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ABSTRACT

A hydrogen breath test is a non-invasive and safe diagnostic tool to explore the functional gastrointesti-
nal disorders. For the diagnosis of small intestinal bacterial overgrowth syndrome as well as carbohydrate
malabsorption such as fructose, lactose, and sorbitol malabsorption, a hydrogen breath test is considered
one of the gold criterions. Since the more sensitive hydrogen sensor enables the more accurate prediction
about the disease, many efforts have been to the development of the high performance H, sensor. Herein,
we fabricate the pn-junction type composite sensors using single wall carbon nanotube (SWCNT) and
zinc oxide and thoroughly investigate their hydrogen sensing properties at various temperatures. We dis-
cuss the origin of sensing performance enhancement mechanism in the composite sensors, while the
composite sensor with high H, sensing performance, linearity, repeatability, and selectivity can be

prepared.
© 2020 Elsevier Inc. All rights reserved.
1. Introduction since breath sampling is non-invasive, painless, and acceptable to
patients. The analysis of exhaled breath has been proposed as a
Over the last decades, the breath analysis for the routine mon- convenient and safe diagnosis complementary to blood and urine
itoring of halitosis, metabolism, and disease is of scientific interest sampling [1,2]. The main composition of human exhaled breath
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consists of nitrogen that is most common in the atmosphere, car-
bon dioxide produced by respiration, oxygen that is inhaled but
not consumed, and water vapour generated from bodily fluids. In
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addition, more than 500 kinds of gas components with less than
100 ppm (parts per million) comprise an exhaled breath, which
include carbon monoxide, methane, hydrogen and numerous vola-
tile organic compounds (VOC) [3-6]. The components and concen-
tration of certain gases in exhaled breath have been regarded as
biomarkers for the specific diseases. Therefore, sensors that can
respond very low amount of gaseous components enable analysis
of human breath and thus their health state.

Recently, hydrogen has attracted great attraction in the health
care as well as in the industry. Ohsawa et al. reported that hydro-
gen can reduce the cytotoxic oxygen radical, which is considered
harmful in high concentration [7]. In the human body, hydrogen
is produced by bacteria in the intestinal environment [8,9]. Anaer-
obic bacteria prefer to metabolize sugar molecules as part of the
fermentation reaction [10]. When nutrients are not absorbed in
the small intestine, they directly enter into the large intestine, by
which the bacteria grow in large amounts and produce abundant
gas including hydrogen, methane, carbon dioxide, etc [11]. Thus,
monitoring of hydrogen level can be used as a gauge to examine
the intestinal condition. For the diagnosis of small intestinal bacte-
rial overgrowth syndrome as well as carbohydrate malabsorption
such as fructose, lactose, and sorbitol malabsorption, a hydrogen
breath test has been widely used. In order to diagnosis the human
health more accurately, sensors with high performance and stabil-
ity should be made in urgent manner.

The sensing materials are the key components in chemical sen-
sors. During the last decade, carbon nanotubes (CNTs) have been
considered ideal sensing materials for chemical sensors because
of their unique properties. Single-walled carbon nanotubes
(SWCNTs) have exhibited a sensitivity by charge exchange with
their chemical environment since they are almost entirely com-
posed of surface atoms and are very sensitive toward adsorbates
[12-15]. SWCNTs possess high aspect ratio, good environmental
stability, excellent mechanical and electronic properties, and ultra-
high surface to volume ratios, making them attractive for chemical
sensing applications. Furthermore, SWCNT sensors can work even
at room temperature (RT) operation and allows easy miniaturiza-
tion of the sensor structure for massive sensor arrays. However,
pristine SWCNTs showed weak responses and low selectivity
toward specific gas molecules due to the weak interaction between
SWCNTs and analyte molecules, thus SWCNTSs should be function-
alized to enhance both the sensitivity and the selectivity [16-20].

Sensors with pn-junction structure are reported to reveal the
unique properties compared with n- or p-type sensors. The elec-
tronic system of different materials in contact is called heterojunc-
tion structure or heterostructure, which mostly comprises free
carrier depleted interface regions due to the Fermi levels alignment
process in thermal equilibrium [21]. Therefore, when current flows
in this structure, the conductance of the heterostructure is not an
arithmetic sum of the conductance of each layer due to the
carrier-depleted junction region. In often times, the resulting con-
ductance of the sensor system is reported to be advantageous to
the enhancement of gas-sensing performance [22-24].

Herein, we reported about the SWCNT/ZnO pn-junction which
showed different temperature dependent hydrogen detection
properties depending on the volume ratio of SWCNT and ZnO.
The SWCNT-dominated nanocomposite structure showed the high
H, sensing performance at room temperature while the ZnO-
dominated nanocomposite structure showed the high H, sensing
performance at the elevated temperature. Thus, we for the first
time systematically examined the effect of the pn-junction in the
chemoresistive sensor structures and clarified the role of the junc-
tion for the sensor performance. We believe that our work provides
the new composite chemical sensor for H, detection as well as the
guide rule to exploit the sensing mechanism.
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2. Experimental section
2.1. Fabrication of SWCNT/ZnO composite

Silicon substrates (SiO5/Si, 5 mm x 5 mm x 0.65 mm, oxide
thickness: 300 nm) were ultrasonically cleaned in the sequence
of acetone, methanol, and deionized water for 15 min each fol-
lowed by blow-drying with nitrogen gas. Titanium (30 nm)
and platinum (120 nm) were sequentially deposited as an adhe-
sion layer and a current collector, respectively, onto the sub-
strate using a DC magnetron sputter through a shadow mask
with the comb-type interdigitated pattern. The electrode-
patterned substrates were mounted on the inside wall of the
arc-discharge chamber as schematically shown in our previous
reports [25,26]. Then, the SWCNTs network as the transducer
of the sensor, by which the charge transport can be measured,
was fabricated by an arc-discharge system. The active sensor
area for SWCNTSs deposition was defined by scotch-tape masking
of the unwanted deposition area. The synthesis of SWCNTs net-
work was carried out in an optimized condition of an arc current
density of 40 A cm2 in a hydrogen atmosphere with a partial
pressure of 5.3 x 10% Pa for 5 s. A hollow pure graphite tube
with a length of 160 mm, the outer diameter of 6.4 mm, and
the inner diameter of 3 mm inserted with catalyst wires of Ni,
Fe, and Mo were used as the carbon source for the arc discharge.
The SWCNTs were directly deposited on the substrate while
drifting in the chamber to the wall. The as-deposited SWCNTs
were methanol-treated by dipping in methanol solution to
enhance the adhesion of the SWCNTs on the SiO, substrate, thus
the SWCNT network on the Si substrate with good mechanical
contact could be formed. The substrate was then dried at
100 °C for 15 min. Finally, the SWCNT structure was heat-
treated at 400 °C in the air for 2 h to remove amorphous carbon
residual in the SWCNTs network [26,27]. This as-fabricated
SWCNT sensor is labelled as CO.

Zinc (Zn) metal layers were deposited onto the SWCNTSs net-
work by a DC magnetron sputtering system. The deposition was
performed at RT in Ar atmosphere with the working pressure
and power of 5.0 x 10~ Torr and 10 W, respectively. Various
Zn deposition times were employed to vary the Zn thickness.
5, 15, 30, 60, 90, and 120 s-deposited on the SWCNTs network
were labelled as ZC5, ZC15, ZC30, ZC60, ZC90, and ZC120,
respectively. In addition, a pure Zn thin film sensor (Z0) was fab-
ricated by the deposition of Zn on the SiO, substrate for 120 s
for the comparison. The Zn-SWCNTs composite structures and
a pure Zn film were heat-treated at 400 °C for 3 h in air to oxi-
dize Zn to ZnO, resulting in formation of SWCNT/ZnO composite
sensor structures. The flowchart for fabrication of the SWCNT/
ZnO composite sensor structures with various ZnO contents is
displayed in Fig. 1.

2.2. Structural characterization

The surface morphology and crystal structure of the SWCNT/
Zn0 network structures was investigated by field-emission scan-
ning electron microscopy (FE-SEM; JSM 700F; JEOL, Japan), field-
emission transmission electron microscopy (FE-TEM, Tecnai G*
F30 S-TWIN, FEI, Netherlands), and X-ray diffraction (XRD; X'pert
PRO-MPD, PANalytical, Netherlands) using Cu Ko radiation. The
chemical bonding states were examined using X-ray photoelectron
spectroscopy (XPS; Thermo Scientific MultiLab 2000 spectrometer,
Pittsburgh, PA, USA) using monochromatic Al Ko, and Raman spec-
troscopy (UniRAM spectrometer with an excitation line at 532 nm
and cooled CCD detector).
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(a)

Fig. 1. The scheme about the fabrication of the SWCNT/ZnO composite sensors with
different sputtering time of Zn.

2.3. Sensing property measurement

The schematic diagram of the setup for sensing property mea-
surement is shown in Fig. 2. The nanostructure sensor devices were
mounted in a test chamber in which the temperature and gas flow
can be controlled. The analyte gases used (H,, NH3, H,S, CH,4, and
CO) are diluted in nitrogen; H, (5%), NH3 (1000 ppm), H,S
(1000 ppm), CO (5%), and CH4 (1%). The gas flow rate can be pre-
cisely controlled by the mass flow controllers (MFCs). The gas con-
centration, C (ppm), was determined using the relationship of C
(ppm) = Csq (ppm) x f | (f + F), where f and F are the flow rates
of the analyte gas and carrier gas (dry air), respectively, and Cgy
(ppm) is the analyte gas concentration in the cylinder. The cur-
rent-voltage (I-V) characteristics were measured using a picoam-
meter/voltage source (Keithley 6487) and translated to the
electrical gas sensing signals. The response of the sensor, S (%), is
defined by (G,-G,)/G, x 100, where G, is the standby conductance
measured in dry air before exposure to the analyte gases and Gg is
the conductance measured upon exposure to the analyte gases. The
conductance data was calculated via the relationship V = I/G. We
used conductance rather than resistance because the pn hetero-
junction formed in the sensor structure is presented by an equiva-
lent circuit of parallel conductances. For investigation of the
humidity effect, the relative humidity (RH) in the chamber was
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Fig. 2. Experimental set up for the measurement of hydrogen gas sensing
properties.
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controlled by a bubbler system at 30 °C, and was measured by a
humidity sensor (Testo 635, Germany) mounted in the test
chamber.

3. Results and discussion
3.1. Morphology and structure characterization

SEM images of the fabricated SWCNT/ZnO network structures
are presented in Fig. 3a-c for the different content of ZnO. The
thickness of the SWCNT network is not thick enough to cover the
whole substrate including the Pt electrode as can be seen by expo-
sure of the bare substrate among the SWCNT network (Fig. 3a).
Also, ZnO did not form conformal layer on the SWCNTs, rather
ZnO islands preferentially grew along the nanotube bundles during
heat-treatment. Up to the deposition time of 30 s, the electrode
was not fully covered, as shown in Fig. 3b, but ZnO nanoparticles
could completely cover the SWCNTs as well as the electrode after
90 s deposition, as shown in Fig. 3c. The ZnO nanoparticle size is
less than ~ 100 nm. Additionally, Fig. 3d and 3e show low and high
magnification TEM images, respectively, of the SWCNT/ZnO com-
posite (ZC30), which further confirms homogeneous distribution
of ZnO nanoparticles over the SWCNT. The SWCNTs with diameters
from 5 to 10 nm were entangled with ~ 10 nm-sized ZnO nanopar-
ticles. The lattice fringes corresponding to the spacing of 2.8 A,
2.6 A and 2.47 A match the (100), (002), and (101) planes of
wurtzite zinc oxide (JCPDS, #36-1451), respectively. The XRD pat-
tern of the SWCNT/ZnO composite is shown in Fig. 3f together with
pure SWCNTs and ZnO structures. The peaks at 26.5° and 43° cor-
respond to (002) and (100) lattice planes of SWCNTSs, respectively
(JCPDS, #75-1621) while the peaks at 32°, 34.5°, 36.4°, 47.7°, 56.8°,
63°, 68.1° correspond to (100), (002),(101),(102),(110),(103),
and (112) of lattice planes of ZnO with wurtzite structure, respec-
tively. It is obvious that crystalline phases of SWCNT and ZnO form
in the ZnO/SWCNTs nanocomposite.

The X-ray photoelectron spectroscopy, Fig. 4a-c, was investi-
gated to analyze the chemical bonds in the SWCNT/ZnO network.
The core level spectra of the C 1s state were composed of several
characteristic peaks: the carbon-carbon interactions including
C—C sp? bond at the binding energy of 284.5 eV, a relatively weak
peak due to carbon-oxygen interactions including C—0O bonds at
286.6 eV [28], and the m-1* satellite peak at 289.6 eV [29], as can
be seen in Fig. 4a. The feature of the m-rt* is the result of a mixture
of interband transitions from 1 to 7* and a © band plasmonic exci-
tation, commonly seen in the C 1s XPS spectra for graphene [30].
Fig. 4b shows the two peaks at binding energies of 1021.8 eV
and 1044.8 eV in the XPS spectra of Zn 2p and correspond to the
Zn*" 2psj; and Zn®* 2py,, respectively [31,32]. The spectra for O
1s shown in Fig. 4c indicates the binding energy of 530.6 eV that
is attributed to 0%~ ions on wurtzite structure of hexagonal Zn?*
ion array [33], of which strong feature indicates the oxygen to be
fully oxidized by stoichiometric surrounding by Zn.

Raman spectroscopy was analyzed to characterize the quality of
carbon nanotubes. The Raman spectrum of SWCNTs, Fig. 4d, typi-
cally consists of two major peaks at ~ 1340 cm~! and ~ 1595 cm ™,
which are originated from D- and G-bands, respectively [34]. The
p-band induced by sp> electronic states is known to be associated
with defective, disordered graphite or glassy carbon, while the G-
band is related to the sp? vibration of a two-dimensional hexagonal
lattice in the graphite. This mode reflects the structural integrity of
sp2-hybridised carbon atoms of the SWCNTSs. The very high G-band
peak intensity compared with the p-band is a typical feature of the
SWCNTs with high crystalline quality [35]. The very high ratio of
the G-band to the p-band peak intensities of SWCNTSs (Ip/Ig) was
observed to be 6, indicating the high quality of the
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Fig. 3. SEM images of SWCNT/ZnO composites of (a) ZC15, (b) ZC30, and (c) ZC90. TEM images of the SWCNT/ZnO composite (ZC30) with (d) low and (e) high magnification.

(f) XRD patterns of pure-SWCNTs, SWCNT/ZnO composite, and pure-ZnO.

as-fabricated SWCNTs. The spectrum was normalized to the G’ band
at ~ 2650 cm-1 (now shown in the Fig. 4d), which does not depend
on defect concentration [36]. Meanwhile, the decrease in the ratio of
G/D band peaks in the SWCNT/ZnO composite results from the for-
mation of defects in the SWCNTSs via sputtering process of ZnO.

3.2. Electrical properties

The current-voltage (I-V) characteristics for SWCNTs, ZnO, and
SWCNT/ZnO composites were measured at room temperature (RT;
30 °C). Prior to the measurement, all samples were heated at 350 °C
in dry air ambient to desorb the water molecules from the surface
and cooled down to RT. As shown in Fig. 5a, all structures showed
good ohmic behaviours, which were plotted in logarithmic scale
due to five orders of magnitude difference in the current among
the sensors. Then, the conductance of the sensor structures were
measured with elevating temperature from 30 °C to 350 °C in
dry air (Fig. 5b and c).
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The Arrhenius plot between temperature and conductance (G),
Fig. 5b, supports a thermally activated process for the conductance
[G o< exp(—AE/kgT)] owing to the thermal ionization of electron or
hole carriers in the semiconductor materials. The slope of the
curves attributed to the activation energy (AE) for the conduction
can be distinguished into two groups. One group shows AE
of ~ 0.05 eV for CO (SWCNTs), ZC5, ZC15, ZC30, and ZC60. Whereas
AE of the other group, ZC90, ZC120, and Z0 (ZnO0), is ~ 0.26 eV. The
former and the latter sensor group can be labelled as ‘SWCNT-
dominated’ and ‘ZnO-dominated’, respectively, because sensors in
the former and the latter group follow the characteristics of p-
type SWCNT and n-type ZnO, respectively, as discussed later. It
should be noted that SWCNT is a p-type semiconductor with high
conductivity [37-39], and ZnO is an n-type semiconductor with
wide bandgap energy of 3.3 eV [40]. Indeed, higher activation ener-
gies for conduction in the ZnO dominated sensors could be
observed compared with those in the SWCNT dominated sensors
(Fig. 5b). In other word, ZnO dominated sensors reveal lower
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Fig. 4. XPS spectra of (a) C 1s, (b) Zn 2p, and (c) O 1s states of the SWCNT/ZnO composite (ZC30) and (d) Raman spectra of the as-fabricated SWCNTs, SWCNT/ZnO composite,

and ZnO.

conductivity than SWCNT dominated sensors due to the semi-
metallic SWCNT and semiconducting ZnO nature.

The temperature dependent conductance of the structures was
replotted in Fig. 5c to systematically study the effect of ZnO con-
tent on the conductance. It clearly shows that conductance is in
inverse proportion to the content of ZnO until 90 s deposition of
Zn0 (ZC90) regardless of the sensor temperature. However, the
conductance increases if thicker ZnO is deposited on SWCNTSs such
as ZC120 and Z0. The conductance variation of the sensors by Zn
sputtering time (or thickness of ZnO) can be explained through
the schematics shown in the left panel of Fig. 6. We should recall
that ZnO is preferentially formed by the islands of nanoparticles
as shown in Fig. 3. The depletion region formed at the contact is
practically insulating, therefore rendering the conductance of the
materials decreased. As more and larger ZnO nanoparticles grow
on the SWCNT network, the increasing contact area between
SWCNT and ZnO further decrease the conductance.

The conductance was highest with CO (SWCNT) among the sen-
sors, however, it decreased by five orders of magnitude till deposi-
tion of ZnO for 90 s. The increase in number and size of ZnO
accounts for larger contact area between SWCNTs and ZnO fol-
lowed by the increase in the depletion region of SWCNTs. The sur-
face of the SWCNT can adsorb oxygen from the environment and
such condition is assumed to be maintained at an elevated temper-
ature. The schematic about the SWCNT with oxygen adsorption is
presented in Fig. 6a. The ZnO nanoparticles also can adsorb oxygen
molecules at RT and the surface of ZnO is depleted of electrons as
much as adsorbed oxygen. When the ZnO nanoparticle contacts
with SWCNTs, the ZnO particle is further depleted of electrons
via formation of pn-junction. For small ZnO particles, the pn junc-
tion formation can completely deplete the whole particle. The con-
comitant depletion of holes at the SWCNT side of pn-junction leads
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to the decrease in the conductance of the SWCNT transducer. The
schematic for ZC5 in Fig. 6b illustrated this condition that all ZnO
particles are in contact with the SWCNT under complete depletion
of electrons and the current is comprised by only hole transport via
the SWCNT. Therefore, the conduction in the ZC5 sensor can be
achieved through the hole transport like a p-type conductor. As
the number and size of ZnO particles increase, the area of pn-
junction continues to increase, which results in the decrease in
conductance of the SWCNT until ZC60. We will discuss later that
the maximum response is observed in ZC30 with an intermediate
ZnO coverage (Fig. 5¢ and Fig. 6¢).

Further deposition of ZnO nanoparticles renders the whole
SWCNT network completely depleted while excess ZnO nanoparti-
cles do not participate in the pn-junction formation, leading to the
conduction type conversion. Considering the initial morphology of
the SWCNTSs on the substrate with low density (Fig. 3a), the stack-
ing of ZnO particles over the network will completely deplete the
SWCNTs while the free-of-contact ZnO particles possess n-type
neutral region. In this criterion, SWCNTs are insulating and the cur-
rent flows via electron transport through the ZnO nanoparticles,
leading to the n-type conduction, which matches the case of
ZC90 (Fig. 5 and Fig. 6d). Therefore, the minimum conductance of
the nanocomposite sensor due to the maximum depletion layer
volume ratio is considered between ZC60 and ZC90. The ZC120
composite, more n-type conducting mechanism works with
greater ZnO volume albeit less than pure ZnO (Z0). The transition
of conduction type from hole transport to electron transport by
deposition of ZnO corroborate the classification of ‘SWCNT-
dominated’ and ‘ZnO-dominated’ sensors, which was derived from
the difference in the thermal activation energy for free carriers’
conduction. The discussion above will be further confirmed by
the measurement of sensing property (Fig. S1).
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Fig. 5. (a) Current-voltage (I-V) characteristics of the SWCNT/ZnO composite
sensors at RT (30 °C). The temperature dependence of the conductance (G) of the
sensors is shown as a function of (b) temperature and (c) ZnO content.

3.3. Hydrogen gas sensing properties

H, sensing properties of the sensors were examined at various
working temperatures from RT to 350 °C. Response and recovery
were measured upon exposure to 500 ppm H, diluted in dry air
as shown in Fig. S1. Considering the sensor response, S=(G,-Gg)/
G, x 100, the sensing behaviors can be categorized by two groups:
the positive response group (Fig. S1a-S1e for CO and ZC5 to ZC60)
and the negative response group (Fig. S1f-S1h for ZC90, ZC120, and
Z0). The sensing polarity is originated from the major charge car-
rier types; the former group is SWCNT-dominated (p-type) and
the latter group is ZnO-dominated (n-type). The SWCNT-
dominated sensors revealed the maximum response at room tem-
perature with the ZC30. On the other hand, the ZnO-dominated
sensors revealed the maximum response at 250 °C with the pure
ZnO film (Z0). These results proved that the sensing mechanism
of the SWCNT-dominated and ZnO-dominated sensors followed
that of SWCNT and ZnO, respectively [21].
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The conductance change of the sensors for different operating
temperatures are plotted in Fig. 7a. The response levels of sensors
at various temperatures are summarized in Fig. 7b, while response
levels as the content of ZnO in the composite are presented in
Fig. 7c. The response was highest at RT and degraded at higher
temperature in CO (pure SWCNT), however, Z0 (pure ZnO) showed
the highest response at 250 °C but no response at RT. As shown in
Fig. 7c, SWCNT (CO) and ZnO (Z0) revealed a poor or negligible
response at RT. Interestingly, the formation of composites between
ZnO and SWCNT led to the synergetic effect. The response level
increased by deposition of ZnO while showing the maximum
response with ZC30. Further deposition of ZnO to the composite,
ZC60, degraded the response. ZC90 and ZC120 composites with
further thicker deposition even changed the polarity of the
response, i.e. p-type to n-type sensing [11,21,41,42]. Such trend
is similarly observed in the elevated temperature. The ZnO-
driven enhancement mechanism of the sensing performance can
be elucidated by the conductance change under H, adsorption in
the composites as discussed in the right panel of Fig. 6.

The temperature dependence of H; sensing performance in the
p-type SWCNT (higher sensing response at lower temperature)
confirms that the sensing of H, is enabled by H, adsorption given
by [12,43]

H, — 2H};+2e” or H, = H; 4 +e

(1)

Electrons released from adsorbed H, (or H) recombine with
holes in the SWCNT, leading to the decrease of conductance that
can be probed by the sensing signal. The charge exchange accom-
panied by the hydrogen adsorption results in the formation of the
depletion region underneath the H, adsorption, as shown in Fig. 6a.
The conductance modulation by the impingement of 500 ppm H,
was ~ 12%, and it decreased at higher temperatures (Fig. 7b) due
to higher probability of the desorption process. Meanwhile, pure
ZnO revealed zero response to 500 ppm H, at RT (Fig. S1h), of
which condition can be understood by Fig. Ge. The schematic
model shows agglomerated ZnO nanoparticles with neutral cores
and depleted surface due to oxygen ionsorption, thus ZnO shows
an n-type conduction behavior. Since H, adsorption on the ZnO is
negligible at RT, surface conditions of ZnO negligibly change with
the hydrogen impingement, leading to zero response signal.

Based on the intrinsic properties of the SWCNT and ZnO
towards H, molecules at RT, we can further discuss the enhance-
ment mechanism of sensing ability in SWCNT/ZnO composite sen-
sors. As discussed earlier, the response could be enhanced with
deposition of ZnO nanoparticles on SWCNT while showing the
maximum response of ~ 48% with ZC30 at RT (Fig. 7c). The left
scheme of Fig. 6b presented the electron-depleted ZnO nanoparti-
cle resulting from the contact with SWCNT in the standby condi-
tion. The question is how the increase of H, adsorption followed
by more charge modulation can occur in SWCNT/ZnO composites.
The improved response with ZnO deposition is attributed to the
combined effect of the decrease in the conductance of SWCNT
and the increase in the adsorption sites for H, at the interface.
While the former was already proven by the conductance change
due to the formation of pn-junction by ZnO addition (see the left
panel of Fig. 6b), the latter is available through the contact inter-
face between ZnO and SWCNT as assumed by the right scheme
of Fig. 6b. As the number of ZnO particles in contact with the
SWCNT further increases, the larger volume of pn-junctions leads
to the decrease in the conductance of the SWCNT transducer, as
shown in ZC30 (the left panel of Fig. 6¢). At the same time, the
H, adsorption sites also proportionally increase, leading to the
complete depletion of SWCNT (Fig. 6¢ right). In such condition,
the H, adsorption is limited by the hole concentration supplied
from the SWCNT. The maximum response observed with ZC30
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Fig. 6. Schematic presentation of the electronic sensor conditions before (left) and after (right) the hydrogen impingement at RT. (a) CO or SWCNTSs: adsorption of hydrogen
molecules forms a hole depletion region in the SWCNT, but the consequent conductance change is small due to the limited H, adsorption sites on the SWCNT. (b) ZC5: small
ZnO nanoparticles deposited on the SWCNT form pn-junctions and the depletion region in the SWCNT. The ZnO-SWCNT interface provides additional H, adsorption sites and
the depletion in the SWCNT further expands by H, adsorption. (c) ZC30: ZnO-SWCNT interface and the pn-junction increase and the depletion volume in the SWCNT
approaches towards the maximum. All the ZnO particles are depleted and the SWCNT still transport the current in the sensor. The electron released from H, adsorption goes
to the SWCNT and increases its depletion. (d) ZC90: A thicker ZnO deposition with increasing particle size reaches the complete depletion of the SWCNTs while some ZnO
particles form the neutral region providing the current transport path showing the n-type sensing behavior. Note the decreasing ZnO depletion with H, flow is based on the
electron released from H; adsorption at the interface at RT. (e) Z0 of pure ZnO film: The largest ZnO particle size is developed. Since the ZnO particles does not adsorb H; at RT

(Fig. S1h), there are no depletion region modulation leading to zero response.

could be achieved by the highest ratio of the conductance before
and after the H, adsorption (or in the left and right of Fig. 6c).
Namely, ZnO addition into SWNT-based sensors induced an
increase in the number of available adsorption sites and a decrease
in the initial conductance of the sensor, which comprised the max-
imum response in ZC30 (Fig. 7c).

With further ZnO deposition as in ZC90, the sensor revealed an
n-type conduction behavior in its standby condition due to the
oversupply of ZnO particles that are electronically separated from
the SWCNT (the left panel of Fig. 6d). In this composite, SWCNT
is completely depleted of the holes. In such condition, the electrons
released from the H, adsorption at the SWCNT/ZnO interface are
transferred to the excessive n-type ZnO nanoparticles (Fig. 6d
right). This charge exchange process reveals the n-type sensor
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behaviour although the related response level was small at RT
(Fig. S1g). In the extreme case of ZnO-rich condition, i.e. ZO (pure
Zn0), there are no adsorption sites for H, on ZnO thus the response
level is negligible at RT as shown in Fig. STh as well as in the right
scheme of Fig. Ge.

To further investigate the sensing mechanism of the SWCNT-
dominated sensors, the sensing property of ZC30 upon exposure
to 500 ppm H; diluted in N, not dry air was measured at RT. The
sensor was again heated at 350 °C for 1 h and then cooled down
to room temperature in order to desorb all pre-adsorbed oxygen
and water molecules. The response curve, Fig. S2a, showed a
response of ~ 35% without oxygen in the environment and clearly
confirmed the adsorption mechanism of Equation (1) for H, at RT.
The response of ZC30 to 500 ppm NH3 at various temperatures is
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Fig. 7. (a) The conductance change in the sensors measured at different operating
temperature. Sensing responses of the networked SWCNT/ZnO sensors toward
500 ppm H; as a function of (b) temperature and (c) ZnO contents.

also shown in Fig. S2b, which confirms that the SWCNT-dominated
sensors, in general, show a high adsorption capability toward
reducing gases such as H, and NHj3 at RT.

Of interesting note is that the SWCNT-dominated sensors show
the decrease in the response level as the temperature increases
(Fig. 7b-c). On the other hand, the ZnO-dominated sensors revealed
the increase in responses as the temperature increases. This transi-
tion of temperature dependence in sensing performance is origi-
nated from the fundamentally different sensing mechanisms
between SWCNT and ZnO. At room temperature, the SWCNT
adsorb H, via Equation (1) while ZnO cannot adsorb H,. On the
contrary, at high temperature, the H, adsorption on the SWCNT
surface and reaction with oxygen of the SWCNT are small (see
the small response for CO at 250 °C in Fig. 7c) while H; reacts dom-
inantly with ionosorbed oxygen on ZnO (see the great response for
Z0 at 250 °C in Fig. 7c). The latter combustion reaction mechanism
at high temperatures is given by [44-46]:

H, + 0,y — H,01 +e (2)

With the ZnO-dominated sensors with n-type transporting ZnO
channel, the combustion reaction mechanism with ZnO for H,
sensing is activated at high temperature leading to the relatively
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high responses as shown in Fig. 7b-c. Therefore, the maximum
response was observed at 250 °C with pure ZnO (Z0), which indi-
cates that composite formation with SWCNT does not result in
any synergy effect for H, sensing at high temperature. However,
in the SWCNT-dominated sensors with a small but finite numbers
of ZnO nanoparticles, the surface combustion reaction led to an
enhancement in the response compared with the SWCNT that
did not show the response at high temperature. It again confirms
our discussion that the electrons released from the combustion
reaction on the ZnO particles are transferred to the SWCNT in
the SWCNT/ZnO composites, exhibiting the p-type conduction.
Since ZC30 composite sensor showed the best room tempera-
ture performance, its sensing property was further investigated
with various hydrogen gas concentrations in the range of 100-
400 ppm at RT. As shown in Fig. 8a and the inset, a linear concen-
tration dependence of the response could be observed, which con-
firms good linearity and reliability of the sensor. In addition, the
repeatability of sensing examined for 0.1% H, concentration was
studied (Fig. 8b). Finally, the selectivity of the sensor was also
examined using various kinds of gases (Fig. 8c). The response to
reducing gases of 500 ppm CH,, CO, H,S, NH3, and H, were shown.
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Fig. 8. (a) Sensing responses of the ZC30 sensor against various H, concentrations,
showing a good linearity (inset). (b) Repeatability of the ZC30 sensor for 0.1% H; at
30 °C. (c) Comparison of the sensing responses for different gases (H,, NH3, H,S, CO,
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Our observations suggest that the SWCNT/ZnO composite could be
employed for H, sensing and the pn-heterostructure can be used to
achieve the high sensing performance.

The stability of sensing at room temperature in the humid envi-
ronment, of which condition is similar to the human body, is
important for the breath diagnosis sensor. To study the sensing sta-
bility against humidity, H, sensing behaviors of the ZC30, C0O, and
Z0 sensors were investigated in 50% relative humidity (RH) at RT
and 200 °C (Fig. S4). The conductances measured at 0% RH and
50% RH, Go and Gsq, respectively, and sensing responses are pre-
sented in Fig. 9. The conductance change caused by 50% RH was
measured by (Go - Gsg)/ Go, and it decreased by ~ 19% and ~ 6%
for ZC30 at 30 °C and 200 °C, respectively, as shown in Fig. 9a. This
result can be explained by the chemisorption of water molecules
on the sensor surface. Water molecules suffered dissociation reac-
tion into hydroxyl species followed by donation of electrons, which
ultimately decrease conductivity in the p-type sensors [47,48]. The
conductance and corresponding sensing response of pure SWCNT
(C0) and ZnO (Z0) was also measured for the comparative studies.
Decreases in the conductance was also observed for p-type CO sen-
sor, which were ~ 6% and ~ 2% at RT and 200 °C, respectively, as
shown in Fig. 9b. On the other hand, the conductance of n-type
Z0 sensor increased by exposure to 50% RH, which were ~ 372%
and ~ 18% at RT and 200 °C, respectively (Fig. 9c). The results of
conductance change observed were summarized in Fig. 9d.

The comparison of conductance clearly demonstrated the
higher humidity effect at the lower temperature for both CNT
and ZnO. All sensors are less affected by water adsorption at
200 °C. Of particular note is that the humidity effect on conduc-
tance is far higher with the surface of ZnO than with that of SWCNT
at the given temperature, which is more prominent at RT. The
humidity effect on the conductance is directly reflected to the dif-
ference in the response. As a result, the p-type CO and ZC30 sensors
showed relatively small difference in the response compared with
Z0 sensor at both RT and 200 °C. Given that Z0 showed negligible
responses to H, gas at RT, the conductance change by the humidity
resulted in the great change in the conductance (Fig. 9d). Mean-
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while, the exposure to the humidity led to a relatively large
decrease in the response from 33% to 15% at 200 °C at which H,
could react with the surface of ZnO.

All in all, the relatively weak humidity dependence of ZC30 was
attributed to the SWCNT of small humidity effect and it is more
prominent at RT. Since the considerable influence of humidity on
metal oxides was observed in our previous studies as well
[49,50], the stable sensing performance of the ZC30 composite sen-
sor against humidity originated from the immunity of SWCNT to
the water molecules. This relatively low humidity dependence
can be another advantage of the SWCNT-dominated SWCNT/ZnO
composite sensor for hydrogen detection from the human breath.

4. Conclusion

Networked ZnO/SWCNT composites were fabricated by the arc-
discharge method and various contents of ZnO nanoparticles were
incorporated by sputtering. The morphology, structure, electrical
properties, and H, sensing performances of nanocomposites were
thoroughly investigated at various temperatures. The ZnO/SWCNT
nanocomposite responded to ppm levels of H, gas concentration
and exhibited the highest response at room temperature. We scru-
tinized the effect of ZnO in the composite, by which different sens-
ing mechanisms work in the SWCNT-dominated sensors and ZnO-
dominated sensors. We elaborated the synergistic effect in the
nanocomposite and proved that interactive function between the
decrease in the conductance of the SWCNT and the enhanced
adsorption of H, molecules accounted for the enhanced response
in the composite sensor at RT. In addition, the stable operation of
the sensor is also confirmed by linearity, selectivity, and repro-
ducibility. Though the humidity effect was unavoidable at RT, more
stable sensing properties under the humidity could be obtained in
the ZC30 sensor by the less sensitivity of the SWCNT conductance
to the adsorption of water molecules. While our study is the
pioneering work to unveil the sensing mechanism in the pn-
junction type nanocomposite sensor, we believe that our
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Fig. 9. Conductance and response to 500 ppm H; gases in two RH (0% and 50%) measured for the sensors (a) ZC30, (b) CO, and (c) Z0. Measurement results at two different
sensor temperatures (30 °C and 200 °C) are compared for the humidity effect. (d) The conductance changes due to 50% RH measured by (Gso-Go)/Go for the sensors at 30 °C

and 200 °C.
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nanocomposite sensor is one of the promising candidates for the
hydrogen breath test, which can be easily integrated into a porta-
ble device with low power consumption.
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