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a b s t r a c t

In this work we have grown particular zinc oxide two-dimensional nanostructures which are essentially
a series of hexagonal very thin sheets. The hexagonal wurtzite crystal structure gives them their peculiar
shape, whose dimensions are few microns wide, with a thickness in the order of 25 nm. Such kind of
nanostructure, grown by thermal oxidation of evaporated metallic zinc on a silica substrate, has been
used to fabricate conductometric gas sensors, investigated then for hydrogen gas detection. The
“depletion layer sensing mechanism” is clarified, explaining how the geometrical factors of one- and
two-dimensional nanostructures affect their sensing parameters. The comparison with one-dimensional
ZnO nanowires based structures shows that two-dimensional nanostructures are ideal for gas sensing,
due to their tiny thickness, which is comparable to the depletion-layer thickness, and their large cross-
section, which increases the base current, thus lowering the limit of detection. The response to H2 has
been found good even to sub-ppm concentrations, with response and recovery times shorter than 18 s in
the whole range of H2 concentrations investigated (500 ppb–10 ppm). The limit of detection has been
found around 200 ppb for H2 gas even at relatively low working temperature (175 1C).

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Gas sensors are needed in a broad range of applications: homeland
security, industrial safety, automotives, medical diagnosis, environ-
mental monitoring etc. [1]. Hydrogen (H2) is one of the most useful
gases, being used in many chemical processes and various fields
including aerospace, medical, petrochemical, transportation, and
energy [2–5]. In recent years, H2 has attracted a large amount of
attention as a prospective clean energy source. However, it is a low
molecular weight gas and can easily leak out and may cause fires or
explosions. Furthermore, hydrogen gas is tasteless, colorless and
odorless so it cannot be detected by human beings. Its low ignition
energy and wide flammable range make it easily inflammable and
explosive. Therefore rapid and accurate hydrogen detection is neces-
sary during the production, storage and use of hydrogen. In the
scenery of gas-sensing technologies, conductometric metal-oxide gas
sensors are widely used due to their high and fast response and simple
device structures that allow portable applications [6,7]. Since the work
of Seiyama [8], many scientists investigated the sensing properties of
different metal oxides for different gases, trying to find the best
materials and architectures. Zinc oxide, one of the most studied metal
oxides is a multifunctional semiconductor among the most promising

materials for gas sensor applications [9,10], also for its stability, safety
and biocompatibility [11]. ZnO gas sensors were in the past fabricated
in the form of pellets or thick films. An improvement was then
obtained using thin films. Indeed, in comparison with conventional
sintered bulk gas sensors, thin film gas sensing materials have better
performance. More recent research has been devoted towards zinc
oxide nanoparticles, since reactions at grain boundaries and complete
depletion of carriers in the particles can modify more strongly the
conductivity. Unfortunately, the high temperature required for the
surface reactions to take place induces a grain growth by coalescence
and avoids the achievement of stable conditions [12,13]. For this
reason the latest research focused on nanowires and nanorods, that
combine tiny dimensions similar to the depletion layer thickness
[14,15] and a much better thermal stability. Such kind of quasi-one-
dimensional nanostructures reach good response values, but usually
the low base current does not permit them to have a good limit of
detection (LoD), which is a very important parameter for applicative
sensors. For example, Hassan and coworkers have investigated vertical
and oblique ZnO nanorods as hydrogen gas sensor, obtaining good
response values, but long response and recovery times (176 and 116 s,
respectively), and a LoD of 150 ppm [16]. Other recent papers are
compared with present results along the paper (see Tables 1 and 2). To
our knowledge, no works have been focusing yet on two-dimensional
nanostructures. In this work, we report the growth of zinc oxide
nanohexagones: wide hexagonal sheets which are few microns wide
and around 25 nm thick. Such kind of nanostructure is useful for
investigating how two-dimensional nanostructures compared to
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one-dimensional counterparts (nanowires) when used in gas sen-
sing applications. The depletion layer modulation model affects
differently the geometries of one- and two-dimensional nanostruc-
tures, influencing their sensing performance. It will be shown that a
lower sensor response is balanced by a better limit of detection.

2. Materials and methods

2.1. Nanostructures growth

A two-step process has been used to grow the nanohexagones:
a thermal evaporation of pure metallic zinc (Z99.99%, Sigma-
Aldrich) onto a Si/SiO2 substrate (Siltronix), followed by the
thermal oxidation in a horizontal furnace (Lingdberg Blue M).
The Si/SiO2 wafer (thermally deposited SiO2 was 300 nm thick)
was cut in small 10�10 mm2 substrates and deposited with
around 200 nm of pure zinc. After that the zinc-deposited sub-
strates were loaded in an alumina boat. The boat was then
introduced in a quartz tube inserted in a horizontal furnace
connected to a vacuum system. The whole apparatus was evac-
uated at its limit pressure (around 5�10�4 mbar) and purged
with nitrogen (99.9999%, SIAD) three times. After that a mixture of
oxygen (5%) in nitrogen was flown inside the quartz pipe through
a valve, and the pressure was maintained at 5 mbar. The thermal
oxidation process was then carried out rising the temperature to
its maximum in 15 min, maintaining it for 2 h, and then cooling
down slowly. The substrates were positioned in the center of the
furnace and the temperature was chosen in a range from 75 to
350 1C, with an error of less than 70.5 1C. The temperature
calibration inside the tube was achieved by scanning a thermo-
couple along the length of the tube under flow and temperature
identical to those of the growth conditions. The samples, once
taken out of the quartz pipe, showed a very light gray cover,
composed of zinc oxide nanostructures. The optimization of the
growth parameters gave as a final result hexagonal two-
dimensional nanosheets which show a large surface/volume ratio
because of its nano-on-microstructure. Changing the parameters
we would obtain different ZnO nanostructures like nanorods,
nanoblades, nanowires etc.

2.2. Nanostructures characterization

Scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), energy-dispersive
X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy
(XPS) analysis were used to characterize respectively the morpho-
logical, structural and compositional properties of the hexagonal
nanostructures. Field emission scanning electron microscopy
(FE-SEM) analysis was carried out using a Jeol JSM-7001F operated
at 15 kV. Fig. 1a shows a scanning electron micrograph of the ZnO
nanohexagones, evidencing their uniformity and size homogene-
ity. Nanohexagones are wide (few microns in diameter), thin
(around 25 nm thick) and present a homogeneous porosity.
Transmission electron microscopy was performed using a Tecnai
G2 SuperTwin, operated at 200 kV. Fig. 1b shows a high resolution
image (HR-TEM) of a nanohexagon edge, in which the lattice
fringes are clearly visible, proving the good crystallinity of the
nanostructures. XRD spectra were collected in Bragg–Brentano
geometry with a PANalytical X'Pert Pro diffractometer. A Cu anode
with wavelength of 1.5406 Å was used. The step size was 0.051
(2Θ) and the average time was 60 s/step. Fig. 2a shows a typical
XRD pattern in logarithmic scale. The well defined peaks (sharp
and intense in linear scale) confirm the good crystalline nature the
nanostructures as wurtzite (hexagonal) ZnO with lattice constants
of a¼3.249 Å and c¼5.206 Å, consistent with the standard values

in the standard data (JCPDS 36-1451 card). The comparison
between the standard card and the experimental spectrum shows
a very intense peak originated from (002) reflection, which
identifies it as the preferred growth direction of the sheets.

Peaks of relatively low intensities (o10%) corresponding to
(100), (101), (102), (110), (103), (200), (112) and (201) planes are
also present. No extra peaks related to any impurity were
observed. This confirms that the as-synthesized ZnO nanostruc-
tures are pure wurtzite-type ZnO. The texture coefficient as a
function of the lattice direction is shown in Fig. 2b, where the high
directionality of the spectrum can be easily noticed. The texture
coefficient has been calculated to describe the preferential orien-
tation (hkl) using the following expression [17]:

TC ¼
IðhklÞ=I0ðhklÞ

1=∑NIðhklÞ=I0ðhklÞ
ð1Þ

where N is the number of diffraction peaks, I(hkl) and I0(hkl) are,
respectively, the measured and corresponding recorded intensities
according to JCPDS (36-1451) card. The value of the texture
coefficient indicates the maximum preferred orientation of the
films along the diffraction plane.

Fig. 3 reports a typical EDS spectrum, which identifies the
nanostructures material as ZnO with a good stoichiometry (O:
4971 at%/Zn: 5171 at%).

Elemental compositions and purity of ZnO nanohexagones were
also studied by XPS analysis. XPS measurements were performed
VG ESCA LAB MK II spectrometer using Al Kα (1486.6 eV) radiation
from an X-ray source operated at 12 kV, 10 mA. The binding
energies in all the XPS spectra have been calibrated using that of
C 1s (284.6 eV). High resolution spectra for Zn and O are shown in
Fig. 4(a) and (b). The spectrum in Fig. 4(a) shows two significant
binding energy peaks at 1021.9 and 1044.9 eV corresponding to the
electronic states of Zn 2p3/2 and Zn 2p1/2 respectively. The energy
difference between these two peaks is 23.04 eV, which agrees well
with the standard value of 22.97 eV [18]. The O 1s peak is located at
530.6 eV. The spectrum shows an intensity asymmetry towards
high energy. This could be explained by a lower oxygen presence,
due to a superficial deviation from stoichiometry. The Zn/O ratio
was calculated by selecting the Zn 2p3/2 and O 1s line peaks. All the
samples showed values in the range 1.9–2.2. Both XRD and XPS
measurements confirm that nanohexagones are pure ZnO.

2.3. Gas sensing experiments

Gas sensing properties of the ZnO nanohexagones were tested
in a home-built apparatus including a test chamber, a sensor
holder which could be heated up to 500 1C, mass flow controllers
(connected to high purity calibrated bottles), a Keithley 2410
multimeter, a Keithely 6517A electrometer, and a data acquisition
system (LabView, National Instruments). To achieve a good contact
for the electrical measurements, two thin electrodes of pure gold
(499.99%, Sigma Aldrich) were thermally evaporated through a
shadow mask letting a channel of 50 microns between the two
“pads”. The gold electrodes were then contacted via two passive
micromanipulators.

The device was first biased with 1 V voltage and operated in a
temperature-controlled atmospheric pressure of dry air (79% nitrogen,
21% oxygen). A voltage ranging from �1 V to þ1 V has been applied
to the sensors in different hydrogen concentration conditions, at room
temperature. A very good ohmic behavior can be observed in Fig. 5,
which is necessary to the sensing properties since the response of a
gas sensor can be maximized when themetal–semiconductor junction
is ohmic or has a negligible junction resistance.

The resistance of the sensors was in the 100–800 kΩ range under
dry air atmosphere at 75–350 1C. Before starting the measurements,
the gas sensors underwent a thermal conditioning at 350 1C at 1 V in
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dry air (500 sccm in total, 79% nitrogen, 21% oxygen) for 5 h, to make
their microstructure steady and thus improve the repeatability of the
tests. Such a conditioning balanced indeed the presence of oxygen
adatoms on the ZnO nanohexagones surfaces, thus stabilizing the
standard depletion layer [19]. The sensing performance of the ZnO
devices are investigated with an operating voltage of 1 V between the
electrodes.

3. Results

3.1. Working temperature

The first experiment was investigating the response of the
sensors as a function of the working temperature in the range
from 75 1C to 350 1C. The best working temperature is indeed an
important parameter for such a kind of gas sensor, mainly because
of the power consumption needed to heat it up. The sensor
temperature was thus controlled by a feedback on the thermo-
couple inside the sensing chamber. The resistance of the sensors in
dry air or in test gases could be measured monitoring the output
current across the sensor.

Fig. 6 shows the response of the ZnO nanohexagones-based gas
sensor to 500 ppm of hydrogen, as a function of working tem-
perature. It shows the influence that working temperature has on
the response of the sensor for 500 ppm of hydrogen in dry air. The
sensor response exhibits a peak at 175 1C, with a response value of
5.37. In this paper we use the definition of sensor response, as
SR ¼ Rair=RH2 where Rair and RH2 are, respectively, the resistance of
the nanowires exposed to dry air without and with hydrogen gas.

As can be seen in Fig. 6, the sensors response starts under
100 1C but their response greatly improves over 150 1C, reaching a
relative maximum at 175 1C, with the highest response value
of 5.37 for 500 ppm H2 in dry air. For the previously menti-
oned considerations, 175 1C has been chosen as the working
temperature.

The optimal operating temperature of nanohexagones hydro-
gen sensors (175 1C), revealed by response measurements at
different temperatures, fully matches with the transition tempera-
ture at which some kind surface states are replaced with others.

This bell shaped dependence of sensor response on working
temperature appears due to two competing processes: (a) the
reaction of hydrogen gas with oxygen centers O� on the surface of
the zinc oxide, leading to the increase of conductivity, and (b) gas

Fig. 1. Electron microscopy images of the samples. (a) SEM image of the ZnO nanohexagones forest; and (b) TEM image of a single nanostructure.

Fig. 2. (a) Logarithmic scale XRD pattern of the ZnO nano-hexagones with a standard reference (red lines); and (b) texture coefficient evidencing the preferential orientation
of the nanostructures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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desorption from its surface. So long as the reaction rate constant
rises along with temperature, the equilibrium concentration of gas
on the surface of the metal oxide nanostructures decreases due to
an increase in the desorption rate [20–22].

3.2. Hydrogen response

All the experiments have been implemented at 175 1C, as it has
been found the optimal working temperature for such kind of
sensing devices (good balance between sensor performance and
low temperature, meaning low power consumption and wider
usability). The devices have been tested with different concentra-
tions of hydrogen gas in dry air, ranging from 500 ppb to 500 ppm
(see Fig. S1 in Supporting information). Fig. 7 shows the response
and recovery of ZnO nanohexagones upon exposure to 0.5, 1, 2, 5,
and 10 ppm hydrogen at the work temperatures of 175 1C
(dynamic change of current is shown in Fig. S2 in Supporting
information).

In the absence of hydrogen gas flow in the chamber, the
resistance measured was high and steady. However, when hydro-
gen gas was injected in the chamber, the resistance of the sensor
changed abruptly.

It is also observed that the response increases linearly as a
function of hydrogen concentration in the measured range (up to
500 ppm). The initial resistance is steady, and the response and
recovery is rapid. As indicated by Fig. 7, the fabricated sensors
show a clear and fast resistance change even to 500 ppb hydrogen.
It is known that semiconducting oxide gas sensors operate on the
basis of the electrical properties variations of an active element,
triggered by the adsorption of an analyte on the surface of the
sensor.

When a ZnO nanostructured sensor is exposed to air, an O2

molecule adsorbs on the surface of the ZnO nanostructures and
forms an O2

� ion by draining an electron from its conduction band.
Thus, ZnO nanostructures show a high resistance state in air
ambient. When the ZnO nanostructured sensor is exposed to a
reductive gas like hydrogen at moderate temperature, the gas
reacts with the surface oxygen species, which decreases the
surface concentration of O2

� ions and increases the electron
concentration. This in the end raises the conductivity of the ZnO
nanostructures. In the case of ceramic or film, the electrical
alteration only takes place in the grain boundary or porous surface.
In the case of narrow ZnO nanostructures, it is expected that the
electronic transport properties of most of the nanostructure
section will change. The large portion of the nanostructure section
which is depleted of charge carriers explains why ZnO nanostruc-
tures always show higher sensing performance compared to thin
film or bulk sensors. The inset in Fig. 7 shows a zoom of the curve,
in order to better illustrate the complete response and recovery of
the sensor, and give a qualitative view of the response and
recovery times. A comparison of present results with recent
literature is reported in Table 1. Response and recovery times will
be better discussed in a subsequent section.

As can be seen in Table 1, the sensor response of nanohexagones-
based devices is comparable but not higher than the values found for
one-dimensional nanowires and nanorods working at a similar

Fig. 3. Compositional analysis: EDS pattern of the nano-hexagones, confirming the
presence of only O and Zn and the good stoichiometry of the ZnO nanostructures.

Fig. 4. XPS spectra of zinc and oxygen, showing a superficial deviation from
stoichiometry.

Fig. 5. Typical I–V curves of the nanohexagones sensors in dry air and in different
concentrations of hydrogen.

Fig. 6. Sensor response of the ZnO nano-hexagones devices to 500 ppm H2 as a
function of working temperature.
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operating temperature, as expected from geometrical considerations
on its cross-section.

3.3. Response reversibility

The initial thermal annealing at a high temperature in dry air
renders the nanohexagones systems very stable [39]. Their
responses are, thus, reversible and reproducible even during
different gas cycles, as shown in Fig. 7.

Reproducibility was observed as second pulses of 500 ppb and
1 ppm hydrogen gas were introduced into the sensor chamber. It
was found that the ZnO nanohexagones-based sensor produce
repeatable responses of the same magnitude with good baseline
stability. Response reversibility is a very important but under-
evaluated parameter, because a low reversibility means a high
drift in the sensor response, which makes harder its usage and real
application. In order to evaluate the reversible degree of a sensor
response, the percentage recovery degree %R will be used in this
work, where %R¼(R� I)/I�100 and I is the response intensity. The
sensors investigated showed a maximum %R of 4% in the worst
condition (500 ppb response). Such a small value proves the good
performance of the sensors over time. The sample resistance and
the sensor response have been tested over a 3 weeks period in
ambient air at 175 1C, as shown in Fig. 8.

There is no evidence that the sensors based on ZnO nanohex-
agones suffer from long-term drift of resistance or a performance
degrading in our experiments. Such good reversibility and stability
values are very important for the gas sensor to be used in real
world practical applications.

3.4. Response and recovery times

It is well known that response and recovery behavior is an
important characteristic for evaluating the performance of gas
sensors.

The response time has been here defined as the time required
for the response to reach 90% of the equilibrium value after
hydrogen gas was injected, and the recovery time was the time
necessary for a sensor to attain a response 10% above its original
value in dry air. As can be seen in Fig. 9, the response times ranged
from 7.5 s for 5 ppm to 17.5 s for 500 ppb. The recovery times were
a bit longer, ranging from 11.5 s for 5 ppm to 17.5 s for 500 ppb.
These times are the result of an intrinsic convolution of the sensor
response time and the test chamber filling and evacuating time. In
our case, considering the test chamber volume of 50 cm3 and the

Fig. 7. Dynamic response of ZnO nano-hexagones sensors working at 175 1C while
different concentration of hydrogen are injected and evacuated. The zoom in the
inset shows the response and recovery times calculation.

Fig. 8. Sensor response as a function of time along a three weeks period. The
sensor was tested in dry air with 500 ppm H2 at 175 1C.

Table 1
Gas response values at different H2 concentrations, from different recent papers.

H2 concentration
(ppm)

Working temperature (1C)

300 200 200 200 250 RT 250 175 225 25 25 25 25 25 150 300 400 25 150 200

0.5 1.007
1 1.012
2 1.024
5 1.044 0.12
10 1.089
20 0.17
40 0.18
50 2.6 1.572 50
60 3.1
80 4.6 0.37 0.34 10
100 5.3 2.043 0.01 0.22
150 3.2 8.5 3.021 0.04
200 4.5 1.45 1.019 5.370 0.18
500 7.0 1.59 2.2 1.025 1.39 0.30 0.43 7.6
1000 1.78 1.79
1500 1.044 1.92
2500
20000 0.42 1.4 1.75
Ref. [23] [24] [25] [26] [27] [28] [29] Present work [30] [31] [32] [33] [34] [35] [8] [36] [37] [38]
Year 2009 2009 2011 2010 2010 2010 2006 2013 2008 2007 2012 2010 2013 2013 2006 2010 2013
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inlet gas flow of 500 sccm, a filling time of 6 s can be calculated.
This time is shorter than the response times obtained for the total
system (sensor plus test chamber), meaning that the sensors
response times would be even shorter. The V behavior of response
and recovery times in Fig. 9 can be ascribed to a competition
between two processes. A higher concentration of gas molecules
in the same sensing chamber volume can favor a faster response
time, because a higher metal oxide surface is affected by the gas
molecules reactions. When the concentration reaches a threshold
(which depends on the specific system characteristics), the diffu-
sion rate of the gas molecules becomes more important and can
limit the overall sensing reaction speed.

These time periods were much shorter compared with the
average times for nanowires-based devices from recent literature,
as can be seen in Tables 2 and 3. Their rapid responses and
recoveries even at very low hydrogen concentrations make nano-
hexagones the ideal choice for real-time sensing in many fields
and applications.

When reducing gases like hydrogen are detected using n-type
oxide semiconductor gas sensors, the recovery time values are
usually longer than the response time values [40,41]. This can be
seen also comparing the respective values in Tables 2 and 3, where
the recovery times are slightly slower than response times, and
can be explained by the noticeably slower series surface reactions
to form O� adatoms during the recovery, compared to the
oxidation reaction of reducing gas by O� ads. In pure ZnO, a series
of reactions are necessary for the recovery, as following:

(1) desorption of H2O, (2) diffusion of oxygen to the sensing
surface, (3) adsorption of oxygen gas, (4) dissociation into atomic
oxygen on the surface, and (5) ionization to negative charge of
surface oxygen (O� ads).

3.5. Sensitivity

As can be qualitatively noticed in Fig. 7 (and in better detail in
Fig. S3, in Supporting information), the sensor response increases
linearly in the 0–2 ppm range and then starts to decrease. The first
derivative, or slope, of the curve in Fig. S3 gives the sensitivity value.

In our case, the sensor sensitivity was 0.012 ppm�1 up to 2 ppm
and then it decreases to 0.008 ppm�1 in the range 2–10 ppm. This
indicator has an important meaning: it indicates how precise can be
the sensor in giving the analyte concentration.

3.6. Limit of detection

Along the lowest H2 concentration tested, the current variation
increases linearly from zero to 2 ppm as a function of the H2

concentration (Fig. S3, in Supporting information), and then starts
to be slightly less sensitive. Using a linear fit on the initial part of
the curve, and taking into account that the current noise is about
1.34�10�3 mA (a definition of three times the standard deviation
s of the signal has been used in this work), an hydrogen limit of
detection (LoD) lower than 200 ppb is obtained. Such small LoD
value allows to detect a leak at the beginning, and is very
significant in a range of applications related to safety. This value
is low if compared with one-dimensional ZnO nanostructures.
Even if this parameter is not often investigated, ZnO nanowires
and nanorods based sensors usually show LoD values that go from
few to some tens of ppm [42–44].

3.7. Adsorption and desorption kinetics

The diffusion of hydrogen gas on the two-dimensional porous
ZnO nano-hexagones during the gas-sensing process was further
investigated from the point of view of gas adsorption and
desorption kinetic processes. As already demonstrated, the sen-
sing mechanism of ZnO is obviously based on surface reactions.
Thus, the gas adsorption and desorption processes can be studied
in terms of the kinetics of the modifications on the surface of
semiconducting material. In other words, the change of the sensor
current can be used to inspect the surface state of sensing
materials during adsorption or desorption process. In our

Fig. 9. Response and recovery times as a function of hydrogen concentration,
measured at 175 1C.

Table 3
Recovery times at different H2 concentrations, from different recent papers.

Hydrogen
concentration (ppm)

Working temperature (1C)

200 200 200 200 250 RT 250 175

0.5 17.25
1 15
2 14
5 11.5
10 14.5
50 101
60 100
80 98
100 85
200 4480 800
500 4300 80 747
1000 4420 91 632 729 332
1500 74 373
2500 855 402
Reference [20] [21] [19] [20] [21] [22] [23] Present

workTable 2
Response times at different H2 concentrations, from different recent papers.

Hydrogen concentration
(ppm)

Working temperature (1C)

200 200 200 200 250 RT 250 175

0.5 16.75
1 14.5
2 12.5
5 7.5
10 11.5
50 15
60 13
80 11
100 9
200 90 200
500 62 48 300
1000 34 51 257 427 498
1500 40 415
2500 387 395
Reference [20] [21] [22] [23] [24] [25] [26] Present

work
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investigations, the dynamic response and current curves were
mathematically transformed. Taking the response of the gas sensor
towards 10 ppm hydrogen as an example, the dynamic sensor
response was defined as x-axis, while the derivative of current
towards time was transformed as y-axis, as shown in Fig. 10.

Fig. 10 shows a complete gas adsorption and desorption cycle.
When hydrogen gas is injected into the detection chamber, its
adsorption on the ZnO nanohexagones dominates the initial
sensing process. The initial sharp peak indicates that the adsorp-
tion process reaches its maximum speed very quickly.

Once the surface reactions between hydrogen and oxygen are
balanced to a new equilibrium, the adsorption process ends (right
part of the curve). When the hydrogen gas is evacuated, its surface
desorption and the adsorption of oxygen dominate the surface
processes giving rise to a negative slope that is here reflected in
the sharp negative peak on the right in Fig. 10. Again, a sharp peak
confirms that the desorption process is fast in achieving its highest
speed. Both adsorption and desorption processes indicate that the
two-dimensional porous structure of ZnO nanohexagones makes
them ideal candidates for fast gas-sensing devices fabrication.

4. Discussion

Although the precise basic mechanisms that cause metal oxide
gas response are still disputed, it is known that a change in
conductivity comes from the trapping of electrons at adsorbed
molecules and band bending induced by these chemisorbed
molecules. Typically, oxygen molecules are adsorbed on the sur-
face of the ZnO sensing material in air. The adsorbed oxygen
species can drain electrons from the core of the ZnO nanostruc-
ture. These oxygen species trap negative charge causing a deple-
tion layer and thus a decreased conductivity. When the sensing
material is exposed to a reducing gas, the electrons trapped by the
oxygen adsorbates will return to the ZnO structure core, leading to
an increase in conductivity. The electrical conductance of ZnO
nanostructures is influenced by the presence of oxidizing gases
due to two successive reactions occurring on their surface [45].
In the first reaction atmospheric oxygen molecules, which are
physisorbed on the surface sites (Eq. (2)), are ionized during their
movement on the surface, by capturing electrons from the con-
duction band, thus becoming ionosorbed (Eqs. (3–5)).

With increasing temperature, the state of oxygen adsorbed on
the nanostructures surface is subjected to the following reactions
[46]:

O2 (gas)2O2 (adsorbed) (2)

O2 (adsorbed)þe�2O2
�

(adsorbed) (3)

O2
�

(adsorbed)þe�22O�
(adsorbed) (4)

O�
(adsorbed)þe�2O2�

(adsorbed) (5)

The above equations show that electrons are consumed in the
reactions, and explain the resistance increase after the O2

exposure.
When the ZnO nanostructure is exposed to a reducing test gas

such as hydrogen, its atoms react with these chemisorbed oxygen
ions and produce H2O molecules consuming chemisorbed oxygen
from the metal oxide surface by releasing electrons. As a result
electrons will be released back to the conduction band and will
contribute to current increase through the nanohexagones. This
also results in a reduction of surface depletion region and increase
conductivity.

H2 (gas)2H2 (adsorbed) (6)

H2 (adsorbed)þO�
(adsorbed)-H2O (gas)þe� (7)

H2 (adsorbed)þO2�
(lattice)-H2O (gas)þ2e� (8)

In the case of ZnO nanostructures, electrons are also extracted
from the interstitial zinc atoms which act as electron donors [47].
The interstitial zinc atoms are thus ionized via the following
reversible reaction:

Zni
þ2Zni

2þþe� (9)

(Kröger–Vink notation [48])
This discussion explains the mechanism that governs the ZnO

nanohexagones sensors. For n-type ZnO crystals, the intrinsic
carrier concentration is mainly determined by deviations from
stoichiometry, usually in the form of interstitial zinc and oxygen
vacancies, which act as electron donors [49]. The conduction
electrons coming from the point defects play a crucial role in gas
sensing of metal oxides. Consequently, the electrical conductivity
of ZnO nanostructures strongly depends on the surface states
created by molecular adsorption that results in depletion layer and
band modulation [50].

Nanostructured metal oxides conductivity is strongly influ-
enced by their overall surface stoichiometry.

The charge carriers depletion affects the superficial layer of the
metal oxide structure and this explains why nanostructured films
are much more responsive than thin film based sensors. As for
the case of nanocrystallites size [51], also for nanohexagones
some geometrical aspects are important. Mono-dimensional and
bi-dimensional nanostructures' sensing properties are affected
differently because of their different cross-section. If we assume
it as cylindrical, the response of a single nanowire goes as

Response proportional to r2=ðr–lÞ2 ð10aÞ
where r is the nanowire radius and l is the depletion layer
thickness. The response of a nanohexagone or any other two-
dimensional nanostructure goes instead as

Response proportional to r=ðr–lÞ � L=ðL–2lÞ ð10bÞ
where r is the nanohexagone thickness and L its width. Eq. (10b)
simplifies in

Response proportional to r=ðr–lÞ ð10cÞ
when L⪢l (which is true in the case of nanohexagones).

This means that at very low scale, when rE l, the response of a
mono-dimensional nanostructure raises higher than that of a two-
dimensional counterpart. On the other hand, the two-dimensional
shape of nanohexagones gives them great advantages: faster
response and recovery times and lower LoD. As shown in Tables 1
and 2, both response and recovery times are much faster than
those found for one-dimensional based sensors. This can be

Fig. 10. Complete gas adsorption and desorption cycle, showing the speed of
surface processes.
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explained with the higher surface-to-volume of the hexagonal
sheets, which allows them to respond as a whole in a faster way.
The larger cross-section of the two-dimensional nanostructures
leads also to a higher base current, which leads to a lower limit of
detection. These characteristics make nanohexagones (or other
two-dimensional nanostructures whose thickness is comparable
with the depletion layer) better candidate to gas sensing than
mono-dimensional nanostructures.

5. Conclusions

In summary, a large forest of ZnO hexagonal nanostructures has
been grown and a H2 sensor has been fabricated. The nanohex-
agones show a large surface-to-volume ratio. Gas sensing perfor-
mance is optimized at the low working temperature of 175 1C,
with a sensor response of 5.37 for 500 ppm of H2. Response and
recovery time are fast (o18 s for every concentration in the range)
and the devices show good reversibility. Furthermore, the devices
show a remarkably low limit of detection (lower than 200 ppb).
Such small value is due to the different geometry and dimension-
ality of the sensing nanostructure from its nanowire-based
competitors.
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