition, the response/recovery
time of the sensor must be further shortened for better
performance in monitoring, for example, respiration and
contactless human-computer interactions.

4. CONCLUSIONS
In summary, we have successfully fabricated KCl-CuO/SnO2
composites by ball milling−roasting methods and employed
them for humidity detection. The successful synthesis of the
KCl-CuO/SnO2 composite was demonstrated by SEM, TEM,
XRD, and XPS. Nitrogen adsorption and desorption experi-
ments showed that doping with KCl decreased the specific
surface areas of CuO/SnO2 composites, indicating that KCl
was successfully adsorbed in the porous structure of CuO/
SnO2. The KCl-doped CuO/SnO2 humidity sensor showed a
superb linear response, low hysteresis, strong stability, a high
sensitivity of 194 kΩ/%RH, and a short response time of 1 s.
The water adsorption principles and energy band structure of
the KCl-CuO/SnO2 composites indicated that the excellent
humidity sensing performance originated from the ionic
conductivity of KCl, the formation of heterojunctions, a
change in the Schottky barrier height, and depletion of
electronic depletion layers. These results showed that KCl-
CuO/SnO2 composites are promising humidity sensing
materials that can be used in respiratory monitoring,
contactless sensing, and environmental monitoring.
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