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ABSTRACT: NiO nanocones decorated with ZnO nanothorns on NiO foil
substrates are shown to be an ammonia sensor with excellent comprehensive
performance, which could, in real-time, detect and monitor NH3 in the
surrounding environment. Gas-sensing measurements indicate that assembling
nanocones decorated with nanothorns on NiO foil substrate is an effective
strategy for simultaneously promoting the stability, reproducibility, and
sensitivity of the sensor, because the NiO foil substrate as a whole can quickly
and stably transfer electrons between the gas molecules and the sensing
materials and the large specific surface area of both nanocones and nanothorns
provide good accessibility of the gas molecules to the sensing materials.
Moreover, p-type NiO, with majority charge carriers of holes, has higher
binding affinity for the electron-donating ammonia, resulting in a significant
increase in selectivity toward NH3 over other organic gases. Compared with the NiO nanowires and pure NiO nanocones, the
heterogeneous NiO nanocones/ZnO nanothorns exhibit less dependence on the temperature and humidity in response/recovery
speed and sensitivity of sensing NH3. Our investigation indicates that two factors are responsible for reducing the dependence on
the gas sensing characteristics under various environmental conditions. One is that the n-type ZnO nanothorns growing on the
surface of nanocones, with majority charge carriers of electrons, speed up adsorption and desorption of gas molecules. The other
is that the abundant cone-shaped and thornlike superstructures on the substrate are favorable for constructing a hydrophobic
surface, which prevents the gas sensing material from being wetted.

KEYWORDS: nanocones, nanothorns, heteronanostructure, gas sensors, adsorption and desorption, gas sensing performance

1. INTRODUCTION

Atmospheric environmental pollution has become one of the
most serious issues that every country on earth is facing, which
also has attracted considerable attention from a part of the
scientific community to investigation of various environmental
safety issues.1−5 The major reason for atmospheric pollution is
the release of harmful gases, liquids, and chemicals to the air
through industrial effluents, agricultural chemicals, fertilizers,
and so forth.6,7 Ammonia (NH3) is one of the toxic gases and is
widely employed in refrigeration systems, livestock breeding,
food processing, and fertilizer production.8,9 Generally speak-
ing, exposure at around 50 ppm of NH3 gas in air may cause
acute poisoning or life threatening situations, such as
permanent blindness, lung disease, respiratory disease, skin
disease, and so on.7,10,11 Therefore, it became highly necessary
to design and fabricate a long-term-reliable, highly-sensitive,
miniaturized, room-temperature-efficient, and no-humidity-
impact ammonia gas sensor, which can detect and monitor
NH3 concentration in real time in the surrounding environ-
ment. As a typical novel portable gas sensor with high
performance, a chemical microgas sensor based on a semi-
conducting metal oxide is considered to be the leading
candidate, which relies principally on continuously monitoring

the direct changes of the conductance in adsorption and
desorption of the target gas molecules.12−14 Currently, some
miniaturized chemical gas sensors based on nanoscale semi-
conductors have been successfully obtained and have excellent
sensitivity due to their small size and the highly active surface of
the gas sensing materials.12,13,15 However, there are a number
of obstacles that need to be overcome in order to further
enhance gas sensitive performance and expand the range of
application of such sensors: compatibility between stability and
sensitivity, operability at room temperature, and the influence
of humidity on the magnitude of the sensing signal.
Among these miniaturized gas sensing devices, the first type

of gas sensor was based on NiO films or foils (i.e., two-
dimensional nanomaterials), which owned significant repeat-
ability and stability, but the sensitivity was usually very poor
because of their small specific surface area.16,17 The second type
of gas sensor was based on NiO nanowires or nanotubes (i.e.,
one-dimensional nanomaterials), which had high sensitivity and
fast response, however the stability was poor due to the poor
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interconnection between sensing materials and the electro-
des.18,19 In this work, our group combined NiO foils and NiO
nanocones together to simultaneously promote the stability and
sensitivity of the gas sensor. Furthermore, throughout the
whole development history of oxide sensor, the majority of
these gas sensing devices can carry out only at high
temperature, not used in the existing environment of gas
explosion.20,21 The major issue is that the recovery performance
of sensors is very poor at room temperature because the
desorption of gas molecules adsorbed on the sensor takes a
long time.22,23 To solve this problem, we fabricated the nickel
oxide nanocones decorated with zinc oxide nanothorns on
nickel oxide foil substrates forming heterojunctions in the
micro region, which greatly enhanced the response and
recovery speed via improving electron transport and gas
molecular diffusion in this special open nanostructure.
For commercial applications of gas sensing devices, one of

the greatest obstacles is the influence of humidity on the
magnitude of the gas sensor signal. This is because water vapor
(i.e., humidity) is present in the real environment for detection
or monitoring, and it strongly interacts with the surface or
interface of a metal oxide semiconductor, which leads to a
significant deterioration of the gas sensing properties.24−26

Many strategies have been investigated to enhance response

and recovery speed, for instance, extending the range of
measurement parameters, increasing operation temperature,
using hierarchical nanostructures, and introducing other
species.27−30 For our application, p−n heterojunction combin-
ing with special surface morphology would effectively exclude
the cross-sensitivity between target gas and water vapor via
unique a hydrophobic structure and enhance the response and
recovery kinetics via high efficiency electron transfer. In the
present work, we present a hydrothermal controllable route
combined with high temperature oxidation approach to
fabricate nickel oxide nanocones decorated with zinc oxide
nanothorns on nickel oxide foil substrates and systematically
investigate gas sensing properties of as-fabricated gas sensing
devices. The results showed that the sensor owns excellent
compatibility between stability and sensitivity, operability at
room temperature, and reducing the impact of humidity for
ammonia detection.

2. EXPERIMENTAL SECTION
2.1. Preparation of the Gas Sensing Materials. All the

chemicals involved in this experiment were of analytical reagent
(AR) grade (prurity >99.0%) and were directly used without further
purification. The specific strategies to fabricate the NiO nanocones
decorated with ZnO nanothorns on NiO foil substrates were
summarized as follows: (1) Ni foil was made via refining pure Ni

Figure 1. (A) Flowchart of samples fabrication shows the specific approach of synthesis of NiO nanocones decorated with ZnO nanothorns on NiO
foil substrates. This unique conical structure was fabricated via a hydrothermal controllable reaction combined with a high temperature oxidation
method. (B) Schematic diagram of the assembly processes and configuration of the gas sensing devices, which mainly contained the preparation of
two electrodes and the connection between two edges of as-fabricated NiO foil and the electrodes.
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(99.99%) in an arc furnace, followed via melt-plasma-spraying under
nitrogen-protected atmosphere. As-prepared Ni foils were ultrasoni-
cally washed several times with ethanol, acetone, and distilled water for
30 min, respectively. Then as-treated Ni foils were dipped into the 18
wt % solution of sulfuric acid at 85 °C for 60 min to remove thin
oxidation layer. (2) In a typical procedure of hydrothermal reaction,
0.476 g of nickel chloride hexahydrate (NiCl2·6H2O) was dissolved
into 30 mL distilled water under continuous magnetic stirring, and the
color of the solution changed from colorless to homogeneous grass-
green color within minutes, which demonstrated nickel ions were
dispersed uniformly in the water solution. At this point, 30 mL distilled
water solution of hydrazine hydrate (N2H4·H2O, 85 wt %) were
dropwise added into the above solution. This reaction mixture was
stirred constantly to obtain a homogeneous navy blue solution and
subsequently was transferred into a Teflon-lined stainless steel
autoclave containing as-treated Ni foil to perform hydrothermal
reaction under a constant temperature for a definite time. (3) After the
reaction was completed, step 2 was repeated for the as-fabricated Ni
foil covering with gray−black products, and the NiCl2·6H2O was to be
replaced with 0.273 g of zinc chloride (ZnCl2). The resulting Ni foil
was washed several times using ethanol and distilled water,
respectively, and then, the products were dried in a vacuum oven at
100 °C for 10 h. (4) Following that, the as-fabricated foils were heated
to 450 °C and kept at constant temperature for 8 h in a furnace in

open air, and then, the furnace was cooled down to room temperature
naturally. The resultant gray−green products on the foil substrate were
collected for future characterization. Figure 1A shows the flowchart of
fabrication of the NiO nanocones decorated with ZnO nanothorns on
NiO foil substrates.

2.2. Assembling of the Gas Sensors. For the fabrication of the
gas sensors (see Figure 1B), the as-prepared NiO nanocones decorated
with ZnO nanothorns on NiO foil substrates used for the gas sensing
materials. Specific procedure was as follows: (1) The edges of as-
prepared NiO foil covering with NiO nanocones were polished using
different specification sand paper; the as-polished two sides of NiO
substrate were connected with the positive and negative electrodes
using the homemade silver paste, respectively, and subsequently dried
in the vacuum oven at 80 °C for 3 h. (2) In order to ensure the highest
quality connection between substrate and electrodes, the junctions
were strengthened via sputtering 20 nm pure titanium and 130 nm
pure gold using a patterned mold in a magnetron sputtering apparatus.
(3) The as-fabricated two electrodes were bound to the testing sockets
using micrometer scale gold wires in a welding machine system. The
resultant gas sensors were sonicated in ethanol and distilled washed
and then blown dry with inert argon gas. Finally, heat treatment at 300
°C for 2 h in the vacuum oven was executed in order to optimize the
contact between the gas sensing materials and the electrodes.

Figure 2. Structure and morphology characterization of the heterogeneous NiO nanocones/ZnO nanothorns on NiO foil substrates synthesized via
the two-step hydrothermal reaction combined with subsequent high temperature oxidation method. (A) XRD pattern of the nanocones decorated
with nanothorns confirming formation of cubic structure NiO. (B) EDS analysis confirming that the as-prepared products are composed of only Ni,
Zn, and O elements. (C) SEM image of sample demonstrating nanocones distributing all over the NiO foil surface. (D) High-magnification SEM
image of a single nanocone decorated with nanothorns. (E1, F1) HRTEM images recorded from the tops of both nanocone and nanothorn. (E2, F2)
SAED patterns recorded from both a single nanocone and nanothorn, which show the single crystalline structure. (G) SAED pattern of substrate
confirming that the NiO foil had a cubic structure and there is no other secondary phase.
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3. RESULTS AND DISCUSSION
3.1. Structure and Morphology of Gas Sensing

Materials. Figure 2A shows the XRD patterns of the as-
fabricated heterogeneous NiO nanocones/ZnO nanothorns on
the foil. From the literature (Joint Committee on Powder
Diffraction Standards (JCPDS) card No. 47-1049 and 36-
1451), this mixed diffraction peaks were found to match with
the mixed phases of both the face-centered cubic NiO phase
and the hexagonal wurtzite ZnO phase, indicating that no other
products existed in this heterogeneous nanocomposites. The
texture coefficient of each crystal face of both nanocones and
nanothorns can be calculated via the following formula:

=
∑

×
I I

I I
TC

/

/
100%hkl

hkl hkl

hkl hkl

( ) 0( )

( ) 0( ) (1)

where I(hkl) is the measured relative intensity of a place (hkl)
and I0(hkl) is the standard intensity of the place (hkl) taken from
the JCPDS data. The maximum texture coefficients of both
NiO nanocones and ZnO nanothorns are TC(200)‑NiO = 50%
and TC(002)‑ZnO = 60%, which indicates that the preferred
orientations of both nanocones and nanothorns on different
substrate are (200) and (002), respectively. Energy dispersive
spectroscopy (EDS) analysis (Figure 2B) of the heterogeneous
nanocomposites only revealed the peaks of Ni, Zn, and O,
which further confirms that the as-synthesized NiO nanocones
and ZnO nanothorns are high purity. Figure 2C presents the
scanning electron microscopy (SEM) image of the NiO
nanocones decorated with ZnO nanothorns distributing all
over the NiO foil surface. The NiO nanocones have base

diameters ranging from 100 to 300 nm and heights ranging
from 150 to 400 nm; the diameters of ZnO nanothorns are
about 30−50 nm and the heights can be up to 150 nm, which
are consistent with the calculated values via Scherer’s equation
considering shape factor in our experiment.31 More impor-
tantly, the heterogeneous yield is rather high and the branch is
multitude as is evident from the NiO foil substrate. Figure 2D
clearly demonstrates the morphology of a single nanocone.
From this oblique view image it can be seen that the tip
diameters of both nanocone and nanothorn are about 20 and
15 nm, respectively, and the apex angles of both nanocone and
nanothorn are about 30°. In order to better understand the
internal microstructure of the sharply pointed crystals in more
detail, further high-resolution transmission electron microscopy
(HRTEM) observation from the tops of both nanocone and
nanothorn are shown in Figure 2E1 and F1, which show the
crystal lattice structure. These clear lattice fringes indicate that
the entire nanocone or nanothorn is single crystal structure,
and no visible line or planar defects imply the high crystallinity
of both NiO nanocone and ZnO nanothorns. These crystals are
imaged to have nearly parallel lines, which are atomic planes
separated via about 2.1 and 2.6 Å in Figure 2E1 and F1,
corresponding to both the {200} planes of face-centered cubic
NiO crystal and the {002} planes of hexagonal wurtzite ZnO
crystal, respectively. Both the HRTEM images and SAED
patterns demonstrate that the growth orientations of both NiO
nanocone and ZnO nanothorn are along the [200] and [0002]
directions, respectively, corroborated via above XRD results.
The corresponding selected area electron diffraction (SAED)
pattern of the heterogeneous nanocomposites is shown in

Figure 3. Stability and sensitivity test of sensors based on NiO gas sensing materials: conductance change of NiO foil, NiO nanowires, and NiO
nanocones decorated with ZnO nanothorns on NiO foil substrates in dry atmosphere to 50 ppm (A1−A3) and different concentrations (B1−B3) of
NH3 at room temperature.
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Figure 2E2 and F2. These pattern spots also demonstrate the
single crystal of both nanocone and nanothorn, and pattern
spots can readily be indexed as (111), (200), and (220) of the
face-centered cubic NiO and (100), (002), and (102) of the
hexagonal wurtzite ZnO. The SAED pattern of NiO foil shown
in Figure 2G, confirming that the NiO foil had a cubic
structure, and there is no other secondary phase, which
provides excellent growth substrate for nanocones decorated
with nanothorns.
3.2. Stability and Sensitivity of the Gas Sensor. Figure

3A1−A3 shows the dynamic sensing transients of gas sensors
based on NiO foil (Figure S1, Supporting Information), NiO
nanowires (Figure S2, Supporting Information), and NiO
nanocones decorated with ZnO nanothorns in a dry
atmosphere to 30 ppm of NH3 at room temperature. From
the sensing transients, the NiO foil sensor has the shorter
response time (20 s) and stable sensitive signals, because the
bulk foil as a whole was able to quickly and stably transfer
electrons between the gas molecules and the sensing materials.
However, the gas sensitivity of this type of sensor is only about
10% (Figure 3A1). In contrast, the NiO nanowires sensor
needs a longer response time (40 s) and its stability is poor
(existing response errors); however, its sensitivity reaches up to
30% to 30 ppm of NH3 (Figure 3A2), because the large specific
surface area of NiO nanowires provided good accessibility of
the gas molecules to the sensing materials.32 These test results
confirm the limitations of the pure components (such as a
traditional bulk material or a nanomaterial) to act as ammonia

sensors at room temperature. Therefore, our group combined
the NiO foil and nanocones together to assemble the
composite sensing materials, which simultaneously promotes
the stability and sensitivity of sensor. As shown in Figure 3A3,
when the sensor was exposed to 30 ppm of NH3 in dry air, its
conductance change displayed a significant decrease immedi-
ately with about 20 s. In contrast, when the flow of the NH3

was switched off and that of air switched on, the conductance
change recovered to its original value within about 90 s.
Meanwhile, the sensor response and recovery were stable. The
sensitivity and stability of the sensor were further examined
upon consecutive exposure to different concentrations of NH3

(Figure 3B1−B3) at room temperature. Linear behavior was
observed for the sensitivity of the above three type sensors over
the concentration range of 15−75 ppm for NH3 in a dry
atmosphere, which demonstrated the sensitivity increase with
the increase of NH3 concentration. Among them, the linear
slope of sensitivity−concentration curves for sensors based on
NiO nanowires and nanocones was found to be higher than
that for the sensor on NiO foil. The sensitivity is related to the
overall surface area of sensing materials and the concentration
of gas molecules absorbed on the surface.33 In addition, the
sensitivity of the sensor based on NiO nanowires to 30 and 60
ppm was significantly higher than the linear value, which
illustrated instability of sensitive signals. These results suggest
that the assembling of NiO nanocones on NiO foil is an
excellent strategy for simultaneously promoting the stability
and sensitivity of the sensor.

Figure 4. Selectivity and reproducibility test of the gas sensors based on NiO nanocones decorated with ZnO nanothorns. (A) Sensitivity (upper
panel), response time (middle panel), and recovery time (bottom panel) of sensors in a dry atmosphere to different organic gases at room
temperature. The concentration of NH3 is 50 ppm, and the concentration of other organic gases is higher than 300 ppm. (B) Reproducibility of gas
sensor in dry atmosphere to 50 ppm of NH3 at room temperature.
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3.3. Selectivity and Reproducibility of the Gas Sensor.
Selectivity is one of the most important gas sensing properties
of a sensor, which relies mainly on the specific interactions
between the sensing materials and the target gas molecules.
The gas sensing properties of a sensor based on NiO
nanocones decorated with ZnO nanothorns toward a variety
of toxic, corrosive, and flammable gases including ammonia,
chloroform, toluene, ethyl acetate, formaldehyde, iso-propanol,
dichloromethane, and heptane were explored to evaluate the
selectivity of the sensor. The specific sensor parameters
(sensitivity, response time, and recovery time) at room
temperature are displayed in Figure 4A. Remarkably, the gas
sensor based on nanocones decorated with nanothorns
exhibited excellent selectivity to NH3 when exposed to these
interfering gases. For example, the sensitivity of sensors to 50
ppm of NH3 was about 42%, whereas that sensitivity was less
than 9% to a higher concentration (>300 ppm) of other gases.
Furthermore, the response and recovery time to NH3 are
smaller than that of other organic gases. Several reasons might
account for the excellent selectivity NH3: first, every molecule
of ammonia owns a lone electron pair and can readily donate
the unpaired electrons (strong electron donating ability). The
donating electrons could be transferred from the ammonia
molecule to the gas sensing material, leading to a significant
conductance change of the sensor.34,35 Second, in a p-type
semiconductor, holes are majority carriers. Therefore, p-type
NiO nanocones might have higher binding affinity for the
electron-donating ammonia. Last, the large active surface areas
of the nanocones decorated with nanothorns available for direct
sorption of ammonia molecules exist on the sensing materials;
that is, selective physisorption to ammonia is also a key factor.35

Reproducibility is another key criterion for practical sensor
applications, which is related with various factors including the

connecting stability of sensing materials, contact stability
between sensing materials and electrodes, and storage stability
in air. Connecting and contact instability generally result in
measurement error and can give fake response and recovery
signals. Figure 3A3 and B3 clearly demonstrates that our sensor
has excellent connection and contact stability. Therefore, we
only tested the storage stability of the sensor in a dry
atmosphere through repeatedly exposing it to 50 ppm of NH3
at room temperature, as shown in Figure 4B. After storage in
dry air for 10−20 days, the gas response of sensors was still
maintained at about 42%, and the recovery abilities were not
reduced after three sensing cycles (Figure 4B). More
importantly, the response and recovery time were also kept at
about 27 and 150 s, respectively, which indicated that the
sensor based on NiO nanocones decorated with ZnO
nanothorns has excellent reproducibility and reversibility
under storage conditions.

3.4. Operability of the Gas Sensor at Room Temper-
ature. As known, the common gas sensors are generally
sensitive to working temperature. Therefore, we further
investigated effects of operating temperature on sensor
performances and expected that the sensor based on NiO
nanocones decorated with ZnO nanothorns on NiO foils would
show excellent gas sensing performance due to their p
(NiO)−n (ZnO) heterojunction characteristics at room
temperature. As shown in Figure 5A1 and A2, the response
time of the sensors based on NiO nanowires (Figure S2,
Supporting Information) and pure NiO nanocones (Figure S3,
Supporting Information) gradually increases from 45 to 75 s to
50 ppm of NH3 with increasing temperature (25−225 °C). In
contrast, as shown in Figure 5B1 and B2, the recovery time of
the corresponding two types of sensors linearly decreases from
2 h to 240 s with the increase of temperature (25−225 °C).

Figure 5. Operability of the gas sensor at room temperature. The response time (A1−A3) and recovery time (B1−B3) of gas sensors based on NiO
nanowires, NiO nanocones on NiO foil substrates, and NiO nanocones decorated with ZnO nanothorns on NiO foil substrates in a dry atmosphere
to 50 ppm of NH3 at 25−225 °C. Compared with the NiO nanowires and nanocones, the heterogeneous nanocones/nanothorns exhibit less
dependence on the working temperature in response/recovery speed, which could meet the requirements of routine testing.
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This test result confirms that the operating temperature could
influence gas sensing performance. However, in Figure 5A3 and
B3, it can be found that the response and recovery time of
sensor based on NiO nanocones decorated with ZnO
nanothorns at higher temperatures than room temperature is
still maintained at 27 and 150 s, respectively, which is
consistent with test results at room temperature. Moreover, it
should be noted that the sensor based on NiO nanocones
decorated with ZnO nanothorns has shorter response and
recovery times at room temperature, compared to sensors
based on NiO nanowires or pure NiO nanocones. These results
indicate that the response and recovery speeds of a sensor
based on NiO nanocones decorated with ZnO nanothorns are
almost not temperature dependent in our experiments; in other
words, this sensor can work stably and effectively at room
temperature, and no additional energy is need, which is very
important for the practical applications of sensor. On the other
hand, the above results also confirm that our p−n
heterojunction-based sensors are workable in a temperature
range of 25−225 °C, which could meet the requirements of
routine testing.
High performance NH3 sensing mechanism of (p-type) NiO

nanocones decorated with (n-type) ZnO nanothorns on NiO
foil substrates at room temperature involves adsorption and
desorption of ammonia molecules on the metal oxide
semiconductor surfaces and charge transfer between the surface
of the sensing materials and the gas molecules, which leads to
changes in its charge carrier concentrations and electrical

conductivity.36−39 When a p-type NiO semiconductor, with
majority charge carriers of holes, is exposed to open air, the
oxygen molecules adsorbed onto the NiO surface and
chemisorption proceeded via the transfer of electrons from
the surface to the oxygen molecules,40 leading to increased
carrier (hole) concentration near the surface and, consequently,
decreased resistance. However, when this p-type NiO sensor is
exposed to NH3, the ammonia could catalytically react with the
adsorbed oxygen via the transfer of electrons from the ammonia
molecules to the NiO surface, leading to decreased carrier
(hole) concentration near the surface, resulting in an increase
in resistance of the sensing materials. In addition, if the electron
density is high on the surface of gas sensing materials, the speed
of adsorbed oxygen molecules becomes very fast. In NiO
nanocones decorated with ZnO nanothorns, negative electrons
of the n-type ZnO work as majority charge carriers, which can
lead to quick adsorption of oxygen on the surface of
nanothorns, thus speeding up the response speed of this
sensor. It is well-known that the ammonia molecules can easily
react with oxygen because the ammonia molecule owns a lone
electron pair; that is, the recovery speed to NH3 could be
enhanced via assembling ZnO nanothorns on the surface of
NiO nanocones.

3.5. Influence of Humidity on the Gas Sensing
Performance. In order to investigate the influence of humidity
on sensor signal, the sensitivity of gas sensors based on NiO
nanowires (Figure S2, Supporting Information), NiO nano-
cones (Figure S3, Supporting Information), and NiO nano-

Figure 6. Influence of humidity on the gas sensing performance of sensors. (A1−A3) Sensitivity of gas sensors based on NiO nanowires, NiO
nanocones on NiO foil substrates, and NiO nanocones decorated with ZnO nanothorns on NiO foil substrates in different relative humidity (R.H.)
atmospheres to 50 ppm of NH3 at room temperature. (B1−B3) Real-time response curves of different sensors in dry atmosphere and 20% R.H. to
50 ppm of NH3 at room temperature.
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cones decorated with ZnO nanothorns on NiO foil substrates
were measured in different relative humidity (R.H.) atmos-
pheres to 50 ppm of NH3, as shown in Figure 6A1−A3. The
sensitivity of nanowires sensor and pure nanocones sensor
gradually decrease from quite a maximum value (42%) to a low
value (23%) to 50 ppm of NH3 with increasing relative
humidity (0−40%). However, the sensitivity of sensor based on
NiO nanocones decorated with ZnO nanothorns maintained at
around 42% under the same conditions. This result indicates
that the abundant cone-shaped and thorn-like superstructures
on substrate are favorable for the constructing hydrophobic
surface; available gas is trapped in spaces between the
nanocones and nanothorns to form a gas-pocket at the rough
surface water interface that prevents the gas sensing material
from being wetted as much as possible.41,42 To further uncover
the extent of influence of humidity on the gas sensing
performance, we investigated the dynamic sensing transients
of the three type sensors in dry and 20% relative humidity
atmospheres at room temperature (Figure 6B1−B3). Specifi-
cally, the sensitivity of the nanowires sensor and pure
nanocones sensor to 50 ppm of NH3 in dry atmosphere were
all about 42%. In 20% R.H., the gas responses decreased by
about 6% and 5%, respectively, compared with the sensitivity in
dry atmosphere, which illustrates that the gas response of these
two type sensors depends critically on the relative humidity.
However, for the sensor based on NiO nanocones decorated
with ZnO nanothorns, the sensitivity was not significantly
changed at 42%, that is, the gas response became less
dependent on the humidity. In practical applications, the
highly reliable gas sensor with little or no dependence on
humidity is extremely important, which will significantly
increase the credibility and fidelity of sensitive signals and
thus could open a new paradigm for the high performance gas
sensor.

4. CONCLUSIONS
In summary, NiO nanocones decorated with ZnO nanothorns
on NiO foil and their NH3-sensing devices have been
successfully fabricated. SEM observations reveal that the NiO
nanocones have heights in the range 150−400 nm with base
diameters varying from 100 to 300 nm and the ZnO
nanothorns have heights of about 150 nm with base diameters
varying from 30 to 50 nm. Combined XRD, EDS, HRTEM,
and SAED demonstrate that the growth orientations of both
NiO nanocone and ZnO nanothorn are along the [200] and
[0002] directions, respectively. The gas sensing measurements
show that the assembling NiO nanocones decorated with ZnO
nanothorns on NiO foil substrate is an excellent strategy for
simultaneously promoting the stability (almost no signal
fluctuation) and sensitivity (reaches up to 30% to 30 ppm of
NH3) of sensor. Meanwhile, the gas response of this type of
sensor is almost not temperature (the response and recovery
times were maintained at 27 and 150 s to 50 ppm of NH3 at
different temperatures) and humidity (the sensitivity was
maintained at around 42% to 50 ppm of NH3 under the
different humidity) dependent. In addition, we found that this
sensor with unique gas-sensing materials also had excellent
reproducibility and reversibility under storage conditions, fast
response/recovery speed, high sensitivity, and good selectivity
toward NH3 over other organic gases.
The method of assembled nanocones decorated with

nanothorns on foil substrate provides a significant impact for
improvement and increased versatility in the fabrication of

various structural and functional nanomaterials. Furthermore,
the credibility, fidelity, and availability at different temperatures
and humidities of gas sensing devices may pave an avenue
toward low-cost, fast, and portable electronic noses for
environmental monitoring.
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