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Gas Sensing of NiO-SCCNT Core-Shell Heterostructures:
Optimization by Radial Modulation of the Hole-

Accumulation Layer

Muhammad Hamid Raza, Kaveh Movlaee, Salvatore Gianluca Leonardi, Nicolae Barsan,

Giovanni Neri, and Nicola Pinna*

Hierarchical core-shell (C-S) heterostructures composed of a NiO shell
deposited onto stacked-cup carbon nanotubes (SCCNTs) are synthesized

by atomic layer deposition (ALD). A film of NiO particles (0.80-21.8 nm

in thickness) is uniformly deposited onto the inner and outer walls of the
SCCNTs. The electrical resistance of the samples is found to increase of
many orders of magnitude with the increasing of the NiO thickness. The
response of NiO-SCCNT sensors toward low concentrations of acetone
and ethanol at 200 °C is studied. The sensing mechanism is based on the
modaulation of the hole-accumulation region in the NiO shell layer upon
chemisorption of the reducing gas molecules. The electrical conduction
mechanism is further studied by the incorporation of an Al,O; dielectric layer
at NiO and SCCNT interfaces. The investigations on NiO—Al,0;—SCCNT,
Al,0;—-SCCNT, and NiO-SCCNT coaxial heterostructures reveal that the
sensing mechanism is strictly related to the NiO shell layer. The remarkable
performance of the NiO-SCCNT sensors toward acetone and ethanol

sensitivity, rapid response, and superior
selectivity are among the major scientific
ongoing challenges.l'l Among p-type metal
oxides, NiO is one of the most frequently
used candidates as active sensing mate-
rial due to its wide bandgap (3.6-4.2 eV,
depending upon the method of prepara-
tion and crystallinity), significant change
in the electrical properties during chem-
ical reactions on its surface, nontoxicity,
high catalytic activity, and low cost.l?
However, the low electronic conductivity
of NiO limits its broad applications in
chemo-resistive gas sensors.?3 Nonethe-
less, many approaches have been intro-
duced in the last few years to enhance
the gas sensing performance of the NiO-
based sensors by i) modifying the size and

benefits from the conformal coating by ALD, large surface area of the
SCCNTs, and the optimized p-NiO shell layer thickness followed by the radial

modaulation of the space-charge region.

1. Introduction

Semiconducting metal oxide (SMOX) gas sensors have been
successfully used for the purpose of environmental monitoring,
public security, sensor networks, automotive applications,
domestic safety, chemical quality control, and breath anal-
ysis. The development of the new sensing strategies for high

morphology of the sensing layers, 224 ii)
synthesizing NiO-based nanocomposites
(e.g., with SnO,, PdO, WOj;, and ZnO),*"!
and iii) doping NiO with, e.g., Au, Fe, Pt,
and Zn.?>Sl However, these composites
may suffer from some issues during the
sensing measurements, like aggregation and grain growth at
high working temperatures, which cause a reduction in their
durability and stability of the electrical response (i.e., baseline
shift). Moreover, despite of years of work on metal oxide (MOX)
gas sensors, they are still facing shortcomings low selectivity
and high working temperature.l’l State-of-the-art NiO sensors
are still under active development.”>#28 One of the options to
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overcome these problems is to employ heterostructures made
of a CNT core and a metal oxide semiconductor shell. Due to
the high surface area and a lower charge recombination rate,
the 1D nanostructures, such as nanowires, nanobelts, and
nanotubes have exhibited enhanced performances in catalysts
and gas sensors as compared to other nanosized composites.!’!

Carbon nanotubes (CNTs) are nanomaterials, which possess
a large surface area to volume ratio; hence, they provide a direct
benefit for gas sensing applications.'”) However, pristine CNTs
are not highly active toward gases and display slow responses
and high recovery times.'') These limitations can be appropri-
ately resolved by designing CNTs-MOX heterostructures, which
provide the advantages of both classes of materials without
the drawbacks. Indeed, the CNTs provide a suitable conduc-
tive platform with a large surface area for metal oxides and a
low operating temperature for gas sensing measurements,['%12
while the metal oxide would provide a high response to ana-
lytes. In the recent past, many studies reported improved
responses of MOX gas sensors by preparing heterostructures
between CNTs and n-type metal oxides, such as SnO,/CNTs,!3]
hex-WO;/MWCNTs,[) ZnO/MWCNTs,"® TiO,/CNTs,1? and
V,04-CNTs.1'% On the other hand, there are very few reports for
p-type metal oxides such as NiO/CNTs heterostructures for gas
sensing.'"'7] Even though, some reports demonstrated good
sensing properties, the homogeneity, conformality and a proper
control over the thickness and particle size of the MOX shell
layer onto the CNT walls still remains challenging.

In addition to the nature of the sensing material, porosity and
morphology, the shell thickness is also one of the most critical
parameters for the design of C-S heterostructures. In particular,
when the shell layer thickness is close to the Debye length (Ap),
the conduction is significantly influenced by the modulation of
the space charge layer near the interface, which, consequently,
leads to the enhanced gas sensing performances.?¢1218] Unfor-
tunately, there have not been enough reports on the design
of heterostructures with optimized shell thicknesses for gas
sensing applications. Generally, solution-based methods show
a very limited control over the shell thickness, especially when
the shell layer is on the order of few nanometers, hence,
alternative methods for preparing conformally coated nano-
structures with high aspect ratio and a well-adjusted shell film
thickness are needed.

Atomic layer deposition (ALD) has proven to be able to
conformally coat high aspect ratio nanostructures with well-
calibrated thin films."¥1% Our group has already reported a
series of heterostructures prepared by ALD for a variety of con-
formal and homogenous coatings of nanostructured substrates
for gas sensing applications.1213>162¢18¢19¢20] Op the other
hand, to the best of our knowledge, there is no report, which
studies the role of the NiO shell thickness on gas sensing
applications, the electrical conduction mechanism involving
MOX-CNTs interfaces and tries to build clear structure-property
correlations.

Herein, we report the synthesis of NiO-SCCNTs hierarchical
cores—shell (C-S) nanostructures with variable thicknesses of
the p-type NiO shell layer by ALD. We dedicated a considerable
effort to control the size of the NiO shell layer onto the SCCNT
substrate in order to modulate the hole accumulation layer and
investigate the effect of this modulation on the gas sensing
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properties of these nanostructures. Further, a dielectric film of
Al,0; was incorporated between the NiO film and the SCCNT
substrate to synthesize NiO-Al,03-SCCNTs heterostructures
and the electrical conduction mechanism across the NiO and
SCCNT interfaces was studied.

2. Experimental Section

Chemicals and Reagents: Stacked-cup carbon mnanotubes,
SCCNTs (pyrograf I1I, PR24-PS), were purchased from Applied
Science, Inc., nitric acid (67%) was purchased from VWR
chemicals. Bis(cyclopentadienyl)nickel (Nickelocene, Ni(Cp),)
was purchased from ABCR GmbH with a purity of 99.99%.
Ozone was used as produced by using pure oxygen at a pres-
sure of 1 bar in a BMT803N ozone delivery system. Trimethyla-
luminum ((CH;);Al, TMA, 98%) was purchased from STREM
chemicals. Argon was purchased by Air Liquide, 99.99% purity.
Other gases, i.e., acetone, ethanol, H,, NH3;, NO,, CO,, CO,
and methane were coming from certified bottles purchased
from SOL company (www.solgroup.com). All other chemicals
and reagents were of analytical grades and used without further
purification unless otherwise stated.

Fabrication and Characterization of NiO-SCCNTs and
NiO-Al,0;-SCCNTs Heterostructures: The comprehensive of the
experimental procedure can be found in an earlier report else-
where.?!l Briefly, stacked-cup carbon nanotubes were treated
with nitric acid (HNO;, 67%) at 105 °C under reflux for 6 h. The
mixture was repeatedly washed and filtered with distilled water
until the pH = 7. The oxidized SCCNTs were collected and
dried in oven at 80 °C for 12 h. Oxidized SCCNTs were coated
with NiO by ALD using a hot-wall GEMSTAR-6 Benchtop ALD
system (ARRADIANCE, Inc.). The ALD system was evacuated
and the temperature was stabilized before starting the deposi-
tion. The baseline pressure was maintained at 2.5 X 107! torr
with a 10 sccm of argon flow. Bis(cyclopentadienyl)nickel
(Ni(Cp),) and ozone (O3;) were introduced in a sequential
manner as metal precursor and oxygen source, respectively,
while argon was used as carrier and purging gas. The temper-
ature of the Ni(Cp), container and the reaction chamber was
maintained at 90 and 200 °C, respectively. The pulsing and
exposure time for Ni(Cp), and ozone was adjusted to 2 s/30 s
and 0.5 s/20 s, respectively. Various thicknesses of NiO were
deposited by varying the number of ALD cycles (25-700),
schematics Figure 1a, and the samples were named as XNiO-
SCCNTs, where X stands for the number of NiO ALD cycles
(25-700).

Al,O; interfacial layer was deposited using the same ALD
setup at the same temperatures as for the NiO deposition (i.e.,
200 °C). TMA and Millipore water (H,0) were used as metal
precursor and oxygen source, respectively. Both the precur-
sors were kept at room temperature. Typically one ALD cycle
was adjusted as 100 ms pulse, 20 s exposure, and 30 s Ar
purging times, alternatively for both the precursors. Various
thicknesses of Al,O; were deposited by varying the number of
ALD cycles (4-100) and the samples were named as YALO;-
SCCNTs, where Y stands for the number of Al,O; ALD cycles.
The NiO-SCCNT samples with Al,O; interfacial layers were
named as XNiO-YAlL,O;-SCCNTs, where X and Y represent

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic view of the synthesis process for a) XNiO-SCCNTs and b) YAl,03/SCCNTs and XNiO/YAIl,03/SCCNTs heterostructures by ALD.

the number of NiO and Al;O; ALD cycles, respectively (sche-
matics, Figure 1b).

The thickness of the NiO and Al,O; deposited layers was
measured on silicon wafers (SSP, Siegert wafer B014002) using
SENpro spectroscopic ellipsometer from Sentech. The data
were collected at an incident angle of 70° with a wavelength
range from 370-1000 nm and fitted to the model using the
SpectraRay 4 software. For the characterization of the NiO-
SCCNTs and XNiO-YAl,O3;-SCCNT samples, transmission elec-
tron microscopy (TEM), and selected area electron diffraction
(SAED) were carried out on a Philips CM 200 TEM equipped
with a LaBg filament at an acceleration voltage of 200 kV.
High-resolution transmission electron microscopy (HRTEM),
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), and energy dispersive X-ray anal-
ysis (EDX) elemental mapping were performed by an FEI Talos
F200S scanning/transmission electron microscope (S/TEM),
operated at 200 kV. X-ray photoelectron spectroscopy (XPS) was
performed in an ultrahigh vacuum chamber (base pressure
5 X 1071% mbar) using a JPS-9030 photoelectron spectrometer
hemispherical energy analyzer and a nonmonochromatic Al
Ko (hv = 1486.6 eV) X-ray source. The energy resolution was
0.9 eV as determined from the full-width half-maximum of
the Ag 3ds,, measured on a polycrystalline silver substrate.
Powder X-ray diffraction (p-XRD) patterns were obtained on a
STOE Stadi MP diffractometer with Mo K,; radiation source
(A=0.7093 A) operating at 40 KV.

Gas Sensing Tests: Sensors were fabricated by depositing a
film of the water dispersed XNiO-SCCNT samples onto the
platinum interdigited area of alumina substrates (6 X 3 mm?)
containing a Pt heater located on the backside. After that,
sensors were introduced in a stainless-steel chamber for the
sensing measurements. The experimental bench for the elec-
trical characterization of the sensors allows to carry out meas-
urements in a controlled atmosphere. Gases coming from
certified bottles were diluted in air at a given concentration by
mass flow controllers. All the measurements were carried out
at 200 °C, under a dry air total stream of 100 sccm. A multi-
meter data acquisition unit Agilent 34970A was used for this
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purpose, while a dual-channel power supplier instrument Agi-
lent E3632A was employed to bias the built-in heater of the
sensor to perform measurements at super-ambient tempera-
ture. The sensor response (S) is defined as S = R, /R,, where R,
and R, are the electrical resistance values of the sensor in the
presence and absence of target gases, respectively. Detail of the
sensor fabrication and measurements can be found in earlier
reports.[??!

3. Results and Discussion

3.1. Morphological and Microstuctural Characterization
of NiO-SCCNT Heterostructures

The relative thickness of the NiO ALD film on Si-wafers was
initially measured by ellipsometry. Well-cleaned Si-wafers were
coated in the ALD chamber at the same time as the SCCNTs.
Ellipsometry data confirmed the successful execution of the
ALD process, by comparing the thickness of the coated silicon
wafer to the noncoated wafer. The fits of the data in Figure S1
(Supporting Information) show that the curves move system-
atically to a comparatively lower delta value with the increasing
of the number of ALD cycles. The growth per cycle (GPC)
was consistently determined in terms of thickness of the NiO
deposited layer versus the number of ALD cycles on Si/SiO,
wafers. The growth is highly linear (R? = 0.996) with a GPC of
0.37 A as estimated from the slope of the linear fit (Figure S1,
Supporting Information).

The structure and morphology of the NiO-SCCNT samples
were thoroughly analyzed by TEM. Figure S2a—d (Supporting
Information) shows overview TEM images of some noncoated
SCCNTs and NiO coated SCCNTs. Figure 2 shows HRTEM
images for the samples coated by 100, 200, 400, and 700 NiO
ALD cycles. Some additional HRTEM images to differentiate
between the thickness of the NiO shell layer for the SCCNT
samples coated with 25, 50, 100, 200, 400, and 700 NiO ALD
cycles can also be found in our recent report.?!l It can be seen
that the SCCNTs are equally and conformally coated from

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. High-resolution transmission electron microscopy (HRTEM) images of a) 100NiO-SCCNTs, b) 200NiO-SCCNTs, c) 400NiO-SCCNTs, d)
magnified HRTEM image of the 200NiO-SCCNTs sample, ) HAADF-STEM images of 700NiO-SCCNTs, and f—i) the corresponding EDX elemental
mappings for carbon, nickel, oxygen, and all combined, respectively. The thickness marked is calculated using the DigitalMicrograph software.

the inner and the outer surfaces with NiO nanoparticles. It is
observed that small NiO nanoparticles were deposited after 25
ALD cycles with a steady growth to a compact and dense NiO
film with increasing the number of ALD cycles. The thickness
of the NiO coating increases with the number of ALD cycles
(Figure 2a—c,e and Figure S2f-I, Supporting Information). The
GPC determined from the thickness of the NiO films grown on
the SCCNTs for various number of ALD cycles is almost con-
stant. The linear fitting (R? = 0.993) of the NiO thickness versus
the number of ALD cycles passes by the origin with a slope
of 0.32 A cycles™ corresponding to a GPC of 0.32 A cycles™,
as also reported recently by us.?!l The average thickness calcu-
lated for the NiO-SCCNT samples from TEM images are sim-
ilar to the values calculated from ellipsometry data (Table 1 and
Figure S1, Supporting Information). This further proves the
ALD character and the self-terminating behavior of the process
under the applied conditions, indicating that the thickness of
the NiO shell layer can be tailored by controlling the number
of ALD cycles. Further, HRTEM, HAADF-STEM, bright-field
(BF), and EDX mappings images are shown in Figure 2. The
lattice spacing of 0.21 and 0.24 nm in magnified HRTEM can
be assign to the interplanar distance of the (111) and (200) lat-
tice planes for the NiO, whereas the spacing of 0.39 nm can
be assigned to the (002) plane of hexagonal graphitic carbon,

Adv. Funct. Mater. 2019, 1906874 1906874 (4 of 14)

respectively. The concentric rings in the SAED obtained for
200NiO-SCCNTs confirm the polycrystalline characteristic of
the NiO coating (inset of Figure 2d). The main Debye-Scherrer
rings correspond to the (200), (111), and (220) planes of the rock
salt structure of NiO (ICDD 08-089-7130) and to the (002) plane
for graphitized carbon (ICDD 01-075-1621). It can be seen in
the HAADF-STEM and in the corresponding elemental map-
pings images that NiO is homogenously distributed throughout
the inner and outer walls of the SCCNT forming a smooth and
conformal layer (Figure 2e-i).

The structure and phase composition of the sample were
studied by X-ray diffraction (XRD). Figure S3 (Supporting
Information) shows the XRD patterns for the pristine SCCNT5,
200NiO-SCCNTs, 4Al,05-SCCNTs, 100Al,0;-SCCNTs, and
200Ni0-4Al,03-SCCNTs heterostructures. The SCCNTs (black)
sample shows reflections at 11.9° and 20.02° (26), which can
be attributed to the (002) and (101) planes of graphitic carbon,
respectively (ICDD 01-075-1621 (Carbon)). It can be seen that
all the NiO containing samples (i.e., NiO/Al,0;/SCCNTs and
Al,03/SCCNTs) show the distinct diffraction signals located at
16.8°, 19.5°, and 27.7°, corresponding to the (111), (200), and
(220) reflections of the face-centered cubic, rock-salt (NaCl-
type), NiO structure, respectively (space group: Fm3m (225),
ICDD 08-089-7130). In addition, all the NiO and Al,0;3 coated

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Summary of the ALD deposited NiO shell layer thickness and growth per cycles (GPC) as calculated by transmission electron microscopy

(TEM) on SCCNTs and ellipsometery on silicon wafers.

Number of ALD cycles Transmission electron microscopy (TEM)

Ellipsometry

Thickness [nm]  GPC[A per cycle]

Slope of the linear fit (GPC)

Thickness [nm] GPC[A percycle]  Slope of the linear fit (GPC)

25 0.8 0.32 0.32 A per cycle 0.74 0.29 0.37 A per cycle
50 1.7 0.34 1.89 0.37
100 4.0 0.4 3.42 0.34
200 6.5 0.32 7.08 0.35
400 14.0 0.35 16.04 0.4
700 21.8 0.31 24.43 0.34

samples show the characteristic graphitic carbon signal (002)
at 11.9°, marked with asterisk. It can be seen that both, NiO/
Al,05/SCCNTs and Al,O3/SCCNTs, did not show any reflec-
tion that can be assigned to the Al,0; showing the amorphous
nature of the ALD deposited Al,O; film. Moreover, all the NiO-
SCCNTSs heterostructures with 50, 100, 200, and 400 deposition
cycles of NiO show the diffraction peaks corresponding to the
reflections of face-centered cubic NiO, but with higher number
of ALD cycles the reflection from the SCCNTs becomes less
pronounced compared to the reflections originating from NiO,
reported in our previous article.?!]

The chemical state of the NiO film deposited on SCCNTs
was examined by high-resolution XPS.%¥ Figure 3a displays
the Ni 2p;, core level spectra for the NiO-SCCNT samples with
100, 200, and 700 ALD cycles. The broad feature centered at
861.2 eV is mainly due to the complex multiplet splitting and
to the number of possible final states due to the strong overlap
of the Ni and O orbitals. More relevant is the low BE peak cen-
tered at 854.1 eV, which can be unambiguously ascribed to Ni?*

in the NiOg octahedral coordination of the cubic rock-salt NiO
structure.??l The remaining peak at 856.2 eV is known to be
a surface component and can be attributed to surface hydroxy-
lated NiO, similarly to Ni?* in Ni(OH),.

Figure 3b presents the Ols edges of NiO deposited onto
SCCNTs with 100, 200, and 700 ALD cycles. The lower binding
energy peak at 529.5 eV is representative of the lattice oxygen,
ie, O* in NiO. At high binding energy, the small peak at
533.2 eV corresponds to residual water at the film surface. The
peak at 531.5 eV can be indexed to surface hydroxyl groups.?¥
In the present study, all deposition were executed in a mois-
ture free highly evacuated chamber using argon as a carrier
and purging gas for the precursors, so, the hydroxylated surface
should be due to the short exposure in air after deposition. On
the other hand, the bulk of the film still remains rock salt NiO
(cf. XRD,2!I TEM, and SAED results above) while the surface
has been hydroxylated over the top few nanometers.

It can also be further observed for both, Ni 2p and O 1s,
regions that the NiO contribution became more prominent

T T T T T T
(@) i 2p-700 ALD Ni(OH),

Ni 2p-200 ALD

Intensity / a.u.

Ni 2p-100 ALD

1 L 1 1 1 1 1 1 1

®) 16 15-700 ALD N;(OH)ZI "NiO

O 1s-200 ALD
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O 1s-100 ALD

4 d 1 L 1 1
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Binding Energy / eV

1 1
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Figure 3. High-resolution XPS spectra of NiO-SCCNT samples with 100, 200, and 700 ALD cycles, a) Ni 2p, and b) O 1s scanned regions.
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Figure 4. a) Baseline resistance (R,) variation to a 10 ppm pulse of ethanol of the oxidized SCCNTs and XNiO-SCCNTs sensors, b) enlarged view of

the SCCNTs (black) and 25NiO-SCCNTs (red) sensors.

with the increasing of the number of ALD cycles. Since the
thickness of NiO coating increases with the increasing of
the number of ALD cycles, hence the bulk component (NiO)
became more prominent than the hydroxylated surface region.

3.2. Electrical Characteristics

Electrical and sensing characteristics of the NiO-SCCNT C-S
heterostructures were evaluated with the planar conducto-
metric sensor device, described in our previous reports.l2%2
Figure 4a,b reports the response to 10 ppm of ethanol in
dry air at 200 °C for the oxidized SCCNTs and all the XNiO-
SCCNT fabricated sensors. First, we can note the strong base-
line resistance (R,) difference among the various sensors. The
SCCNT sensor showed a very low value of R, i.e., about 82
ohm, which is in accordance to the relatively high conductivity
of the carbon nanotubes.[*" Figure 5 shows the schematic of
the cross-sectional view for the NiO-SCCNTs based device and
the expected corresponding electron-flow channel. The base-
line resistance (R,) of XNiO-SCCNT sensors increased with the
increasing of the NiO thickness, which shows that the resist-
ance of NiO-SCCNT sensors largely depends on the thickness
of the NiO shell layer (Figure 6a). The 700NiO-SCCNT sensor
showed a high resistance value, approximately up-to seven-
order of magnitude as compared to the oxidized SCCNTs.
Due to the very low resistance of the SCCNTs, it is reasonable
to expect that the electrical current will all the time cross the
junction between them and the NiO shell; moreover, because
the current cannot pass from one NiO-SCCNT element to the
other without crossing the NiO layer, it is reasonable to expect
that the conduction path can be described by a series arrange-
ment of three resistive elements: the SCCNTs, the junction
between them and the NiO shell, and the NiO shell. Hence,
the resistance of the XNiO-SCCNT sensors is dominated by

Adv. Funct. Mater. 2019, 1906874 1906874 (6 of 14)

the resistive shell layer and/or the heterojunction formed
between it and the SCCNTS, rather than the semiconducting
core substrate; the reason is that these three resistive elements
are placed in series and in such an arrangement the large
resistances dominate.

Reversible variations in the baseline resistance were observed
in the presence of ethanol, indicating that these devices can
be used as sensors. Furthermore, the response to target gas
appears to be linked to the thickness of the NiO coating. A
deeper discussion about this behavior is reported in the next
section.

R R R

CNT CNT-NiO NiO

ANV AAA—

Electron conduction pathway-cross sectional view

NiO-SCCNTs

Figure 5. Schematics of the resistive elements in series and the corre-
sponding cross-sectional view of the electron-flow channel into the NiO-
SCCNTs nanostructures.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.3. Gas Sensing Tests

The gas sensing properties of the SCCNTs and XNiO-SCCNTs
C-S heterostructures were investigated to evaluate their appli-
cability toward acetone and ethanol gas detection. A tempera-
ture of 200 °C was chosen for this study, which is similar to
the already optimized and reported temperatures for the NiO
and CNTs composites.'''”] The gas sensing tests were per-
formed for acetone and ethanol with the oxidized SCCNTs
and a series of XNiO-SCCNT sensors in an especially design
sensing chamber and the variations in the resistance (Ry)
were registered. Figure 6b—e represents the response of all
the sensors to various concentrations of acetone and ethanol
at 200 °C. When acetone and ethanol were introduced in the
sensing chamber, the resistance of the SCCNTs decreases
and shortly reached a minimum resistance value, which indi-
cate an n-type response of the oxidized SCCNTs (Figure 6b).
Generally, CNTs are reported as a p-type semiconductor, even
though, it has been reported that depending on the proce-
dure of synthesis and pre-treatment as well as the presence
of even very small amount of impurity of metal/metal oxide,
this semiconducting behavior may change. Especially, the elec-
tronic properties of the CNTs are very sensitive to the chem-
ical environment and conditions. It was demonstrated that
the electrical resistance and local density of states of the CNTs
are influenced by its exposure to a certain environment and
these can be tuned reversibly by even small concentrations of
adsorbed gases. The electronic properties of the CNTs are not
only related to the diameter and chirality, but also depend on
the gas history as well.[””] In particular, it has been found that
the degree of oxygen exposure is the determining factor as to
whether a carbon nanotube functions as an n-type or p-type
semiconductor.2°b]

The dynamic response of the XNiO-SCCNT sensors toward
various concentrations of acetone and ethanol (from 1 ppm to
40 ppm) as target gases is shown in the Figure 6¢—f. It can be
seen that coating of the NiO shell layer on the SCCNTs (NiO-
SCCNTs C-S heterostructures) remarkably modified the semi-
conducting nature of the SCCNT5. In response to acetone and
ethanol, the resistance of the XNiO-SCCNT sensors increases
and then recover promptly to the baseline value as the gases
are removed from the testing chamber. The responses of the
NiO-SCCNTs materials show a typical p-type behavior. Because
the NiO shell is very compact, the reaction with the gases will
take place at its surface. The corresponding changes in the
surface charge could determine changes of all resistive ele-
ments, namely: NiO shell, heterojunction formed between the
shell and the SCCNTs and the resistance of the SCCNTs. As
explained above, because these resistive elements are placed in
series the ones showing the larger values dominate. The two
candidates are the NiO shell and the heterojunctions.

The reasons for the changes of the surface charge are
related to the interaction with the gases present in the atmos-
phere. When a material is exposed to air, the oxygen mole-
cules adsorbed on the NiO surface capture electrons forming
negatively charged (0,7, O7, and O%) surface species. For
NiO, which is a p-type material, the resistance at the surface
decreases due to the increase of the carrier density (hole-
accumulation layer, HAL). On exposure to a reducing gas like
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acetone and ethanol, the gas molecules react with the adsorbed
oxygen (oxidize to, e.g., CO, and H,0) leading to the release of
electrons back to the surface. These electrons combine with the
holes in the p-type material causing a reduction in the carrier
concentration and therefore to an increase in resistance. ¢!

The changes in the free charge carrier concentration in
the NiO layer could also influence the resistance of the other
possible candidate, as a dominant resistive element, namely
the heterojunction formed between the shell and the SCCNT.
This can happen only in the case in which the influence of the
surface reactions extends in the full shell, i.e., shell thickness
comparable to the Debye length (Ap). In the case of larger shell
thicknesses one would expect that, besides the lack of influence
on the properties of the heterojunction, also the sensor signals
would be decreased; the reason is that the shell will present two
different regions, the surface accumulation layer, the resistance
of which will depend on the ambient atmosphere composition,
and the bulk region, the resistance of which won't be changed
(cf. Figure 5). Because these two contributions to the NiO shell
resistance will be placed in series, a large contribution of the
bulk will decrease the overall change of the resistance, which is
the sensor signal.

The gas sensing response of the XNiO-SCCNT sensors
increased with the increasing of the concentration of the target
gases (Figure 6g,h). The linear dependence of the gas response
(S) to the concentration of the target gases can be represented
empirically by S = a[C]b+1 or log (S — 1) = blog [c] + log(a).*")
The inset of Figure 6gh indicates that all the XNiO-SCCNT
sensors have excellent linearity (determination coefficient,
R? > 0.98) in logarithmic form and these NiO-SCCNTs hierar-
chical C-S nanostructures can be used as promising sensing
materials for acetone and ethanol detection.

The experimental results show that there is a correlation
between the NiO shell thickness (i.e., the number of ALD cycles)
of the XNiO-SCCNTs C-S nanostructures and their gas sensing
response. It implies that the sensing property of NiO-SCCNTs
nanostructures is intimately linked to the width of the deple-
tion layer. Surprisingly, at a first glance, the response (S) ini-
tially increased as the NiO thickness increased from 0 to about
5-6.5 nm (200 ALD cycles) and then decreases progressively for
the thicker films grown with 400 and 700 ALD cycles (=14 and
22 nm shell thickness) (Figure 7). The high sensing response of
the 200NiO-SCCNT sensor is due to the fact that the thickness
of the NiO coating is similar to the thickness of the depletion
layer, i.e., few times of the Debye length (Ap).?3<) At this point,
the entire film is in the space-charge-region and the charge con-
duction in the NiO film is dominantly perturbed by the oxygen
species and/or acetone/ethanol chemisorbed at the surface.!?”-2d
The decrease of the sensor signal when the thickness increases
is easy to understand because of the increasing contribution of
the bulk region and because the decrease starts around a thick-
ness between 6 and 8 nm corresponding to the similar or few
order-of-magnitude of the Debye length. The initial increase is
more puzzling because one expects that at thickness below the
Debye length the effect of the surface accumulation layer fully
dominates. There are three possible reasons:

e There is a pinning of the Fermi level at the interface be-
tween the shell and the SCCNT, like in the case of the contact
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Figure 7. NiO shell layer thickness of XNiO-SCCNT sensors as a function
of the sensing response toward acetone and ethanol at 200 °C, showing a
change in sensing response with varying the NiO shell thickness.

resistance between electrodes and SMOX explained by Bar-
san et al.?®l This would mean that the resistance of the het-
erojunction will be determined by the bulk properties of the
SCCNT and the NiO, e.g., will not depend on what happens
at the surface of the NiO shell. If this contribution is large, it
will limit the sensor signal.

o The surface reactivity with oxygen depends on the availability
of free charge carriers in the NiO shell. It is possible that at
low thicknesses, the low number of charge carriers limits the
surface ionosorption of oxygen. Less ionosorbed oxygen will
determine less reaction partners for the reducing gases and
lower sensor signals.

o A third possibility could be that at very low number of ALD
cycles the NiO films is not conformal and therefore some
CNTs-CNTs junctions, i.e., not mediated by NiO, could exist.
These pinholes can be due to the fact that NiO is deposited
as a crystalline nanoparticulate films in contrast to the con-
formally grown film of amorphous Al,0; even for few ALD
cycles (cf. below and Figure 8a). Indeed, for a low number
of ALD cycles (25-50), only very small NiO particles form-
ing a noncontinuous films are visible in the TEM images
(Figure S2f,g, Supporting Information). With the increasing
of the numbers of ALD cycles, the particles size increased
forming a smooth and conformal polycrystalline layer over
the SCCNT substrates (Figure 2a—c and Figure S2g-I, Sup-
porting Information)

The extremely strong dependence of the sensor resistance on
the NiO shell thickness, which seems to extrapolate to values
very close to the resistance of the SCCNT, suggests that the
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resistive contribution of the heterojunction is not too high so,
most probable the second and the third reasons are operating
in this case.

The electrical charge transfer process (transduction func-
tion) at the different interfaces across the NiO-SCCNTs het-
erostructures was further examined by incorporating an Al,O;
thin film with various thicknesses (as a k-dielectric interfacial
layer) between the NiO and the SCCNT substrate. The evalu-
ation of the presence of an insulating layer of Al,O;, able to
isolate spatially and electrically the NiO sensing layer from the
conductive SCCNT substrate, has been carried out by electron
microscopy and electrical measurements. The study was per-
formed by developing XNiO-YAl,03-SCCNTs heterostructures
(cf. schematics in Figure 1b). Different thicknesses of Al,O;
were deposited directly onto the pristine SCCNTS, while the
thickness of NiO was kept constant as for the best performing
sample for sensing, i.e., 6.2 nm (200NiO-SCCNTs, 200 ALD
cycles).

Figure S4 (Supporting Information) shows the HAADF-
STEM and the corresponding EDX elemental mappings
images of the 4Al,03/SCCNTs. It can be seen that Al,O; is
homogenously and conformally deposited onto the SCCNTs.
Figure 8a,c shows the BF-TEM and HAADF-STEM images for
the 4Al,0;-SCCNTs and 100Al,0;-SCCNTs C-S heterostruc-
tures, respectively. NiO is deposited homogenously on the alu-
mina surface with a similar thickness as for the 200NiO-SCCNTs
heterostructures (Figure 8b). Figure 8d-f shows HAADF-STEM
images for the 200NiO-4Al,0;-SCCNTs, 200NiO-19Al1,0;-
SCCNTs, and 200Ni0O-100A1,0;-SCCNTs, respectively. It can be
seen that NiO is deposited on all the nanostructures with a sim-
ilar thickness while varying the thickness of the interfacial alu-
mina layer. The thickness increases of the Al,O; film from 4 to
100 ALD cycles in XNiO-YAl,05;-SCCNTs heterostructures are
nicely demonstrated by the EDX elemental maps (Figure 8g—i).
It can also be seen that Al,O; ALD ultimately blocks the inner
walls for NiO deposition at 100 ALD cycles (Figure 8f,i). Hence,
for the 200Ni0-100A1,0;-SCCNTs heterostructures, the NiO is
present only on the outer walls of the SCCNTs and alumina is
deposited homogenously both in the outer and inner walls of
the CNTs (Figure 8i).

The effect of the Al,O; film on the electrical characteristics
of pristine SCCNTs and as an interfacial layer between the
NiO thin film and SCCNTs interfaces was first investigated by
measuring the baseline resistance. Baseline resistance of the
100A1,0;-SCCNTs and even for the 19Al,0;-SCCNT samples
was very high, higher than the detection limit of our instru-
ment. This is due to the elevated resistance of the Al,O; layer
precluding any further measurements. This also proves that the
Al,O; film is conformal. However, the resistance of the hetero-
structures with 4-ALD cycles of Al,O; was in the measurable
range and afterward all the experiments were only performed
with the samples with 4 AL;O;-ALD cycles. Figure 9a shows
the resistance variation for the SCCNTs, 200NiO-SCCNT,
4Al,05-SCCNT, and 200NiO-4Al,03-SCCNT samples during
heating from room temperature to 200 °C in air. The NiO
containing heterostructures show a typical semiconducting
behavior. The resistance of the SCCNTs covered with just
4 ALD cycles (4Al;0;-SCCNTs) increases of approximately
eight orders-of-magnitude as compared to the pristine SCCNTS5,
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Figure 8. Bright-field TEM images for the a) 4Al,03-SCCNT and b) 200NiO-4Al,0;-SCCNT heterostructures. HAADF-STEM images for the c) 100Al,05-
SCCNT, d) 200NiO-4Al,03-SCCNT, e) 200NiO-19Al,03-SCCNT, and f) 200NiO-100Al,0;-SCCNT heterostructures. g—i) HAADF-STEM images and the
corresponding EDX elemental mappings for the 200NiO-4Al,03-SCCNT, 200NiO-19Al,05-SCCNT, and 200NiO-100Al,05-SCCNT, respectively.

and the 200NiO-4Al,0;-SCCNT sample shows approximately
three-order-of-magnitude higher resistance as compared
to the 200NiO-SCCNT heterostructures. This indicates that
electrons can cross this thinner insulating space only through
the tunneling effect, as reported for Al,O; layer deposited on

Adv. Funct. Mater. 2019, 1906874 1906874 (10 of 14)

different substrates.*” This behavior was further confirmed
(Figure 9b-d) by the measurements carried out at different
potential applied (0.1-10 V). However, this behavior is expected
to be decrease with increasing the Al,O; film thickness, dem-
onstrating an increase in the baseline resistance with the
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Figure 9. a) Baseline resistance of noncoated SCCNT, 200NiO-SCCNT, 4Al,03-SCCNT, and 200NiO-4Al,0;-SCCNT samples, during heating from room
temperature to 200 °C in air, b—d) baseline resistance of 4Al,03-SCCNTSs at 200 °C in air at different applied potentials (0.1-10 V), e) baseline resistance
of YAI,03-SCCNTs and XNiO-SCCNTs at 200 °C in air at an applied potential of 1V, f) acetone sensing experiments and dynamic response toward
different concentrations of acetone at 200 °C from 200NiO-SCCNTs and 200NiO-4Al,03-SCCNTs heterostructures.

higher number of ALD cycles. So, for Y > 4 in XNiO-YAL,O;-
SCCNTs heterostructures the tunneling effect cannot take place
anymore and the current can only flow along the NiO polycrys-
talline film (Figure 10). As compared to NiO-SCCNTs, at the
same coating thickness, the resistance of the Al;0;-SCCNTs is
much higher due to the higher insulating character of Al,O;
compared to NiO. Data obtained at V =1 V are summarized
in Figure 9e. The top-most dotted line represents the detection
limit of our instrument.

The acetone sensing experiments were further performed
with the Al,O;-SCCNT, NiO-SCCNT, and NiO-Al,03;-SCCNT
sensors (Figure 9f). There was no response recorded for the
4A1,0;-SCCNT sensor. However, the 200NiO-SCCNT and
200NiO-4Al,0;-SCCNT sensors show a typical dynamic

Adv. Funct. Mater. 2019, 1906874 1906874 (11 of 14)

response toward acetone at different concentrations. It is note-
worthy that there is no differences in the response and response/
recovery time, indicating that the presence of thin layer of Al,O;,
even if it drastically changes the baseline resistance, it does not
modify at all the sensing performances. This means that the
sensing performances are strictly related to the top sensing sur-
face, NiO in this case, and the presence of Al,Oj; thin layer does
not interfere with the creation of the accumulation layer, in full
agreement with the mechanism described above.

The dynamic response of the 200NiO-SCCNT sensor,
showing the best performance was measured for 10 ppm of
acetone and ethanol at 200 °C (Figure 11a). It shows a good
repeatability and recovery of the signals after successive expo-
sure to acetone/ethanol and air. The reproducibility of the
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Figure 10. Schematics of the NiO-Al,0;-SCCNTs heterostructures
and the cross-sectional view for the proposed electronic conduction
channel dominating along the NiO shell for thick Al,O; layers (Y > 4 in
XNiO-YAl,03-SCCNTs heterostructures).
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200NiO-SCCNT sensor was also evaluated for acetone at
200 °C. To fulfill this aim, two replicate sensors were prepared
from the same samples (i.e., 200NiO-SCCNT5) and tested
under similar conditions. The results reported in Figure 11b
show a stable baseline resistance (no drift) and good reproduc-
ibility of the signals, indicating an acceptable performance of
the fabricated sensors. The selectivity of the 200NiO-SCCNT
sensor was tested against acetone, ethanol and some inter-
fering gases like CO,, NO,, NH;, CO, methane, and hydrogen.
It is clear that 200NiO-SCCNT sensor shows a significant and
clear response toward acetone and ethanol, whereas it shows
lower effective signals for other gases, at concentrations rele-
vant to typical gas sensing applications (Figure 11c). Hence, the
200NiO-SCCNTs fabricated sensor shows a good selectivity for
acetone and ethanol detection at 200 °C. Table S1 (Supporting
Information) compares the gas sensing properties of our NiO-
SCCNTs core-shell heterostructures to some state-of-the-art
NiO nanostructures, reported for ethanol and acetone sensing.

4, Conclusion

Gas sensing performance and mechanism are reported for
NiO-SCCNTs C-S hierarchical heterostructures with a range
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Figure 11. a) Successive response of 200NiO-SCCNTs fabricated sensor to 10 ppm of ethanol and acetone at 200 °C. b) Response of the two different
sensors fabricated by 200NiO-SCCNTs toward acetone at 200 °C. c) Response of 200NiO-SCCNTs sensor to acetone, ethanol, and other gases at 200 °C,

which demonstrates a good selectivity toward ethanol and acetone.
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of ALD deposited ultrathin layers of NiO (from 0.80 to
21.8 nm in thickness). The modest SCCNT sensor capabili-
ties are greatly enhanced by the homogenous and conformal
coating with a NiO shell layer. Both the electrical properties
and the sensor response of NiO-SCCNTs C-S hierarchical het-
erostructures to acetone and ethanol are strongly dependent
on the thickness of the NiO shell layer, proving that the
sensor performances are controlled by the ratio between the
thickness of the hole accumulation layer and the total layer
thickness, in the case in which the later exceeds the former.
For the other case, the limited availability of free charge
carriers hinders the sensing performance. Besides allowing
for the formation of high quality conformal NiO layers, the
presence of the very low resistivity SCCNTS cores determines
a conduction path that transversally crosses the NiO shells
and by that enhances the sensing performance. The 200NiO-
SCCNT (6.5 nm NiO shell layer) sensors show the best per-
formance among others due to the matching of the Debye
length (Ap) with the coating thickness. The investigations on
NiO-Al,0;-SCCNT, Al,05-SCCNT, and NiO-SCCNT coaxial
heterostructures revealed that the electrical conduction mech-
anism at the interfaces is controlled by the NiO shell layer.
The NiO-SCCNT sensors also showed excellent performance
in terms of repeatability, reproducibility, and selectivity
toward acetone and ethanol. The noteworthy performance of
200NiO-SCCNT sensors can be attributed to the good con-
ductivity and high surface-area of the SCCNT substrate, the
conformal and homogenous NiO coating achievable by ALD
and the optimized NiO thickness. All in all, we are convinced
that our optimized heterostructures endow a great potential
for gas sensing applications.
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