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MOTIVATION

“Whoever follows a path in pursuit of knowledge, Allah
makes his way easy to paradise.” (A Hadith narrated by

Imaam Al Bukhart)

“When a man dies all his deeds comes to an end except for
three: an ongoing charity, beneficial knowledge and a
righteous son who prays for him.” (A Hadith narrated by

Imaam Al Bukhart)
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Abstract

Rapid globalization of industrial activities has led to the increase of released pollutants
in the form of the gaseous and liquid state into our environment. The gaseous pollutants (CO2,
CHas, NOy, CO, SO, VOC:s, etc.) which are produced from the combustion of fossil fuels, not
only has become a major contributor to global warming and climate change, but also human
respiratory problems. For example, volatile organic compounds (VOCSs) and nitrogen oxides
(NOxy) induced by recent situations, including rapid industrialization, massive fuel combustion
and utilization of chemical in many household products. In particular, VOCs are quickly
evaporated at relatively low temperatures and therefore VOCs amount in the atmosphere can
gradually increase over time making our environment and other living creatures endangered.
Among various harmful VOCs, gaseous toluene (C7Hg) is poisonous for both humans and the
environment produced from paints, thinners, adhesives, cleaning agents, leather tanning
processes. On the other side, NOx is a major residue from fuel burning from automotive and
industrial. Both gases are eventually near to our daily life. Moreover, long and intense exposure
to these gases can potentially harm the human body through inhalation. Therefore, VOCs and
NOx should be immediately detected.

To detect toxic gases, semiconducting metal oxides material (SMOX) is one of the most
explored compounds for chemiresistive gas sensors application. Because of their low cost and
versatility of development, ease of use, wide range of observable gases/possible fields of use,
they have drawn much interest in the field of gas sensing under atmospheric conditions. These
materials exhibited exceptional sensing performances as compared to other types of sensors,
e.g. catalytic-type and electrochemical-type gas sensors. However, they have some drawbacks

such as their low sensitivity and selectivity to distinguish the toluene with other gases.
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Fig. 1 (a) Organic molecules functionalization-induced unique surtace charge,

(b) electrostatic self-assembly process.



In the present thesis, we successfully improved the SMOX gas sensing properties by (i)
Precise control of morphology and facet, (ii) Fabrication of heterostructure p-n junction and
(iii) Hybridization with 2D TisC,Tx MXene with metallic phase materials to introduce a
Schottky Junction. The unique approach of this thesis is we have been able to combine two
materials by harnessing their organic molecules functionalization-induced effective surface
charge (Fig. 1 (a)). This approach enables the preparation of hybrid structures (p-n junction or
Schottky M-S contact) at room temperature without damaging the structures and original

properties may be preserved (Fig. 1 (b)). This is so-called electrostatic self-assembly method.

A facile solvothermal synthesis in an

ethanol/acetic acid mixtures so-called weter e \/
Sn species —= 5

Higher volume ratio of EtOH/AcOH
Small nanocrystalline and particles » Big

“water controlled-release  solvothermal
process (WCRSP)” has been successfully
utilized for fabrication of SnO, with a

controllable hierarchical spherical size and $n0, particle nucleaction Aggregation $n0; spheres with porosity

micro-/mesoporosity. The obtained SnO; - S o
spheres exhibited a particle size in the range  Fig. 2 The formation mechanism of SnO_ spheres
of 0.6 —1.6 um, a pore size of about 1.4-1.9 With mesoporous structure.

nm, and effective surface charge depending on the volume ratio of acetic acid to ethanol in the
reaction mixture, and the spheres were constructed by nanoscale particles (Fig. 2). Due to its
micro-/mesoporous structure, the SnO2 spheres exhibited large specific surface areas over 100
m?/g. When 10 vol. % of acetic acid at 200 °C for 20 h was used for the reaction, the obtained
SnO; possessed a high specific surface area of 145 m?/g (SnO._10). The gas sensing property
of SnO2_10 without an additional noble metal co-catalyst exhibited a large toluene sensing
response (Ra/Rg) of 20.2 at 400 °C, which was about 6 times higher and acceptable selectivity
compared to those of other samples. The study found that the sensing performance in the SnO>
hierarchical spheres was influenced by several factors e.g. particle morphology, pore size and
specific surface area rather than only a single parameter. Therefore, a precise control of those

influencing parameters may lead to the optimum sensing property.



This method can
also be applied to control
the facet of metal
oxides/hydroxides since
it is an efficient approach

to boost their gas sensing

Fig. 3 The transformation mechanism of octahedral
performance. Herein, we  morphology NiO with 111 facet from a hexagonal morphology

demonstrate the NIOHCI

successful synthesis of NiO with a dominantly (111) facet from the transformation of NiOHCI

with a layered structure synthesized by WCSRP (Fig. 3). Among other crystal facets, NiO-
Octa (111) exhibited the best NOx gas sensing response (16.5 %) to 300 pp b level and deNOx
photocatalytic ability over 50% under UV irradiation. The DFT calculation revealed that the

abundance of Ni atoms on the clean (111) surface layer allows the favorable adsorption of N

adatoms, forming the Ni-N bond. The charge transfer took place from NiO to NO orbital has

proven to be a cause of bond weakening and stretching from 1.1692 A to 1.2231 A, leading to

NOx molecular decomposition, consistent with the experimental results.

A uniformly CuO nanoparticles decorated SnO2 (SnO.@CuO) is successfully prepared

by electrostatic self-assembly, taking the benefit from opposed surface charges of a positively

charged CuO and a negatively charged SnO.. The surface charge of oxides is tunable,

depending on the solvent used during solvothermal treatment.
The toluene response (Riiuene = Ra/Rg) and selectivity (S =
Rioluene /Rothergas) 0f CuO/SnO. based material toward the
exposure of 75 ppm toluene had reached to such high as 540
and 5, respectively due to the p-n heterojunction p-type CuO/n-
type SnOz (Fig. 4). The response/recovery times were 100/36
s. We found that CuO NPs was reduced to Cu metal NPs in high
exposure of toluene concentration, forming metal-

semiconductor (M-S) contact to greatly improve toluene
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Fig. 4 Gas sensing performance
of SnO,@CuO

response. The limit of detection of SnO>@CuO can reach to around 1 ppm.



We have successfully coupled CuO with 2D
TisCoTx MXene. MXenes is a new family of 2D

materials which offers more exceptional performances

11.4 CuD/Ti3C, T,

for energy storage, sensor, photocatalyst, functional

TizC,T,

flexible devices than other 2D materials. To date, the ‘ O

novel functionality of hybrid containing MXene and Fig. 5 Gas sensing performance of
metal oxides starts being explored. As shown in Fig. CuO/TisG T,

5, the CuO/Ti3C,Tx MXene exhibited the improved toluene gas sensing response (Rg/Ra) of
11.4, which is nearly 5 times higher than that of the pristine CuO nanoparticles (2.3) to 50 ppm
of toluene. Due to the different work function (®), the Schottky junction was established at the
interface of CuO/Ti3C2Tx MXene, acting as hole trapping region (HTR) at TisC2Tx MXene side.
Compared to other hybrid 2D materials such as MoS; and rGO, which have possessed a higher
work function, the CuO/Ti3sC2Tx MXene maintained better toluene sensing performance. Thus,
the work function is critical for designing a high sensing performance of hybrid metal
oxides/2D materials. The sensor showed fast responses (270 s) and recovery times (10 s) due
to the high conductivity of the metallic phase in TizC2Tx MXene. Such excellent performance

showed promising applications for VOCs gas sensing.
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CHAPTER 1
General Introduction
1.1 Environmental gaseous pollutants

Progressive human and industrial activities have brought severe environmental
downgrade besides their bringing to the economic cycle, well-being, wealthiness and human
prosperity.>? Air quality worsening, one of the serious environmental issues caused by
automotive engine and industrial exhaust gases has become an utmost concern for scientists,
engineers, and environmentalists due to their effect on human health and surrounding eco-
systems. Although the air quality in certain countries has improved in recent years due to the
implementation of COP 21 (Paris Agreement) under the United Nations Framework
Convention on Climate Change (UNFCCC) in late 2015. This framework aims to reduce
carbon and greenhouse emission to a certain level and accelerate the sustainable development
goals (SGDs) set by the United Nation.

Air pollution emissions includes carbon monoxide (CO), Nitrogen monoxide (NO),
sulfur dioxides (SO>), volatile organic compounds (VOCs), ozone (Oz)and many more are
released from certain activities of human being such as the burning of non-renewable fossil
fuels, thermal power plants or automobile combustions, and industrial activities-induced by-
product gases. These harmful gases affect the respiratory and nervous systems in long-term
exposure as illustrated in Scheme 1. Evidence of health risk exists associated with the air
pollution such as low birth weight, increased infant and perinatal mortality, tuberculosis,
cataract, and so on. Air pollution can be found in indoor or outdoor environments.

In particular, VOCs generated by recent situations including rapid industrialization,
massive fuels combustion and utilization of chemical in many household products®™ should be
immediately detected because VOCs can potentially harm the human body through inhalation
in the long-term exposure.*® Since VOCs are quickly evaporated at relatively low temperature,
VOCs amount in the atmosphere can gradually increase over time making our environment and
other living creatures endangered.*"~° Moreover, some VOCs are tasteless, colorless, odorless
and exist in a very low concentration, making them more difficult to be detected by human
sense. In all variety of harmful VOCs, toluene gas (C7Hs) is a toxic gas and a cause of health
problem in nervous systems including dizziness, headache, and unconsciousness to induce a
permanent speech, hearing, and vision loss for the repeated exposure. It mostly comes from

paints, thinners, adhesives, cleaning agents, leather tanning processes.'®'! Therefore, rapid
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detection of these dangerous gas is of great importance to reduce health risk from its exposure

and monitoring its concentration in the indoor and outdoor environment.

NOy
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Scheme 1. Air pollution source (Ref : https://www.idt.com/jp/en/application/iot-building-
technology/outdoor-air-quality-sensor-oaq)

HoEHB

Another example of harmful gases beside VOCs is nitrogen oxides NOx. They are
deadly atmospheric contaminants produced from hydrocarbons combustion processes such as
vehicle engines or power plants which usually occur at high temperature.*?*4 Not to mention
electrical generation from non-renewable fuels, the massive use of vehicles, especially in the
metropolitan city, has made the condition is getting worse by the time.*® A number of studies
suggested that NO> is a source for asthma or asthma symptoms.°

In this regard, there is an urgent need for the sensitive, robust, and fast detection of
these severe gases, gquantitively, to overcome human sense limitation and protect the larger
community. Gas sensor device is a promising way to sense unseen gas threat. Moreover, it is
predicted in the future that gas sensor devices can be fully integrated into a flexible, wearable,
and smart system into our body making it very attractive to control the exposure of harmful
pollutants to our body. It is also a great promise to monitor our health problem through
biomarkers such as from breath or skin. Gas sensor device is formed by two main elements:
Electrode device and sensing material. This thesis will mainly present the later element, that is

gas sensing material.
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1.2 Gas sensing materials, working principle and influencing factor
1.2.1 Semiconducting Metal Oxides (SMOX) gas sensing material

Semiconductor metal oxides material, or well-known as SMOX, is one of the most
explored compounds for chemiresistive gas sensors application. Because of their low cost and
versatility of development, ease of use, wide range of observable gases/possible fields of use,
they have drawn much interest in the field of gas sensing under atmospheric conditions. These
materials exhibited exceptional sensing performances as compared to other types of sensors,
e.g. catalytic-type and electrochemical-type gas sensors (Fig. 1.1).1” The detection of the gases
can be determined by the change of resistance (Q) conductance (Q*), capacitance (F), work
function (®), optical properties, or the release of energy during gas-phase solid reaction.
Numerous SMOX have been utilized to identify dangerous and poisonous gases. In general,
there are two primary categories of semiconductor metal oxide sensors, namely n-type, the
majority charge carrier of which is an electron (for example SnO2, ZnO, TiO2, WO3, W1gOag,
Fe>03, Ga203, In203, and many more) and p-type, the majority charge carrier of which is a
hole (such as NiO, CuO, CoO, Cr203, Mn304 and a few others). The first group is being widely
investigated to explore their novel functionality for detecting the unwanted gases. In contrary,
relatively little exposure has been given to the latter group, and relevant work into the

manufacture of these chemiresistors is only in the preliminary stages of production. Table 1.1

1ppt 1W0ppt  100ppt 1ppb 10pp> Y00pp0 1ppm 0ppm 100ppm  $000ppM 1°‘b 0%
i | [ I [ [ I [ I el

Catalytic-type SEN80MS
Catalyth type gas sensol L.
- s

Electrochermical-lype gas sensors

MOS-type gas sensors
< >

Fig. 1.1 Gas concentration range of some common gas sensor.
Reprinted with permission from Royal Chemical Society.!’

summarized previous works on detecting VOCs gas based on SMOX material. Due to the very
abundance work on this material, we have focused on the materials of which related to the

present thesis.
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Table 1.1 A brief summary of some SMOX-based gas sensing materials

Sensor Group | Morphological Target gas Operating Ref.
Materials structures temperature
SnO; n-type | Nanoparticles, Cl, NO2, Ha, | RT-400 18-25
(Eg = | Nanotubes, CO, Benzene,
3.6 eV) | Nanowires, Hierarchical | Toluene,
porous structures, Thin | Ethylene,
film, spherical, cubic, | Xylene,
etc. Ethanol,
Formaldehyde,
etc.
CuO p-type | Nanoparticles Nanorods, | Ethanol,  Ha, | RT-300 26-33
(Eg = | Nanosheets, Thin Film, | H2S, NHg, etc.
1.2 eV) | Urchin-like,
Nanowires,
Hollow spheres, etc.
NiO p-type | Nanoflowers, Ethanol, RT-400 34-44
(Eg = | Nanotubes, Thin Film, | Butanol,
3.6-4.0 | Nanowires, Hollow | HCHO, NHs,
eV) spheres, CO, etc.
Hierarchical structures

Although, SMOX-based sensor obviously exhibited excellent gas sensing performance,
it comes with limitation as well. Although SMOX shows an excellent gas sensing response, in
practical, SMOX is sensitive to not only single target gas, but also other gases and moistures
which could lead to the poor selectivity. SMOX could not bear the harsh environment and thus
their long-term durability still lacks. To realize the robust gas sensing materials, some
approaches are attempted by scientists. The improvement method based on gas sensing

working prince is discussed in the following description.
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1.2.2 Gas sensing working principle

Prior to the explanation on how the gas sensing properties of certain material can be
improved, it is crucial to discuss the sensing mechanism of chemiresistive SMOX-based gas
sensors. Although exceptionally long history, there are still several debates among the
researchers on the exact fundamental mechanism that causes a response if SMOX is exposed
to target gas. However, in general, the accumulation of electrons in adsorbed molecules and
the band bending caused by these charged molecules is responsible for an alteration in
conductivity of the SMOX. The recent gas sensing mechanism proposed by Ji and co-
workers,!” the adsorption models, the bulk resistance mechanism, and the gas diffusion control
mechanism can provide sufficient explanation on physical phenomena such as bend bending,
the formation of electron depletion layers (EDLs)/Hole Accumulation Layers (HALS), and
grain boundary barrier change. Thus, this present thesis will emphasize these gas sensing

mechanisms parameter.

The adsorption model is proposed because the physical or chemical
adsorption/desorption on the gas sensing materials has caused the alteration in a sensor
resistance, leading to the change in charge carrier concentration. At first, we took an example
of n-type SnO», as a common gas sensing material, to explain the adsorption model. The work
from Li and the team,* where they prepared hierarchical SnO, nanostructures from assembled
nanosheets, has theoretically proposed the oxygen vacancy formation at high temperatures in

a reducing environment (Eq. 1.1).
1
0, =V, +2e+ EOZ(g) (Eq.1.1)

Where O, represents O atom in O site and V, represents oxygen vacancy. Fig. 1.2 shows
an atomic model of SnO> (left side) and their corresponding band structure (right side). Left
side of Fig. 1.2 (a) displays a nonstoichiometric SnO> surface with oxygen vacancies, where
the pre-existed oxygen vacancies filled donor states which positions below the conduction band
edge and thus there is a pre-existed energy barriers (X;) (right side of Fig. 1.2 (a)). During the
air injection process, the oxygen molecules were adsorbed on the SnO2 surface by inhabiting
the pre-existed oxygen vacancies. Then, they capture the electrons near the conduction band
leading to the formation of oxygen ions. lonic oxygen species are temperature-dependent,
means that the oxygen ion species at certain working temperature is specific. The temperature

dependency of oxygen dissociation is shown below. (Egs. 1.2 — 1.5).
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O2(gas) — O2(ads) (Eq.1.2)

O2z(ads) + & — Oz (ads) (< 150 °C) (Eq.1.3)
02 (@ds)+ & — 20 (ags) (150 °C—-400 °C) (Eq.1.4)
O (ats) ¥& — O (ags) (> 400 °C) (Eq.1.5)

Due to the trapping of electrons at the conduction band, a typical formation of electron
depletion layers (EDLSs) occurred. This also caused in the change of band structure of SnO.. In
short, the energy barriers (X,) were formed, the Fermi energy went down and oppositely,
conduction band moved upwards (Fig. 1.2 (b)).*® Accordingly, the sensor resistance became
higher since the electron’s mobility was blocked by the EDLs. In the case of ethanol enters as
a sensing gas, it undertakes a redox reaction with oxygen ions, as described in Eq. 1-6. This

removal of oxygen ions by the reaction of ethanol from the surfaces caused the thinner size of

N——s,
Xy -
0, 420" ‘Vu
0, =20
0:-20' H ~
e et
E,

Xy -
‘ v
0«0 eVps
gkl P S

.._:u_..-g,
o [
—ox,so—

Fig. 1.2 (a—c) Schematic illustration and the corresponding energy band diagram of (a)
nonstoichiometric SnO; surface with oxygen vacancies, (b) partially repopulated SnO> with
adsorbed oxygen and (c) reaction between C2HsOH and pre-adsorbed oxygen atoms. The
gray, red, blue, black and white balls represent Sn, O, adsorbed O, C and H, respectively.
Reproduced from reference®
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EDLs to decrease the potential barrier (X3), move Fermi level upwards and conduction band

edge downwards, resulting in the decrement of sensor resistance.

CSHZOH (gas) + 105 027 (ads)_’ 5 COZ (gas) +15 HZO (gas) + 21 e (Eq 16)

The above adsorption/desorption mechanism mainly discussed the interaction between
oxygen species with analyte gas, without involving a direct contact between semiconductor
surface with analyte gas. Although oxygen undergoes chemical adsorption/desorption, such
mechanism is unsatisfactory to explain some interesting phenomenon at which a formation of
by-product material can be found after the exposure of testing gas. This alone is a clear
indication that not only oxygen species which interacted with SMOX surface, but also the
testing gas itself. For example. Xiao et al. 4 prepared mesoporous SnO; for the H.S gas
detection. They interpreted the gas sensing mechanism by the oxygen adsorption models that
adsorbed onto the grain of SnO2 (Fig. 1.3). EDLs formed and covered the grains, leading to the
depleted region at the grain boundary and increment of gas sensor resistance. When 50 ppm of
H>S was injected, the ionosorption oxygen was actively interact with the H.S gas, shrinking
the depletion layer thickness and decreasing the sensor resistance. This process is a normal
oxygen adsorption/desorption. However, they noticed the formation of SnS, compound after
the gas sensing evaluation as confirmed by the existence S 2p core level spectra in XPS scan.
Thus, the H2S would eventually have direct interaction with SnO2 surface only after a complete
removal of adsorbed oxygen ion species, but H2S flow still proceeded. The formation of SnS:

was described in Eq. 1.7

H2S + SnO2 — SnS; +H20 (Eq. 1.7)

SnS; is a well-known material for solar cell application due to its low band gap to
effectively harvest the solar energy by adsorbing the wide range infrared spectrum. SnS:
exhibited higher conductivity than SnO», and therefore its presence during the H.S exposure

can further decrease the resistance, leading to the higher sensitivity of SnO.-based sensor.
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Fig. 1.3 Schematic diagram of the H2S-sensing mechanism of sensors based on
mesoporous SnO,. Reproduced with permission from Ref. 4/

The systematic concept of adsorption models in n-type SMOX, including both oxygen
and chemical adsorption, is also applicable for its counterpart, namely p-type SMOX. Yakhmi
et. al synthesized CuO thin film to detect various gases such as Clz, H2S, NH3, CH4, CO and
NO. It was found that the CuO thin film-based sensor exhibited a reasonable response (Rg/Ra)
of 37.7 to 10 ppm H.S at 200 °C.“8 It also shows a remarkable selectivity when it was exposed
to other hazardous gases as mentioned above. They believe that the gas sensing mechanism of
p-type CuO thin film sensor was similar to that of any n-type SMOX exposed in H2S, that is
involving oxygen and chemical adsorption. When CuO is exposed to certain temperatures, CuO
surface absorbs oxygen from air and created HALS, resulting in a low resistance value. Then,
upon the flow of H>S at low concentration (<500 ppb), adsorbed oxygens on the CuO surface
reacted with H2S, releasing electrons (Eq. 1.8). Then, it recombined with holes in VB caused
an increase in sensor resistance. However, when high concentrated HzS (>50 ppm) were flown,
the chemical oxidation of H2S occurred (Eg. 1.9). Subsequently, CuS layer formed and covered
the entire CuO grains surface. CuS itself exhibit a metallic properties that enhances the
connectivity between CuO interparticles, resulting a huge decrease in film resistance. The

whole oxygen and chemical adsorption process were schematically illustrated in Fig. 1.4.
H2S(g)+302 (ads) — 2H20(g)+2S02(g)+3e™ (Eq. 1.8)

H2S(g)+CuOs)— CuS(s)+H20(g) (Eq. 1.9)
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Fig. 1.4 Schematics and band diagrams showing various stages before and after the CuO
films were exposed to H.S gas of different concentrations. (a) In air, (2) in low HzS
concentration and (3) in high H2S concentration. Reproduced from ref. 8 copyright Elsevier
(2010).

1.2.3 Influencing factor on the improved gas sensing properties

For many decades, a lot of researchers worldwide have put their efforts to explore
critical factors affecting gas sensing properties of semiconducting metal oxides SMOX, and
the best way to explain how their performances can be enhanced is that by using a
comprehensive gas sensing mechanism. According to the discussion in the previous section,
the gas sensing mechanism can be improved by increasing the oxygen chemisorbed species
and target gas molecules adsorption. Herein we discuss influencing factors which can

effectively alter the gas sensing properties.
1.2.3.1 Morphological control

The sensitivity of the SMOX-based sensor can be increased significantly by changing
their particle size and morphological structures, as have been reported by many publications .*
It is reasonable because the size of particle determines the core-shell structures of depleted
regions, namely Electron Depletion layers (EDLSs) and Hole Accumulation Layers (HALS) for

n-type and p-type SMOX, respectively, as illustrated in Fig. 1.5.34%° While the morphological
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structures govern the configuration of their assembly and interparticle contact.>*>® Both
depleted regions are formed because of electrons drawing from the valence band of SMOX.
However, they have opposite behaviors. EDLs, due to the high density of electrons, it has a
high resistance. Consequently, n-type SMOX exhibited a high resistance in air atmosphere.
HALs, in opposite, possessed a low resistance in the ambient atmosphere due to the
accumulation of hole. The gas sensing response of SMOX, hypothetically, is depleted region
dependent. The response will dramatically increase if SMOX particles is smaller than twice
thickness of EDLs.>%%1%" As also illustrated in Fig. 1.6, three different models regarding the
relation between particle size (D) and charge depletion layers thickness (L) can be explained.
The L is formed around the surface due to oxygen ions adsorption and the size of L is expected
to be 3 nm for standard SnO, nanostructured materials.>® % If the D much larger than 2L
(D>>2L), the conductivity is governed by the inner mobile charge carriers and electrical
resistivity depends largely on the height of potential barrier. If the D is larger or comparable to
2L (D > 2L), there is a formation of interparticle space-charge layers, inhibiting the conduction
channel within each particle. Therefore, the electrical resistivity not only depends on particle
boundary, but also the space-charge contact on the particle neck and so it is so sensitive to
charge reactions. When D is smaller than 2L (D<2L), the depleted layers dominates the

particles and thus the bands are nearly flat in whole structures. The electrical resistivity is

(a) n-type oxide
semiconductors QQ
a

%

Semiconducting core
(low resistance)

0/

(b) p-type oxide
semiconductors

Insulating core
(high resistance)

Hole accumluation layer
(low resistance)

Fig. 1.5. Formation of electronic core—shell structures in (a) n-type and (b) p-type oxide

semiconductors. Reprinted with permission from Ref .3*
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controlled by the interparticle resistivity. Even only a few charges is transferred from the

surface reactions can cause a significant changing in the electrical resistivity.®

The effect of morphology and particle size variation of n-type (SnO2 and ZnQO) and p-
type (CuO and NiO) on their gas sensing properties gathered from the literatures is summarized

in Table 1.2. The table informs how the morphology can greatly tune the sensing responses.

D >> 2L (GB control)

Potential
Rarricr

(a)
D >> 2L (neck control)

Potential

Barrier

—_— A
7\
a
s

(b)
D < 2L (grain control)

Potential
Barrier

(c)

Fig. 1.6 Schematic model of the effect of the crystallite size on the sensitivity of metal-oxide

gas sensors: (a) D >>2L; (b) D >2L; (c) D <2L.(D: particle size, L: charge depletion layers
thickness) Reprinted from reference.

Mostly, they attributed the enhanced gas sensing properties to the high specific surface area,
interparticle contact and porous structures. Nevertheless, the relationship between
morphological design and their gas sensing performance still remains difficult because

different materials, although they have the same morphology, will exhibit different gas sensing
properties.
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Table 1.2 Morphology-dependent gas sensing properties of semiconducting metal oxide-

based sensing materials

Sensor Morphology | Target gas Working Response Refs.
Materials Temperature | (Rg/Ra) or (Ra/Rg)
(°C)
SnO; Hierarchical Acetone 500 Rshuttle-shaped = 60 62
NSs Recone-shaped = 175
Rrod-shaped = 32
Sn0; Flower-like co 250 Relower-like = 71.5 63
Sheet-like Rsheet-like = 17.7
Nanoparticles Rnanoparticles = 16.3
ZnO Nanorods NO: 100 Rnanorods = 34.8 64
Nanoparticles Rnanoparticle = 1.02
ZnO Nanorods NO; 80-400 Rnanorods = 624 65
Needle-like Rneedle-like = 44.8
Pencil-like Rpencil-like = 206
CuO Hierarchical H2 200 Rierarchical = 5.8 66
NSs Rnanorods = 3.4
CuO Hierarchical H.S 190 Rhierarchical = 4.5 67
NSs Rsolid spheres = 3.2
NiO Nanotubes Ethanol 250 Rnanotubes = 4.2 68
RnNanofibers = 1.4
NiO Hollow Spheres | 1-Butanol 350 RHollow spheres = 2.55 |

RNanoparticIes =1.73

NSs = Nanostructures

Ra = Resistance in Air

Ry = Resistance in gas
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1.2.3.2 Exposed facets design

Gas adsorption/desorption during the sensing process mostly occurs on the surface of
materials, and due to the fact that different exposed surface facet exhibit different surface
adsorption-desorption abilities, gas sensing performances, in many cases, are largely affected
by surface nature of the material. High-energy facets tend to show more excellent gas sensing
properties because of higher surface energy and stronger interaction with analytes. In the
reported literatures, the influence of exposed facets is always accompanied by first-principle
calculation, besides the experimental work to gain a more comprehensive understanding about
the surface nature and how they interact with the gas molecules. Therefore, a precise and facile
design of a highly active surface facets is getting more popular in the gas sensing field.

We can take ZnO, a common and well-known gas sensing material, as a representative
to observe crystal facet-dependent gas sensing properties. In one report,”® porous ZnO
nanosheets with two well-defined facets were successfully synthesized, namely (0001) and
(1010). They were used to detect ethanol vapors. Fig. 1.7 (a) illustrates crystal facet in ZnO
porous nanosheet. The gas sensing results depicted in Fig. 1.7 (b-f) clearly shows the ZnO with
(0001) surface facet exhibited a better ethanol sensing properties than ZnO with (1010) surface
facet, at all operating temperatures. Not only its superior sensitivity, (0001) surface facet was
found to be more selective than that of (1010) surface facet. They proposed that the (0001)
surface facet exhibited a large amount of oxygen vacancy as well as unpaired dangling bonds,
contributing much in gas molecular adsorption favorability, so that the gas sensing properties

improved.

Fig. 1.8 (a) shows a crystal structure of hexagonal ZnO with both (0001) and (1010)
crystal facets. It is obvious that on the surface of (0001) facet, two dangling bonds in 2-fold
coordinated sites and one dangling bond in 3-fold are existed. On the other hands, only one
dangling bond in 3-fold coordinated sites can be found in (1010) crystal facet. ZnO nanosheet
with dominantly (0001)-exposed facet should be able to adsorb more ionized oxygen species
and gas molecules greatly, leading to the better sensing performance than ZnO with dominantly
(1010)-exposed facet.

The influence of facet can also be clarified by DFT calculation. Fig. Fig. 1.8 (b-f)
display a model of O adsorption on the (0001) and (1010) crystal facets. From the calculation,
adsorption energies (AEads) When O2 is added were -1.0665 eV and -0.5233 eV for (0001) and
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(1010)-exposed crystal facet, respectively. It indicates that O easily be adsorbed on the (0001)

than (1010) facet. It tracks well with the experimental evidence.
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Fig. 1.7 (a) Schematic diagram of the crystal faces in ZnO nanosheets (b-f) gas sensing
properties of ZnO nanosheets with (0001) and (1010) facets to ethanol. Reproduced
from reference.”
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Fig. 1.8 (a) Atomic model of hexagonal wurtzite ZnO (b-f) oxygen adsorption model on

the (0001) and (1010) exposed facets. Reproduced from reference. "

1.2.3.3 Surface functionalization via noble metal decoration

The noble metals surface-functionalized metal oxide semiconductors (MOS) can
greatly boost the catalytic chemical reaction occurred at the surface. In this sense, the gas
sensing performance can be also escalated because the greater reaction between ionized oxygen
species and gas analytes. These following are most used noble metals: Au, Ag, Pt and Pd.
Although there are several contributions of these metal precious for improving the gas sensing
performance include the reduction of activation energy and Schottky barrier band depletion,
the most critical role of the noble metal-loaded MOS is to introduce a spillover effect.”* The
spillover phenomenon is explained by an improved oxygen molecules dissociation into oxygen
ionic species, usually forming a weak bond between oxygen molecule and noble metal. As
shown in Fig 1.9 (a-c), the dissociation of oxygen molecules was accelerated due to the high
catalytic reaction. The electron amount and mobility were also increased, leading to not only
high sensitivity but also faster response and recovery speed to allow a faster gas detection (Fig

1.9 (d)). This approach is also known as electronic sensitization. In some cases,
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functionalization of noble metals also reduces the optimum working temperature due to the
low potential barrier. This strategy, although shows a promising performance, potentially
increases the cost of sensor device fabrication or poisoning, unless we can keep the

performance high with a low amount of these noble metals.

The change of
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Fig. 1.9 (a-c) Schematic diagram illustrating the sensitization mechanism of noble metal-
functionalized metal oxides and (d) their gas sensing performance. Reproduced from

reference.’
1.2.3.4 Atomic Doping

Gas sensing mechanism involves heavily on the oxygen adsorption by taking electron
near the valence band. Therefore, increasing charge carrier concentration can effectively
improve the gas sensing performance of metal oxide semiconductor (MOS), because will be
more oxygen species are adsorbed and the higher response can be expected. In fact, introducing
an atomic doping into MOS crystal, in many cases, increased the charge carrier concentration.
The addition of atomic doping also changes the particle size, porosity, specific surface area and
crystal defect. Besides, band structures such as band gap and Fermi energy level will also be
altered compared to pre-doping MOS. Normally, metal heteroatoms were used as atomic

doping to replace a certain amount of metal in MOS crystal lattice.
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DFT ab initio calculation is a conventional approach to elucidate the influence of metal
doping on the band structure engineering and gas sensing properties and mechanism. Xue et
al.”? synthesized a flower-like SnO, doped by Pt nanoparticles. It is different with that Pt-
decoration strategies, because in this case, Pt has been incorporated into SnO> crystal structures.
They found that Pt-doped flower-like SnO2 not only give a significant improvement to the
sensitivity, but also reduce the optimum working temperature, stability and selectivity
compared to that of pristine SnO. sensors. DFT calculation revealed that there are four sites
(Snsc, Snec, Op and Op) on which CH4 molecules be adsorbed (Fig. 1.10 (a)). Moreover, the
adsorption energy of methane after Pt doping reduced greatly. As shown in Fig. 1.10 (b)), the
adsorption energy different of CH4 (with HsCH as a model) at the Op site is 4 times higher than
in other sites and other models, revealing the H3CH adsorption model doped with Op adsorption
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Fig. 1.10 (a) The computational model of Pt-doped SnO., with the atoms of Pt doping, (b) The
absolute values of the adsorption energy reduction after doping of three methane adsorption
models of Snsc, Oy and Oyp. () Density of states for undoped (top) and Pt-doped SnO>(110)

surfaces (mid), and partial density of states of Pt (bottom). Reference
sites on Pt surface is more conducive to methane adsorption. As we discussed in previous part,

the metal doping changes the band structure. Fig. 1.10 (c) shows total density of states of the
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pristine and Pt-doped flower-like SnO». After Pt doping, a new electrons state emerged around
the Fermi level, which is attributed to 5d states of Pt. Thereafter, the electrical resistance would
be lower, promoting the fast transfer of electrons and minimized the required energy for
electron excitation. Besides Pt, other metals doping with lower costs such as Ce, Ni, Al, etc.,
can be used to enhance the gas sensing properties of metal oxide semiconductor (MOS), as
listed in Table 1.4. The examples of such atomic doping approach, in conclusion, is an

attractive strategy that can be further explored in the future.

Table. 1.4 Metal-doped metal oxide semiconductor gas sensing materials

Material | Dopant | Morphology Target gas Sensitivity Refs.
(concentration) (Ra/Rg) or
(Ro/Ra)
SnO; Ce Nanoparticles Acetone (50 ppm) 33.4 (undoped) 3
50.5 (doped)
SnO; Pt Flower-like Methane (500 ppm) 1.26 (undoped) 2
1.98 (doped)
SnO; Ni Nanoparticles Acetone (100 ppm) 137 (undoped) 74
169 (doped)
ZnO Al Nanoparticles CO (50 ppm) 3 (undoped) s
6.1 (doped)
ZnO Fe Porous Ethanol (500 ppm) 10.4 (undoped) 7
Nanosheet 52.3 (doped)
CuO Cr Nanorod NO- (100 ppm) 7.5 (undoped) "
134.2 (doped)
CuO Mn Nanoflakes Ethanol (500 ppm) 3.9 (undoped) 8
8.0 (doped)

1.2.3.5 Heterojunction structures construction

With all respect to the above-mentioned approaches, build a heterojunction structure by
combining two or more MOS materials is a promising strategy, since each component give
complementarily advantages to subsidize their drawbacks and eventually lead to the
improvement of sensing properties. Examples of its advantages include increased catalytic

reaction, formation of depleted regions, adsorption site abundant, and band structures
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alteration.” These reasons make the heterojunction structures an ideal approach if we consider
the gas sensing mechanism. Based on the type of metal oxides, the hetero-contact can be
classified into three cases, those are p-n heterojunction, n-n heterojunction and p-p
heterojunction (Fig. 1.11).%

In a p-n heterojunction, due to their charge carrier density (Ng) characteristic, electrons
flow from the n-type to the p-type, while holes move in back directions, that is from the p-type
to the n-type until the fermi energy level is equalized. Therefore, an expansion of the depleted
region at the interface of heterojunction will occur and electrical resistance would subsequently

increase in the ambient air or when oxygen species adsorption. During the materials is under

p-n heterojunction

i Before contact )@4
nype ’u%
- n type
Y

Eq

Fig. 1.11 Schematic illustrations of the energy band structures at hetero- junction interfaces of
different types of heterojunctions: (a) p-n, (b) n—n and (c) p—p. &

the exposure of a reducing gas, the oxygen species on the surface reacts with the target gas and
forced the electrons back to the conduction band of n-type and holes back to the p-type SMOX.
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This process causes a decrease in overall electrical resistivity of the p-n heterostructures due to
reducing of the interface barrier. When the reducing gas flow is stopped and the air is flown,
the potential barrier will again be established. In the case of both n-n and p-p heterojunction,
they are built because of the work function difference between two or more SMOX. To balance
the charge carrier in the n-n and p-p heterojunction, the charge carrier flow occurs, and flow
direction depends on the work function and charge carrier density. The existence of p-p and n-
n heterojunction, of course, can provide more gas adsorption and better gas sensing
performance compared to a single component.

In addition to above discussion, the metal oxides can also be combined with metallic
phase materials to build the so-called Schottky and Ohmic junction for enhancing the gas
sensing properties. Before their contact, metal and SMOX are electrically neutral with their

respective work function level, gm (metallic work function) supposed to be higher than that of
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Fig. 1.12 Formation of a barrier between a metal and a semiconductor: (A) neutral and isolated;
(B) electrically connected; (C) in perfect n-type Schottky contact (pm >¢s); (D) n-type ohmic
contact (pm < @s); (E) p-type ohmic contact (pm > @s); (F) p-type Schottky contact (pm < @s).

o0 denotes electron in conduction band; + denotes donor ion.
¢s (n-type semiconductor work function), as displayed in Fig. 1.12 A. When they are in

electrically contact, the electron transfer from semiconductor into metal. This causes an

excessive electrons on the metal and formation a depleted zone with a certain thickness (Ws)
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in the near surface of semiconductor (Fig. 1.12 B). This also cause a formation of an interface
dipole and production an internal electric field which is directed from the semiconductor to the
metallic phase material. When they are in physical contact, the gradient of potential barrier in
the depletion layer governs the electric resistivity which induce a well-known band-bending.
The band-bending direction and type of contact largely depend on the work function position
and type of semiconductor. In the case of n-type, if the work function of metal is higher than
that of semiconductor (¢m > ¢s), the Schottky contact should be build (Fig. 1.12 C). In fact,
otherwise, the contact is biased so that electrons flow from the semiconductor to the metal.
They encounter no barrier due to the om < @s. It is called by ohmic contact (Fig. 1.12 D). In a
p-type, an ohmic contact, in contrary, is built when ¢m > ¢s as shown in Fig. 1.12 E and

Schottky junction is formed if the em falls behind ¢s (pm < @s) as shown in Fig. 1.12 F.

To get better understanding on how these heterojunction improve the gas sensing
properties, one representative study is taken. Na et al.®! synthesized Mn3O4-decorated ZnO
NBs for the detection of ethanol gas. The gas sensing properties of Mn3Os-decorated ZnO were
compared to the pristine ZnO NBs or Mn3O4 NWs. Fig. 1.13 shows that both ZnO NBs and
Mn30s-decorated ZnO NBs behave like n-type semiconductor response. Meanwhile the ZnO—
ZnMny034 core—shell NCs or Mn304 NWSs showed p-type gas sensing behaviors. To note, both
ZnMn204 and Mn304 are p-type semiconductors. This result indicates that the conduction and
chemoresistive variation in are dominated by continuous p-type ZnMn.Og shell layers. As we
can see, the response of MnzOs-decorated ZnO NBs exceeded the pristine ZnO NBs and Mn3zO4
NWs. These results clearly demonstrate that gas response selectivity can be enhanced or tuned

by the configurational design of radial p—n junctions in heterostructures.
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Fig. 1.13. Sensing transients to 100 ppm C2HsOH at 400 °C: (a) ZnO NBs, (b) Mnz04-
decorated ZnO NBs, (¢) ZnO—ZnMn204 NCs, and (d) Mn3Os NWs. Reproduced from
reference®. Copyright American Chemical Society (2012).
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In fact, the SMOX can also be combined with polymeric or organic semiconductors

resulting a heterostructures. However, the corresponding discussion is beyond the thesis scope.

1.3 Principle of non-hydrolytic synthesis of metal oxide semiconductor

In general, semiconducting metal oxides can be synthesized by physical and chemical
method.82# Physical methods consisted of pulsed laser deposition (PLD), physical or chemical
vapor deposition (PVD or CVD), spray pyrolysis, etc., and chemical method or commonly
well-known as wet-chemical method comprised of precipitation, sol—gel, reverse micelle,
thermal decomposition, solvothermal, hydrothermal, microwave-assisted and flow reactor
synthesis. Although physical method can produce a nearly perfect crystalline and amorphous
SMOX nanostructures, due to its overly complex and expensive apparatus and time-consuming,
it is not a favorable method, or it cannot be conducted by every scientist. Wet chemical
approach can be an alternative synthetic method to fabricate nanostructured SMOX.
Hydrothermal and solvothermal approaches are gaining popularity among other counterparts
due to their controllability in the synthetic parameters, leading to the controllability of
properties of the obtained materials.?*° In a particular, hydrothermal method or some
scientists call as “aqueous approach” is defined as the conversion of a precursor solution into
a solid-state material by using water as a solvent. The precursors or the starting materials can
be either metals salts such as chlorides, sulfates, nitrates or metal organic such as metal
alkoxides. Due to the use of waters, the inorganic solids obtained from this process, are
generally owing low amount of organic impurities and good surface accessibility.%* % However,
the morphological feature such as particle size and shape, cannot be easily controlled due to
the fast polymerization or hydrolysis reaction. It is still possible to control their morphology
by using surfactants, but once again, the morphology cannot be easily predicted since one
surfactant is capable to shape a well-defined morphology of metal oxide but may not be work
to other metal oxides.** Meanwhile, its counterpart, solvothermal treatment or well-known as
non-aqueous approach, the transformation of starting materials solution is induced in an
organic or mixed organics solvents with the exclusion of water. The wide range of precursors
is available not limited to metal salts and alkoxides but also acetates and acetylacetonates.*®
The organic solvents act as an oxygen source during the transformation process and can
influence the size, shape, sometime facet-selective, porosity and inorganic composition or

crystal structures.®® Although the excellent control over crystal size of inorganic solids with
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narrow size distribution and low agglomeration can be obtained, the large amount of organic
impurities existed on the surface in addition to the potential toxicity of the solvents itself. A
comparative literature of benefits and disbenefits of aqueous and non-aqueous method is listed
in Table. 1.5. Another interesting feature of non-aqueous approach is the yield higher than
80% which make this approach economically preferable. From the scientific point of view, the
absence of surfactant can simplify the chemical reaction pathway. As previously discussed,
excellent control of the particle size and shaping down to nanometer scale are an important
factor in improving the gas sensing properties, the synthesis process to produce metal oxide
materials in this thesis will be based on non-aqueous approach. We will further discuss how

the choice of solvent largely influences their crystal shape and size in detail.

Table 1.5 Benefits and disbenefits of Aqueous and Non-aqueous solvent approach®®

Hydrothermal (Aqueous) Solvothermal (Non-Aqueous)

Benefits Low amount of organic impurities Excellent control over crystal size
Nontoxic solvents Narrow size distribution

Simple, robust and widely applicable | Low agglomeration formation
synthesis
Good accessibility of the | Good redispersibility
nanoparticles surface

Disbenefits | Less control over crystallite size and | Large amount of organic impurities

shape Toxicity of solvents

Broader size distribution Restricted accessibility of the
Agglomeration tendency nanoparticle surface

Restricted redispersibility Complex reaction mixture
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There are numerous reports on the synthesis of inorganic solids nanomaterials using
nonaqueous process and the number are rapidly growing in a recent year, this alone indicates
the potentiality of the process a versatile alternative to aqueous method.28%7-1%2 Based on these
studies, the chemical pathway can be summarized into 5 major reactions (Fig. 1.14),
accompanied by an example for each reaction. Alkyl halide elimination (reaction 1) is the

polymerization reaction between metal salts and metal alkoxides under the use of alcohol

=M—X + R—0—= — =M—0—N= + R—X (1}

=M—OR + RO—M= —— =M—0O—M= + R—O—R (2)
HiOR), ——  H0O, + 2ROR
R = C,H,CH,.CH,CH,

C

|
=M—0——CR' + R—0—M= ——» =M—0—N= + RO—CR (3)

ZnIGC[DJCH_q]?"'@/\GH — Zn0 + ©/\OCiDT-CH3

+ HOOCCHs

OH

PrOH )
2 =M—0— + PRCH,OH ———» =M—O0—WM= + PhCH,CH,CHCH, (4)

2 Nb{OEt); + & @/‘\QH —— Nb,0; + 5 @/\/\DH

+ 5 HOEL

2 =M—OR + zo=< 2RO —w—o—w= + 0=(=< (5}
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Fig. 1.14. Selected condensation steps in nonagqueous sol—gel processes together with one
example. 1) Alkyl halide elimination, 2) ether elimination, 3) ester elimination, 4) C-C bond

formation between benzylic alcohols and alkoxides, 5) aldol-like condensation reactions. 8

solvent. One of example is the condensation between TiCls and benzyl alcohol resulting in an
TiO; anatase nanostructures.’®® Ether elimination (reaction 2) occurs when two metal oxides
condensates with the release of organic ether. The mechanism worked for the synthesis of HfO>
nanoparticles.!® Ester elimination process (reaction 3) is the reaction between metal

carboxylate and metal alkoxides or between metal carboxylates and alcohols solvents,
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exemplified by the synthesis of ZnO nanoparticles which involves the reaction between zinc
acetate and benzyl alcohol.’® These first three routes are the most common reactions in
nonaqueous method. C-C bond formation (reaction 4) is induced by the excellent catalytic
activity of the metal centers in the alkoxy groups, as proven by the case of formation of Nb2Os
nanoparticles from Nb(OEt)s in or BaTiO3 nanoparticles from Ti(iOPr)s and Ba metal in
benzyl alcohol solvent.1%197 Aldol condensation (reaction 5) involves the use of ketones as
solvents and two carbonyl compounds with the release of water molecules. The well-known

example is the formation of TiO- in acetone solvent.1%

As we can see from the above examples, almost all metal oxides, either binary or ternary
system can be successfully obtained with a well-defined nanostructure. Fig. 1.15 shows TEM
observation of some representative of metal oxides prepared by nonaqueous approaches.%®
Well-dispersed nanostructured ranging from 2-5 nm was formed in the case of CeO3, ZrOy,
HfO,, SnO2-doped In203, BaTiOs3, and Fe3Oa.

However, the critical drawback rises in this approach is that the existence of organic
compound in the form of surface functional groups in the obtained nano-oxide particles. This
can diminish the accessibility of the surface, that is a very critical issues when the metal oxides
are applied as gas sensing materials which relies so much on the surface reaction. In fact, the
surface functional groups come from excess organics solvent can give a different in the
effective surface charges depends on the attached organic molecules. Therefore, in this point
of view, the particular drawback can potentially be turned into benefits when we would like to
combine two or more metal oxides. Ideally, two oxides with different surface charge (one
negative and one positive), if they are self-assembled, the interface contacts should be very
intimate due to electrostatic force. The interface contact is also a very crucial factor in designing

an oxide nanocomposite-based gas sensing material.
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Fig. 1.15 TEM overview images of various metal oxide nanoparticles obtained from
halide-free precursors in benzyl alcohol: (a) CeO», (b) ZrO2, (c) HfO2, (d) SnO>-doped
In,03, (e) BaTiOs, and (f) FesOq. 19

1.4 Effective Surface charge

The effective surface charge and adsorption properties of the metal oxides
nanostructure are two common parameters to be measured in surface chemistry. They are
probed by means of (surface enhanced Raman spectroscopy (SERS) and Fourier transform
infrared (FTIR) spectroscopy) and microscopic (scanning tunneling microscopy (STM) and
atomic force microscopy (AFM)). One study 1° showed the detection of TMA* and CIO4" in
the TiO- particles by using surface titration by internal reflection spectroscopy (STIRS). They
suspected the remained charge impurities originated from tetramethylammonium hydroxide
[TMAOH] and tetramethylammonium perchlorate [TMAP] used in the synthesis. To
quantitively measure the exact value of the surface charge on the metal oxides material, zeta
potential measurement is a very versatile method.!'! The relation between zeta potential of
oxide nanoparticles and electronegativity of a metal ion as well as the charging mechanism was
previously studied.!'?'® One of the examples'®® is the case of ZnO with different surface
charge. ZnO with negatively charge (-43.0 mV) can be obtained by dissolution in the citric acid

or sodium citrate from the ZnO with neutral charge. Meanwhile, changing citrate into L-serine
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or HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), ZnO with positively charge
(+26.3 mV) is achieved. They suggested that the attached organic molecules onto the ZnO
surfaces is through either electrostatic interactions or partial coordination bonding. Also, the
organic functionalization induced surface charge can also be found in the negatively charge Si
as shown in Fig. 1.16. Silica particles was partially covered by 3-aminopropyl groups and 3-
(trihydroxysilyl)-propylmethylphosphonate as the result of synthesis process using 3-
aminopropyl-triethoxysilane. The surface charge was controlled by the organic molecules,
instead of silica particles.

Fig. 1.16. Stabilization of nanoparticles by interaction between amine and phosphonate

1.5 Research Objectives

As introduced above, the semiconducting metal oxides (SMOX) are very promising
materials for sensor applications to detect various kinds of dangerous gases including VOCs
and non-VOCs which are the major environmental air pollutants. The sensor development
based on SMOX materials has been started over centuries and is still progressing since the
environmental air pollutions remains a grand challenge. Practically, the SMOX should be
precisely designed to meet the sensors' performance demand, such as outstanding responsivity,
excellent selectivity, low detection limit, high durability and cost-effective. Moreover, a
fabrication method largely influences the phase structures, physicochemical and electronic
properties of the metal oxides. Solvothermal treatment, in some extent, is a non-aqueous
approach to excellently control these properties because their controllability upon the chemical
reaction. The knowledge development on this synthetic method is at an early stage, especially
on how the various combination of the solvents is affecting the surface effective charge, surface

facet, particle size and porous structure of metal oxides and on how the tunable surface charge
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can be beneficial for their hybridization with another metal oxides and/or non-oxides. In fact,

although the combination of two or more sensing materials always lead to the enhancement of

their gas sensing properties, the retention of their benefit from their original properties can be

very difficult because the combination process involves chemical or physical reaction in a

severe environment. Therefore, there are many opportunities that this thesis can contribute.

In short, the thesis focuses on 3 main research objectives:

1.

Investigate the influence of mixed organic solvents on morphology, surface charge, and
exposed facets of the metal oxides synthesized solvothermally and their gas sensing

properties

Investigate the effect of the surface charge on the hybridization of metal oxides

composites and their gas sensing performance

Develop a robust method for improving VOCs gas sensing performance of metal oxides

and their hybrid with other oxides nanostructures or 2D materials.
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Chapter 2
Materials and Methodology

2.1 Introduction

In this chapter, we introduced the experimental setup, chemical reagents, and material
characterization in brief. The gas sensing apparatus is illustrated, and the gas sensing evaluation
parameters are described in detail. The detailed synthesis process of each sample presented in
this thesis will be systematically explained in the respective chapters.

2.2 Chemical and Reagents

All the reagents in the experiment were analytical grade and used without further
treatment. Tin chloride (SnCl, anhydrous, 99.8%), anhydrous copper acetate (Cu(OAc).,
97.0%), Nickel (1) chloride (NiClz, 99.9%), ethanol (dehydrated, purity min. 99.5%), 1-
propanol (dehydrated, purity min. 99.5%), n-butanol (dehydrated, purity min. 99.5%), benzyl
alcohols (dehydrated, purity min. 99.5%) and acetic acid (anhydrous, purity min. 99.7 %) were
purchased from FUJIFILM Wako Pure Chemicals Corporation.

2.3 Material Characterizations

X-ray diffraction (XRD, Bruker AXS D2 PHASER) using CuKoa radiation (A= 1.5418
A) was employed to characterize the phase compositions and crystallographic features of the
obtained samples. The morphology, particle size, and lattice parameters were examined by
transmission electron microscopy (TEM, JEOL JEM-2010 and JEM-ARM200F) and field-
emission scanning electron microscopy (FE-SEM, Hitachi S4800). Specific surface area and
pore-size distribution were measured and calculated from the results of N>
adsorption/desorption (Quantachrome, NOVA 4200e). X-ray photoelectron spectroscopy
(XPS, ULVAC PHI5600) was performed to analyze the bonding and chemical state of the
obtained samples. The carbon content was measured by CHN analysis (MICRO CORDER
JM10). The UV-vis diffuse reflectance spectra (DRS) of obtained samples were collected by
UV-vis spectrophotometer (JASCO V-670 Spectrophotometer). The effective electric surface
charge of particles was determined by Zeta potential measurement (Malvern, Zetasizer Nano
ZS). The chemical mixture of the supernatant was examined by nuclear magnetic resonance
(*H NMR, Varian Unity Inova, 500 MHz) to propose the chemical reaction during the

solvothermal synthesis and formation mechanism of the metal oxide nanostructures.
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2.4 Density Functional Theory (DFT) Calculation

The DFT calculation was solely conducted for gas adsorption onto NiO surface. Other
than this material, even though they were synthesized and evaluated, the DFT calculation was
not performed. DFT calculations are performed with plane-wave basis sets and periodic
boundary conditions, using the slab model to simulate surface conditions. Generalized Gradient
Approximation (GGA) exchange correlation functionals parametrized by Perdew, Burke, and
Ernzerhof (PBE) [21] (so-called GGA-PBE) are chosen along with appropriate Hubbard U
correction for NiO [22] to produce a more accurate electronic structure for Mott insulators. The
effective Hubbard U parameter for NiO has been thoroughly explored and tested in previous
works. Parameter values of Ueff = U - J = 5.3 eV, with U =6.3eV and J = 1 eV, are chosen
according to a previous investigation of water adsorption on NiO (100) surface [23] and other,
earlier investigations into NiO. [22, 24, 25] Core electrons are treated with projector-
augmented wave (PAW) method. [26] All calculations are performed with the Vienna Ab Initio
Simulation Package (VASP) software package. [27-30] NiO surface is modeled using slab
models with a minimum of 4 atomic layers to approximate bulk effects to surfaces. Vacuum
slabs between the 4 layers of NiO are used to prevent interaction with periodic images in the
z-axis. In a similar way, 2 x 2 surface unit cells (corresponding to 0.25 ML coverage) are used
to prevent interaction between the adsorbate molecules and its periodic images in the x- and y-
axes. Geometry optimization calculations are used to model adsorptions, with adsorbates
situated initially at 2 A from the surface adsorption site. In order to ensure reliable calculations,
the values of several calculation parameters are converged with respect to the total energy of
the simulation cell. These parameters include the cutoff energy (in plane-wave DFT
representing the size of the basis set used), the k-point grid for integrations (using Monkhorst-
Pack grid [31]), and the aforementioned thickness of the vacuum slab. The calculations
performed for this work uses a cutoff energy of 400 eV, a k-point grid of 5x5x1, and a vacuum
slab of thickness 10 A, converging the total energy of calculated systems to a reliability of
0.001 eV/atom.

52



2.5 Gas Sensing Measurement System

The fabrication of the sensor device in the present research followed the step of our
reported work.* A comb-type electrode was assembled on a silica glass by a drop-coated silver
paste. Annealing in a furnace was carried out at 400 °C for 30 min to remove organic
compounds from the fabricated-sensor device. The ramping rate was 10 °C/min. Then, after
the system dropped to room temperature, the slurry containing designated amount of samples
and ethanol was coated on the prepared electrode, carefully, until the sensing material fully

covered the electrode.

Gas-sensing properties measurement was recorded by a home-built data acquisition
system (see Fig. 2.1, Nanovolt-microohm Agilent 34420A with a measurement range of 100
Q-100 MQ and switch unit Agilent 34970A) based on Taguchi Gas Sensor (TGS) with the
static system which measures the resistance variation upon the exposure to ambient air and
target gas. The sensing measurement was conducted at the varied temperature ranging from
200 °C to 450 °C to determine the optimum working temperature where the sensor material
exhibited the highest responsivity to toluene gas, as it is essential for the practical use. Initially,
the sensor devices were exposed to ambient air at desired temperatures and kept about 45-60
min until the sensor resistance reaches a stable value. At this point, the measured resistance
was named as resistance in the air (Ra). The condition was maintained for 10 min and then the
target gas was injected, eventually led to the change in the sensor resistance. At this condition,
the recorded resistance was denoted as resistance in gas (Rg). The sensor response in a reducing
gas mixture was calculated as Ra/Rgq for n-type semiconductor or Rg/Ra for p-type
semiconductor. At the optimum working temperature, each sensor was introduced to 50 ppm
of four different target gases, including Ha, toluene, methanol, and ethanol (nitrogen as base
gas), to probe the sensor selectivity. Then, the sensors were exposed to a constant flowed
testing gas at a concentration of 10, 20, 30, 40, and 50 ppm to examine the repeatability
followed by structural and morphological characterizations to determine sensor stability and

durability.
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Figure 2.1 Schematic figure of gas sensing measurement system and the
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Chapter 3
Synthesis process of n- and p-type metal oxide semiconductor with a
controllable morphology, surface charge, and exposed facet for harmful gas

detection

3.1 Synthesis of SnO2 microspheres via water-controlled release solvothermal process

(WCSRP) with micro/mesoporosity for high temperatures toluene gas detection

3.1.1 Introduction

Extensive exploration on metal oxide semiconductors (MOX) has been significantly
increasing since this class of material holds a variety of valuable applications to support human
society and life such as clean energy production, poisonous organic pollutant degradation,? air
pollution remediation and monitoring,®® energy storage,” biomedical purpose,® smart building®
and many more. One of the useful applications of MOX is gas sensing for the monitoring of
gaseous pollutants including volatile organic compounds (VOCs; benzene, toluene, xylene,
acetone, methanol, ethanol, formaldehyde, etc.) and the combustion process which results in toxic
gases (COz, CH4, NOx, CO, SO, etc.) both inside the room and the extreme temperature.'® The
basic principle of gas sensing is based on the active surface interaction between sensor materials
and the target gases, where this involves the alteration of electronic properties. Especially, the
amount of the VOCs, which easily evaporate into our environment in a gaseous species due to low
vapor pressure, have increased due to an increase of the consumption of paints, adhesives, rubber,
and gasoline. Toluene (C7Hs), one of the VOCs, can harm human bodies through inhalation
causing a temporary health effect in the nervous system including dizziness, headache, and
unconsciousness to induce permanent speech, hearing, and vision loss for the repeated exposure.
Although toluene should be immediately detected for the protection of human health, the stability
of toluene suppresses its detection by MOX sensors. Therefore, fast and ultra-sensitive gas sensing

for toluene is needed.

Tin Oxide (SnOy) is an important n-type transition MOX and well-known as one of the
most sensitive materials for gas detection. It possesses a rutile-type crystal structure, exceptional

physicochemical and electrical properties, which are of utmost importance for monitoring
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environmental gas pollutant with high responsivity, considerable selectivity and good
detectability.'>*2 However, the responsivity and selectivity for toluene in SnO2 gas sensors have
not been high. The three methods for the improvement of SnO> gas sensing property are as follows.
(1) heterostructure fabrication with other metal oxides such as NiO, ZnO, or a-Fe;O3 to modify
charge carrier concentration (Ng).*3!* (ii) noble metals (Pt, Pd) loading to promote spill-over
effect.’>8 (iii) particle size (D) control of sensing material to be comparable or fewer than 2L (L
is the depth of the surface space-charge layer) or designing the morphology in a special hierarchical
structure, such as micro-/mesoporous, to remarkably increase the sensing property due to the
abundance of accessible active sites, and the easier gas diffusion relates to its large surface
area.'>'%2! Compared to (i) and (ii) that involve secondary composition materials which often
require multi-step preparation, (iii) is particularly convenient in terms of synthesis. Moreover, the
responsivity can be competitive with those of (i) and (ii) with the right control of particle size and
pore diameter. Nevertheless, a facile synthesis for a highly specific surface area material still
requires significant effort, and therefore this study focuses on the development of a novel synthetic

method for a unique hierarchical porous morphology of SnO..

In previous researches, micro-/mesoporous SnO. has been prepared through various
methods. A hard templating by amorphous silica (SiO.) is the most common route to yield ordered
mesoporous SnO structure. Zhu and co-workers successfully synthesized mesoporous SnO>
single crystal via the silica-templated hydrothermal method.?? Other structures of SnO, such as
hollow spheres with mesoporosity could also be fabricated by in situ templating with SiO;
according to a recent report.®> Nevertheless, the hard-template method requires a further etching
process using sodium hydroxide (NaOH) to remove the SiO. template. Soft-templating using
surfactants or free-templating were also reported to be an alternative method for fabricating the
mesoporous and double-shelled hollow structure of SnO,.24-28 Because this method was conducted
at room temperature, it was difficult to directly produce high crystallinity of porous SnO2, and
post-synthesis for improvement of crystallinity often led to particle growth which damaged the
porous structure.?® In this regard, further development of a facile and single-step preparation of
crystalline SnO, with micro-/mesopores can be advantageous for rapid acquirement and energy-

saving production, and it is still a great challenge.
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In the present work, we have succeeded in synthesizing a hierarchical nanostructure of
SnO; spheres with micro-/mesoporosity through a novel one-step and template-free solvothermal
method in a mixture containing dehydrated ethanol and acetic acid, the so-called ‘water-controlled
release solvothermal process’ (WCSRP). The creative concept of this method was using the
esterification reaction between alcohols and carboxylic acids to release a gradual amount of water
molecules to hydrolysis metal precursors (such as alkoxide, chloride, carboxylate, etc.).>°=? The
method offers a controllable process that led to a homogeneous and well-defined nanostructure
due to the slow reaction rate. Therefore, the precise control of the ratio of ethanol and acetic acid
may be expected to affect the esterification process and the released water molecules may result
in a controllable particle size. Moreover, an organic solution may involve the creation of a
hierarchical structure. The XRD, SEM, TEM and N> adsorption-desorption observation revealed
that the particle size, pore size distribution, pore volume, and specific surface area were dependent
on the volume percentage (vol. %) of acetic acid to ethanol. The gas sensing properties of the
micro-/mesoporous SnO- spheres were also investigated to understand the factors influencing the

gas sensor responsivity.

3.1.2 Experimental Section

To prepare micro-/mesoporous SnO spheres, 1 mmol of SnCl, was dissolved in a certain
volume of ethanol. The solution was magnetic stirred at 400 rpm for 30 min. Subsequently, acetic
acid was slowly added, and the solution was maintained under the same stirring conditions for
another 30 min. The total volume of the mixture was 50 mL. Then, the mixture was transferred
into a 100 mL Teflon-lined autoclave and heated for 20 h at 200 °C. After the vessel was cooled
to room temperature, the obtained powder was washed with ethanol, followed by vacuum drying
at 70 °C for 12 h. The samples were named SnO2_0, SnO._10, and SnO_20 according to the
adjusted volume percentage (vol. %) of acetic acid of 0 vol. %, 10 vol. % and 20 vol. %,

respectively.

3.1.3 Results and discussion

Figure 3.1 shows the XRD patterns of the obtained micro-/mesoporous SnO2 spheres

synthesized by WCSRP in the mixture of ethanol/acetic acid with a different volume percentage
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of acetic acid, together with the reference card (JCPDS No. 41-1445). All the diffraction peaks
could be indexed to the (110), (101), (111), (211), (220), (002), (311), (301), (202), and (321)
planes of tetragonal rutile-type SnO. without any other peaks. This indicated that the obtained
samples possessed a single phase of SnO.. From the XRD patterns, it is noted that each sample
possessed distinct broadened peaks, indicating different crystallinity or particle size of the SnO..
Accordingly, the following Debye-Scherrer equation® was used to estimate the average crystallite
size (D) of SnOz:

D=KA/Bcosb 1)

where K, 4, fand 0 are the crystallite shape factor (K=0.9), the wavelength of the X-Rays radiation
(A=1.5418 A), full width at half-maximum (FWHM) in radians, and Bragg angle in degree,
respectively. Using the given equation and all diffraction peaks, the average crystallite sizes of
SnO2_0, SnO2_10 and SnO2_20 were estimated to be 2.70 nm, 4.63 nm, and 5.19 nm, respectively.
This reflected that the volume percentage of acetic acid in the mixed solvent was essential to

control the size of the nanoparticles.
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Figure 3.1 XRD patterns of micro-/mesoporous SnO> spheres synthesized in
different volume percentage of acetic acid.

The morphology, nanostructure, and size distribution of the synthesized samples were
characterized by SEM. Figure 3.2 shows the SEM images of the micro-/mesoporous SnO spheres
and their particle size distribution. The morphology of SnO2 was a microscale spherical shape with
a distinct average diameter depending on the vol. % of acetic acid. For SnO synthesized in only
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dehydrated ethanol (SnO2_0 sample), the average particle size was 0.65 um. With the addition of
10 vol. % of acetic acid (SnO2_10 sample) the size of the spheres increased to 0.90 um, and the
further added amount of acetic acid to 20 vol. % (SnO2_20 sample) resulted in an additional

increment of 1.5um. Therefore, the size of the SnO> particle was tunable by changing the vol. %

of the acetic acid.
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Figure 3.2 SEM images of micro-/mesoporous SnO- spheres (a) SnO2_0, (b) SnO_10,
(c) SnO2_20 and (d) their particle distribution.

(a)

Figure 3.3 TEM images of (a) SnO2_0, (b) SnO-_10 and (c) SnO2_20 (insets are high
magnification and SAED).
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TEM was conducted to get further insight about morphological feature of micro-
/mesoporous SnOz spheres (Fig. 3.3). The insets were the magnification for a closer look of surface
observation of the samples, and it turned out that interconnection of a large amount of nanocrystal
as primary particles built a hierarchical SnO2 sphere with mesopores on the surface, which was the
void induced by the interconnection of the particles (Fig. 3.3 insets). The diameter of these
nanoparticles was also dependent on the vol. % of the acetic acid. Specifically, the size of SnO2_0,
SnO2_10, and SnO._20 nanoparticles were in the range of 2-3 nm, 46 nm, and 6-9 nm,
respectively, which matched the calculated crystallite size from the XRD results as mentioned
earlier. Moreover, the corresponding SAED pattern indicated the polycrystalline feature of the
Sn0O2_10 sample. The diffraction rings could be assigned to 110, 101, 200, 211, and 002 lattice

planes of tetragonal rutile-type SnO..
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Figure 3.4. N, adsorption-desorption isotherm and BJH pore size distribution of the
mesoporous SnO> spheres.

The nitrogen adsorption-desorption isotherms of the SnO2 spheres are displayed in Fig. 3.4
to elucidate the porosity nature. The results indicated that the obtained curves could be categorized
as type IV isotherms with a hysteresis loop at a relative pressure (P/Po) of 0.4-0.8, which is
capillary condensation seen in typical micro-/mesoporous materials. The crystallite size obtained
from the XRD results, particle size, BJH pore size distribution, pore volume, and specific surface
area are summarized in Table 3.1. The various synthesized SnO; exhibited different pore size

diameters, pore volumes, and specific surface areas. When the SnO, was synthesized in pure
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ethanol, although the peak of pore size distribution was not observed, the sample possessed a
microporous property and the pore size should be below 1.9 nm, which may be the smallest among
the samples. It also possessed a low pore volume of about 1.334 x 107t cm®/g. As the vol. % of
acetic acid increased in the reaction, the pore size and pore volume of SnO> also enlarged, where
Sn0,_20 possessed the highest pore size distribution of 1.9 nm and pore volume of 2.245 x 10!
cm®g. From Fig. 3.4, it could be observed the existence of a pore larger than 2 nm in size,
indicating that the samples exhibited micro-/mesoporosity. Normally, the specific surface area is
also associated with the particle size. As the particle size decreases, the specific surface area
increases due to the expansion of the surface-area-to-volume ratio.>* However, in our case, the
smallest particle size did not exhibit the largest specific surface area, indicating that the micro- and
mesopores significantly contributed to not only the outer surface area, but also to the overall
specific surface area of the sample (SnO2_10 sample).

Table 3.1 Summaries of average size of the nanocrystal, particle size of the spheres,
pore size distribution, pore volume and specific surface area of the samples.

Sample Mean crystallite Average Pore Pore SSA"
size® (nm) particle size®  size® volume (m?/g)
(um) (nm) (cm*/g)
SnO2_0 2.70 0.65 <19 0.1334 136
SnO2_10 4.63 0.90 1.4 0.1869 145
Sn0O2_20 5.19 1.50 1.9 0.2245 113

axXRD calculation; "'SEM and TEM observation; ‘BJH method; “BET method

A possible chemical pathway and formation mechanism of a SnO, nanosphere were
proposed based on the above experimental results. Additionally, *H NMR technique was utilized
to analyze the solutions after the solvothermal reaction. Prior to the NMR measurement, the
supernatant was diluted with deuterated CD3OD. Fig. 3.5, Fig. 3.6 and Fig. 3.7 showed the 'H
NMR spectra of the supernatant solutions after the reactions for the synthesis of SnO2_0 in only
ethanol, SnO2_10 in ethanol/acetic acid = 45 mL/5 mL, and SnO2_20 in ethanol/acetic acid = 40
mL/10 mL, respectively, accompanied with their assignment following the literature.®® In the case
of SnO2_0 synthesized in pure ethanol, the obtained solution possessed an ethanol signal
((CH3CH20OH: 1.19 ppm, CH3CH>OH: 3.6 ppm), a small amount of diethyl ether
(CH3CH2OCH.CH3: 1.18 pm, CH3CH2>0CH2CHa: 3.5 ppm) and hydrogen chloride (HCI: 4.8
ppm). Some peaks were overlapped and peaks at 4.55 ppm and 5.22 ppm related to unknown
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compounds appeared, although we cannot assign them at the present moment. In the case for
Sn0O2_10 and SnO2_20 synthesized in the mixture of ethanol and acetic acid, ethyl acetate
(CH3COOCH2CHas: 1.25 ppm, CH3COOCH.CHzs: 2.01 ppm, CH3COOCH,CHzs: 4.1 ppm) was
included in addition to ethanol, diethyl ether, and hydrogen chloride. It was also observed that no
peaks in the *H NMR spectrum were assigned to acetic acid, meaning that it had been wholly
reacted with ethanol under the solvothermal condition. The relatively higher peak intensities of
ethyl acetate in the supernatant of the SnO2_20 sample as compared to SnO2_10 could ascribe to
the larger volume percentage of acetic acid in the reaction medium. The existence of those
compounds in the final solution was meaningful evidence that some chemical reactions took place
during the solvothermal process. From these findings, it might be proposed that the sphere
formation mechanisms including three consecutive stages, as visualized in Fig. 3.8. In the first
step, upon heating at 200 °C, the water molecule was slowly released from the esterification
reaction between ethanol and acetic acid, as shown in equation (2). The slow release reaction
means a very small amount of water molecules are present at the beginning of the reaction. The
amount of generated water molecules should be proportional to the amount of ethyl acetate, though
the water signal did not appear in the spectrum. In the equation (3), the water molecules could still
be produced from ethanol condensation without esterification. In the second step, the in situ
generated water molecule then hydrolyzed and oxidized the tin (11) chloride and initiated the SnO;
nucleation (equation (4)).%® The entirety of the water molecules may be reacted completely thus
the chemical shift of H.O was not detected in the NMR spectrum. The Sn species might be
hydrolyzed around the surface of the water drops and a simultaneous induction of water at every
place in the solution occurred and led to the formation of the nanoparticle. Finally, in the last step,
the SnO> nanoparticle aggregated into a hierarchical spheres structure, where the diameter of the
spheres was strongly related to the amount of water. A large amount of water resulted to higher
dielectric constant, leading to larger solubility, high supersaturation and finally resulted in the

formation of a large particle.
CH3CH20H + CH3COOH - CH3COOCH,CH3s + H.O 2
2CH3CH20H - CH3CH20OCH2CH3s+ H.0 3)

SnCl; + 2H20 = SnOy + 2HCI + H» (4)
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Fig. 3.5. NMR spectra of the supernatant of SnO>_0.
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Figure 3.8. (b) The formation mechanism of SnO. spheres with mesoporous structure.

To support the above-proposed mechanism, the tin (11) chloride concentration was changed
to 0.25, 0.5, 0.75 mmol and 1 mmol, while keeping the solvothermal reaction condition as same
as the SnO_20 sample preparation. The SEM images displayed in Fig. 3.9 clearly revealed that
the average particle size of the SnO> sphere progressively increased from 350 nm to 1.50 um with
an increase of the amount of the precursor, suggesting that the spherical size of SnO2 was also
determined by how much Sn species hydrolyzed in the reaction. The greater number of Sn species,

the greater amount of SnO> nanoparticles were formed, which led to the larger spherical structure.

An experiment for investigation of the effect of time-dependence was also conducted to
roughly understand the growth process of the mesoporous structure of SnO. spheres. Fig. 3.10
shows the TEM images of SnO> prepared in 20 vol.% acetic acid at 200 °C for different reaction
times. As shown in the TEM images, nearly spherical nanoparticles with an average size of 5 nm
were formed at incipient stages that were very close to the calculated crystallite size of SnO,_20.
With a prolonged reaction time, the nanoparticles were aggregated into a solid spherical structure
with micro-/mesoporosity for the overall surface energy system minimization. The inner particle
should be more densely packed than the surface. The aggregation process might be directly carried
out by the organic mixture involved in the solvothermal reaction,®” as when the mixture solvent
was changed to pure deionized (DI) water, only the nanoparticles could be observed, as shown in

Fig. 3.11. Moreover, its pore size distribution was larger and surface area was smaller than the
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SnO; synthesized in the organic solvent. These are once again strengthening the proposed
formation mechanism, indicating this method is essential to produce a hierarchical nanostructure

with high specific surface area.
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Fig. 3.9. SEM images of SnO; synthesized from (a) 0.25 mmol (b) 0.5 mmol (c) 0.75
mmol and (d) 1 mmol of SnCl2 precursor; the scale bar is 5 um.
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The influence of solvents variety on the metal oxides effective surface charge is
demonstrated. Besides the use of ethanol and acetic acid, 1-propanol, benzyl alcohol, and water
were utilized as solvents to synthesize SnO» nanostructures. The result of zeta potential is
summarized in Table 3.2. One can see that there is a tendency in the effective surface charge of
SnO; under different mixed solvents environment, that is whenever acetic acid is added into the
reaction, the surface charge switched to negative value. It might be an evidence of the presence of
different organic functional groups attached on the SnO. microsphere particles. Herein, we
investigate these attached functional groups by the mean of FTIR. Fig. 3.12 shows FTIR spectra
of SnO_0, SnO,_10 and SnO,_20. There are 3 distinct peaks corresponded to O-H (3600 nm'Y),
C-H stretch (2600-2800 nm™, alkyl group) and C-O stretch (1100-1000 nmt, ester group). The
result indicates the presence of esters and alkyl group in the SnO. synthesized under mixed ethanol
and acetic acid, probably contributed by the attachment of ethyl acetate. It is known as aprotic

solvent (non-hydrogen donor), therefore it may likely contribute to charge negativity. In contrast,
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when ethanol is the only used solvent, the presence of C-H stretch and C-O stretch was very less,
indicating no attachment of ester group. Ethanol is a protic solvent (hydrogen donor), and therefore

contribute to the positive charge of SnO,_0.

Table 3.2 Solvents variation on their influence on zeta potential of SnO2 nanostructures

Samples Solvents Zeta potential (mV)
SnO,_0 Ethanol 50 mL 19.3
SnO2_10 Ethanol 45 mL -1.76
Acetic Acid 5 mL
SnO,_20 Ethanol 40 mL -15.7
Acetic Acid 10 mL
SnO2_PrOH 1-Propanol 50 mL 10.3
SnO2_PrOH-AcOH 1-Propanol 40 mL -12.6
Acetic Acid 10 mL
SnO,_BzOH Benzyl Alcohol 50 mL 3.7
SnO2_BzOH-AcOH Benzyl Alcohol 40 mL -2.5
Acetic Acid 10 mL
SnO,_Water Distilled water 50 mL -1.8
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Fig. 3.12. FTIR spectra of SnO_0, SnO2_10 and SnO>_20.

The XPS measurement was applied to investigate the surface valence state and chemical
configuration of the synthesized samples. Figure 3.13 (a) shows the full-scan XPS spectra of the
synthesized SnO>. The result exhibited the existence of Sn, O and Cl element in all synthesized
samples (elemental composition is summarized in Table 3.3). All remaining C peaks originated
from the C-included compounds that existed in the atmosphere. The high-resolution spectra of Sn
3d peaks from SnO2_0, SnO,_10, and SnO2_20 samples were compared in Fig. 3.13 (b). The core—
level of Sn 3d consisted of symmetrical doublet peaks at around 495 eV and 486 eV. The high
binding energy at 495 eV was assigned to Sn 3ds> core—level and the low binding energy at 486
eV corresponded to Sn 3ds, levels, corresponding to the characteristic of the Sn** state of Sn in
tetragonal rutile-type SnO». The existence of Cl element was found, indicated by two consolidated
peaks at 199 eV (2ps12) and 200.6 eV (2p12). These doublet values were closed to Sn-Cl bonding
in the recent study.®® One might suspect that it could have originated from the Cl incorporation in
the SnO. lattice, revealing that the hydrolysis process in the proposed formation mechanism is
critical for producing fewer impurities SnO2. The comparison shows a relatively high amount of
Cl atoms in the sample of SnO2_0 might indicate a lower hydrolysis reaction. Furthermore, the
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core—level of O 1s (Fig. 3.13 (d—f)) was fitted using a Gaussian method, resulting in components
with the smaller binding energy of 530-531 eV, which is attributed to the Sn—O bond via sp®d?
hybridization mode of Sn** and sp? hybridization mode of 0%.3*%2 The larger binding energy
centered at 532 eV belonged to C—O bonds which were probably caused by the interaction of X-
ray with C-included compounds. It was noteworthy that the binding energy of Sn 3d in the SnO,_0
sample was slightly shifted compared with the other samples. The presence of Sn with an oxidation
state of +2 from the Sn-Cl bond might induce a chemical shift, as the Sn?* lies at the lower binding
energy.*® Since the CI amount in SnO,_0 was higher than the others, the amount of Sn-Cl in
SnO2_0 should also be higher. Besides, the CHN analysis showed the existence of carbon with the
content of 1.20 %, 1.43 %, and 1.77 % for SnO2_0, SnO2_10 and SnO2_20, respectively. The
carbon content was originated from the organic solution and directly proportional with the vol. %

of acetic acid.
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Fig. 3.13 (a) full scan XPS (b) Sn 3d (c) Cl 2p and (d—f) O 1s core—level spectra of
mesoporous SnOz spheres

72



Table 3.3. Elemental composition of the synthesized SnO- obtained from XPS and CHN analysis

Sample Elemental composition (at. %)

Sn 0 Cl C
Sn02_0 30.44 65.80 3.76 1.20
SnO2_10 32.88 66.10 1.02 1.43
Sn0O2_20 32.95 66.12 0.93 1.77

The existence of impurities could also interfere with the energy band structure of materials.
Therefore, the absorption spectra of mesoporous SnO- spheres samples were collected using UV—
Vis DRS in the region of 300—-1000 nm. The three absorption spectrums (Fig. 3.14) revealed that
SnO2_0 possessed a longer absorption edge (435 nm) than that of SnO2_10 or SnO,_20 (421 nm).
The slight red shift indicated the narrower band gap, which might be contributed by the more ClI
impurities in SnO_0 in line with the previous report.** The shallower potential of the Cl 2p state
than that of O 2p might be possible for the Cl-induced band gap narrowing. Furthermore, the
optical band gap was calculated using the following equation: (F(R)hv) " = A(hv — Eg). By
assuming direct allowed transition, the band gap of the SnO2 was obtained by plotting (F(R)hv)?
on the vertical axis against the 4v on the horizontal axis. The intersection of the straight line from
the extrapolation with the vertical axis gives the estimated value of E4 as shown in the inset of Fig
3.14. The band gap energies of SnO2_0, SnO_10 and SnO,_20 were estimated to be 3.06, 3.1, and
3.1 eV respectively. These values were far from the ideal band gap of the bulk SnO> (3.6 eV) which

may be due to Cl contamination and/or carbon doping.**4
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Fig. 3.14. Absorption spectra and band gap estimation (inset) of the mesoporous SnO>
spheres.
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3.1.4 Gas sensing properties

The micro-/mesoporous SnO sphere sensors were initially exposed to the 50 ppm of
toluene at different temperatures in the range of 200-425 °C. The optimum working temperature
is the key parameter for the practicability of the proposed sensor material. It was confirmed by that
previous study, that toluene decomposes at temperatures above 1125 °C, indicating its stablility
under the mentioned experimental conditions.*” As described in Fig. 3.15, the responses of micro-
/mesoporous SnO- sphere showed a typical mountain—hill shape, where the response increased as
the temperature rose from 200 °C to 375 °C, reached a maximum value at 400 °C, and finally
declined to a lower value at 425 °C. The surface kinetic reaction between chemisorbed oxygen
ions (Oz-, O~ or O%) and analytes on surfaces of sensing materials as well as gas diffusion must
be responsible for this phenomenon.*® The gas adsorption should be more dominant as compared
to the desorption in the low-temperature domain because the heat is not high enough to induce the
reaction of toluene molecules with adsorbed oxygen species. At the optimum working temperature,
heat energy for the acceleration of toluene and chemisorbed oxygen ions should make the toluene
adsorption and desorption balanced, enabling the highest toluene response as well. At higher
working temperatures, the gas adsorption on the suppressed, and the gas desorption should be
dominant, resulting in the decrease of the sensing response.**® At the optimum working
temperature of 400 °C, the SnO2_10 exhibited a higher sensing response of 20.2 in comparison to
Sn0O2_0 (2.7) and SnO2_20 (3.2). This behavior was related to their high specific surface areas.
The larger surface area could increase the number of active sites. However, the specific surface
area is not the only factor affecting the properties of the SnO2 gas sensor, because the response of
SnO2_20 with the lowest specific surface area showed exceeded response of the SnO2_0. This is
our provisional analysis, and a more detailed explanation of this enhancement will be discussed in

the forthcoming gas sensing mechanism.
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Fig. 3.15. The gas sensing performance of micro-/mesoporous SnO> spheres in the
toluene exposure of 50 ppm at different working temperatures

The gas sensing performance of the micro-/mesoporous SnO. spheres was further tested
towards different concentrations of toluene (10-50 ppm) at their optimum operating temperature
(400 °C). Fig. 3.16 (a) represents the dynamic gas sensing response of micro-/mesoporous SnO>
spheres, which confirmed their n-type property. All SnO> samples responded to the toluene gas,
and possessed the response-recovery performance as well as repeatability. In addition, at the same
temperature, the initial resistance for each sample of SnO2 was clearly varied. The value of the
sensor resistance was related to the electron transports which largely depended on the particle
size.>2 In our samples with porous hierarchical spheres, the electron migrated between
nanoparticles in one spherical structure and between the spherical structure itself. But, because of
the density of the inner sphere, all samples showed a similar characteristic, the spherical size was
more critical to influence the sensor resistance. For instance, SnO2_0 which possessed the smallest
sphere size (0.65 um), the average resistance was 225 kQ. As for SnO2_10 and SnO,_20 where
both samples had a slightly larger sphere size, the average resistance was 222 kQ and 198 kQ,
respectively.
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Fig. 3.16. (a) A typical gas sensing response. (b) linear fitting vs toluene concentration; the y axis
shows sensing response; the x axis shows toluene concentration and R is fitting relationship
quality. (c) response vs recovery time at 50 ppm of toluene and (d) selectivity of mesoporous SnO>
spheres at 400 °C.

As seen in Fig. 3.16 (b), the sensing response of SnO._10 increased from 2.7 to 20.2 as the
toluene concentration increased from 10 to 50 ppm. To estimate the detection limit (DL) of the
SnO2_10 sample, the plot of toluene sensing response versus toluene concentration was linearly
fitted. The theoretical estimation of DL in this study adopted the approach and definition proposed
previously by Li et al.,*> and the estimated DL of SnO2_0, SnO2_10 and SnO_20 was 4.3, 0.6,
and 4.4 ppm, respectively. These values are far below the permissible exposure of toluene.
Therefore, the mesoporous SnO> spheres are expected as a viable candidate for the sensitive

toluene gas sensor.

Fig. 3.16 (c) displays the response/recovery times of the mesoporous SnO> spheres. The
response time was defined as the required time from the gas injection to the point when the
resistance reached 90% of the difference between initial and equilibrium resistance. The time

needed to retrieve 90 % of the initial resistance after the stop of testing gas flow was regarded as
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recovery time. The response time for SnO2_0, SnO,_10 and SnO_20 were 284, 52 and 126 s,
respectively, indicating that the SnO>_10 had the fastest response time to toluene than those of
SnO2_0and SnO_20. However, the recovery speed of SnO>_10 was slower than that of SnO>_20
and faster than that of SnO,_0. The affecting factor of response/recovery times in the gas sensing

material will also be explained in detail on the gas sensing mechanism.

The selectivity is another foremost factor for designing the sensor device. Gas sensing
selectivity of the mesoporous SnO> spheres was investigated by testing the sensor under the
circumstance of various targeting gases include hydrogen (H2), methanol (CHsOH), ethanol
(CH3CH20H) and toluene (C7Hs) with the same level of gas exposure (50 ppm) at 400 °C. As
shown in Fig. 3.16 (d), all the samples exhibited a higher detection property to toluene than for
other gases, indicated by their higher responsivity. However, only SnO,_10 exhibited a 1.8-2.2
times higher response to toluene than those to other gases, revealing its potential selectivity to
toluene. Furthermore, we also characterized the SnO,_10 sample after the gas sensing test by XRD
and SEM measurements (Fig. 3.17). The result suggested that the sample had an improved
crystallinity indicated by a narrower peak. Although the crystallinity was slightly altered after the
gas sensing test, the effect was not so large for the gas sensing properties, and after testing the
device at 400 °C again, the responsivity was not largely changed. Moreover, the SEM observation
disclosed the withstood overall morphology after the gas sensing test at such high temperatures,

demonstrating a promise stable material for toluene gas sensor application.
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Fig. 3.17. XRD and SEM of SnO,_10 after the gas sensing measurement
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3.1.5 Gas sensing mechanism

In an n-type semiconductor where electrons play a role as the main charge carrier, trapped
electrons on the surfaces create space charge layers so-called electron depletion layers (EDLS)
which increase the potential barrier to enlarge its resistance. Because the trapped electrons react
with sensing molecules, the resistance is reduced by oxidation of sensing molecules by the oxygen
species on the surfaces and subsequent release of electrons to the valence band.

In our case, with the obtained SnO devices with an n-type semiconductor property, a
similar mechanism should work in the sensing. The sensor device was first exposed to the
atmospheric conditions at 200-400°C. The oxygen molecules in the air was adsorbed onto the
surface of micro-/mesoporous SnO2 spheres by trapping the electrons from the valence band
resided near the surface, which led to the oxygen dissociation to form the chemisorbed ionized-
oxygen species (0%, O~ or 0%). The type of the chemisorbed ionized-oxygen species was largely
affected by the working temperature as seen in equations (5), (6), (7) and (8).>* When the sensor
in our study was operated at 400 °C, the O? ions could be more abundant. In the case of toluene
gas as a sensing gas, reaction proceeded as described in the equation (9).%° This removal of O*
ions by the reaction of toluene from the surfaces caused the thinner size of EDLSs to decrease the
potential barrier, resulting in the decrement of resistance, as observed in Fig. 3.16 (a). As
previously discussed, the particle size influenced the charge-carrier mobility in metal oxides due
to the different conductive model. The effect of particle size of SnO2-based sensors on its gas
sensing response was theoretically and experimentally reported.®® The improvement of sensitivity
was usually attributed to the reduction of particle size to nearly the thickness of the charge
depletion region.>” However, our samples showed a contrast result in which the smallest particle
size did not always maintain a linear connection with the enhanced sensitivity. Decreasing the
particle size from 1.50 to 0.90 um undoubtedly raised the response from 3.2 to 20.2, but further
decrement to 0.65 um dramatically depreciated the response to only 2.7. Therefore, the particle
size was not the only focal factor, but apart from it, the pore size effect should also be taken into

consideration as an influencing parameters.
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OZ(gas) > OZ(ads) (5)
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Gas sensing properties towards various target gases can be improved by controlling the
porous architecture of the metal oxides which are directly associated to the pore size. During the
sensing process, gas diffusion in the porous materials is mainly prevailed by Knudsen diffusion as
expressed:®

De=7 |m O
where Dk is the diffusion coefficient (cm?/s), T is temperature (K), M is molecular weight (g/mol),
R is gas constant (J/mol-K) and r is pore radius (cm). From the given formula, the Knudsen
diffusion largely depends on three main factors. Firstly, the diffusion coefficient is proportional to
the pore size, where the larger pore size leads to a higher diffusion rate for both oxygen and testing
gas, which can allow the gas molecules to diffuse to the deeper region and reach the more inner
surface of the sensing material. In our work, at 400 °C, the gas sensing response of SnO> was in
the following order: SnO2_10 > SnO,_20 > SnO._0, which was not exactly having a linear
proportion to their pore size distribution. For example, with the smallest pore size detected in
Sn0O2_0 sample, it exhibited the lowest sensing response (2.7 to 50 ppm of toluene), whereas for
SnO2_10 sample with the medium pore size of 1.4 nm, the gas sensing response showed a very
high sensing response of 20.2 under 50 ppm of toluene, which was approximately 6 times higher
than those of SnO2_0. The molecular size of toluene was estimated to be 0.59 nm, which was
sufficiently small to enter the sub-surface region of the meso-/microporous SnOz spheres through
their porosity as illustrated in Fig. 3.18. Therefore, the enhanced toluene sensing response was
attributed to the larger pore size, allowing the oxygen and the tested gas molecules to diffuse
through the diffusible path to penetrate to the interior of the micro-/mesoporous SnO, spheres.

Therefore, the frequency of collision between the surface of materials and the gas molecules
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probably increased. However, the SnO>_20 with further larger pores (1.9 nm) exhibited a lower
toluene sensing response (3.2 to 50 ppm). Although the diffusion rate probably increased to a
certain value with the larger pore size, the reduced specific surface area dominated the gas sensing
performance, rather than the pore size. The response of SnO, sample synthesized in the pure water
also showed the same trend. The reduced surface area led to a reduction in the number of active
sites. This suggested that pore size and specific surface area synergistically enhanced the
sensitivity. Secondly, following to equation (10), diffusion rate increased as temperature rose; at
higher temperatures, the faster gas molecules motion should be in the porous material, which
became another reason for the much high working temperature besides to the toluene molecular
stability. Lastly, the Knudsen diffusion also relied on the molecular weight of the analytes, where
the lighter analyte could have faster diffusivity and surface reaction. For the case of toluene gas,
SnO,_0 with the smallest pore size exhibited the slowest response/recovery time of 284/148 s. By
modulating pore size to 1.4 and 1.9 nm, the response/recovery time markedly escalated to 52/74 s
and 126/36 s, respectively. This enhancement should be attributed to the better permeability in the
micro-/mesoporous material with larger porosity which led to a shorter diffusion time.®° It was
interesting that the response time of SnO_10 was faster than that of SnO2_20, but the recovery
time was double that of SnO,_20. Our result agreed with the work of Tang et al.®* in which they
concluded that material with strong adsorbed property could likely exhibit a fast response and
longer recovery time. For the detection of hydrogen gas which lighter than toluene (Fig. 3.19), the
response/recovery time of SnO2_10 was 24/32 s was consistent with the Knudsen equation.
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Fig. 3.18. Diffusion mechanism on the surface and sub-surface of the micro-
/mesoporous SnO- spheres during the exposure to toluene gas.

Since the samples included a considerable amount of CI, where CI could modify the carrier
concentration (Ng) of SnO-, the effect of Cl was also considered. The Cl was expected to replace
the O site, raising the Ng to some extent. In excess or in a saturated value, the Cl incorporation
might be in the interstitial site, changing its role from donor to acceptor, which led to the fall of
Ng.82 This was being reasonable considering the sample with the highest CI content exhibited the
largest resistivity and poor responsivity. These explanations suggested that the sophisticated
control of SnO2 micro-/meso structures including particle size, pore size, specific surface area as
well as impurity amount by simple synthetic method enabled the highly sensitive and selective
toluene gas sensor.
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3.2 Facet controlled synthesis of NiO nanostructures for NOx detection: Experiment and
DFT calculation

3.2.1 Introduction

The industrialization era has brought unignorable environmental downgrade aside to
economic growth and human prosperity.®% Air quality worsening, one of the serious
environmental issues caused by automotive engine and industrial exhaust gases has become an
utmost concern for scientists, engineers, and environmentalists due to their effect on human health
and surrounding eco-system.%® For instance, Nitrogen oxides, NOx, are deadly atmospheric
contaminants produced from hydrocarbons combustion processes such as vehicle engines or power
plants which usually occur at high temperature.®®-%” Not to mention electrical generation from non-
renewable fuels, the massive use of vehicles, especially in the metropolitan city, has made the
condition is getting worse by the time.%® Hence, there is an urgent need for the development of
highly responsive materials towards NOx detection for environmental pollution control. In addition,
a single material that can be applied in multiple applications is desirable for technological

simplicity.®

Many different kinds of NOx sensor materials have been extensively studied, especially
semiconductor metal oxides (SMOX) owing to their tailorable physical and chemical
properties.32%79-74 Dye to these, SMOX exhibits a very promising and outstanding performance
alongside with reversibility and long term stability. Nickel Oxide (NiO), is a rock-salt type metal
oxides and well-known p-type semiconductor metal oxides for multifunctionality of
environmentally benefit applications such as photocatalyst and sensor for the hazardous gas.”? ">
However, NiO wide-bandgap value ranging from 3.6 to 4.0 eV has set drawbacks which may limit
its NOx sensor responsivity.”” Various approaches have been attempted to design a high-
performance semiconductor photocatalyst and sensor, involving morphological control, atomic
doping incorporation, and surface defect engineering’®% Precise control of exposed facets has
been proven to be advantageous for the improved performance of sensor and photocatalyst
nanocrystals and even more versatile than specific surface area, porosity, and other influencing
factors.8182 Desired exposed facet can provide a highly energetic and active site through high-
density of low-coordinated atoms for selective molecular adsorption.® The facet selective property
hinders the material to adsorb undesired molecules target from the surrounding environment,

leading to an exceptional activity for sensors application.
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As a typical rock-salt structure, NiO has three thermodynamically favorable crystal facets,
e.g. (100), (110), and (111). (100) facet, specifically, has the lowest formation energy and is the
most stable form thermodynamically.®® Thus, molecular adsorption onto NiO (100) facet has been
done in the majority of the previous investigation.?* However, with the development of the
materials synthesis method, it is potentially possible to design a rock-salt type material with
dominantly (110) and (111) facets.®* Mesopores NiO with (110) facet has been successfully
obtained by a post-treatment of B-Ni(OH)..% CoO with (111) facet can be directly prepared by
calcination of CoCl precursor.8® Other studies also show the preparation of MgO (111) facets via
the inexpensive wet chemical method.®” These investigations showed the formation of exposed
facet of rock-salt crystals, including NiO, is largely dependent on synthesis conditions such as
initial precursors, or ligands. While NiO can be prepared through the calcination of -Ni(OH): at
elevated temperatures at around 400 °C to preserve the morphology of the parent B-Ni(OH),,">
there is still limited knowledge on the phase and morphological transformation to NiO from other

starting material.

In this work, we present a newly developed route to synthesize NiOHCI, a layered structure
hydroxychloride, as a potential precursor to produce NiO with highly polar exposed (111) facet.
In all investigations to date, NiOHCI has not been transformed to NiO,%%? although its layer
structure holds a promise to be translated into rock salt structure and CI" in its structure may
stabilize the polar (111) facet through electrostatic stabilization during the transformation.®® NOx
gas sensing property and photocatalytic ability of NiO (111) facet were superior to NiO (110) facet
obtained by annealing of B-Ni(OH)2 for which the DFT ab initio calculation revealed that Bridge
site in (111) facet is the most favourable place for NOx adsorption. The Crystal Orbital Hamilton
Population (COHP) was utilized to deeply understand the physical origin of how the adsorption
and charge transfer mechanism from NiO to the molecular orbital of NOx occurred which led to
NOx decomposition.

3.2.2 Experimental
Preparation of NiOHCI hexagonal plate and NiO (111) octahedral morphology

The hexagonal morphology of nickel hydroxychloride (NiOHCI) was synthesized by a
water-controlled release solvothermal process (WCRSP).** 77.8 mg of anhydrous Nickel (11)
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Chloride (NiCl2) was dissolved into 50 mL of 1-propanol (1-PrOH) anhydrous with vigorous
stirring with a constant speed of 500 rpm for 25 min at RT. Then, 10 mL of anhydrous acetic acid
(AcOH) followed by the same stirring condition. The resulting solution was transferred to 100 mL
Teflon lined-autoclaved and solvothermally treated at 200 °C for 10 h. After cooled to room
temperature, the light green powder was recovered by a vacuum-filtration, dried at 60 °C, and
ground by mortar. Finally, to obtain NiO with octahedral morphology, the obtained NiOHCI was
calcined at 400 °C for 3 h. The sample was named as NiO Octa-(111).

Synthesis of NiO (110) with hexagonal morphology

Hexagonal morphology of NiO with (110) exposed facet was produced by following the
previous report.®5 0.02 mol of anhydrous NiCl, was dissolved in 10 mL of DI water followed by
the addition of 6 M NaOH under the stirring condition. Then, 0.6 mmol of sodium sulfate (Na;SO4)
was added into the solution. After transferring to Teflon-lined autoclave with 100 mL capacity,
the solution was treated at 170 °C for 24 h. The green Ni(OH)2 product was collected by vacuum
filtration and dried at 60 °C. Then, it was finally calcined at 400 °C for 3 h to obtain the NiO-Hexa
(110) sample.

DFT Calculation

Density Functional Theory (DFT) calculations are performed with plane-wave basis sets
and periodic boundary conditions, using the slab model to simulate surface conditions. Generalized
Gradient Approximation (GGA) exchange-correlation functionals parametrized by Perdew, Burke,
and Ernzerhof (PBE)*® are chosen along with appropriate Hubbard U correction for NiO to
produce a more accurate electronic structure for Mott insulators.®® The effective Hubbard U
parameter for NiO has been thoroughly explored and tested in earlier works. Parameter values
of Ueff=U-J= 53 eV, withU= 6.3 eV andJ= 1 eV is chosen according to a previous
investigation of water adsorption on NiO (100) surface®” and other, earlier investigations
into NiO.%6%89 Core electrons are treated with the projector-augmented wave (PAW) method.'®
Calculations are performed with the Vienna Ab Initio Simulation Package (VASP) software

package. 10104

Visualization of crystal structures, both for input and output of first-principles calculations,

is performed with the Visualization for Electronic and Structural Analysis (VESTA) program.:%
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NiO surface is modeled using slab models with a minimum of 4 atomic layers to approximate bulk
effects to surfaces. Vacuum slabs between the 4 layers of NiO are used to prevent interaction with
periodic images in the z-axis. Similarly, 2 x 2 surface unit cells (corresponding to 0.25 ML
coverage) are used to prevent interaction between the NO adsorbate molecule and its periodic

images in the x- and y-axes. Geometry optimization calculations are used to model adsorptions,

with adsorbates situated initially at 2A, from the surface adsorption site.

In order to ensure reliable calculations, the values of several calculation parameters are
converged with respect to the total energy of the simulation cell. These parameters include the cut-
off energy (in plane-wave DFT representing the size of the basis set used), the k-point grid for
integrations (using Monkhorst-Pack grid),'% and the aforementioned thickness of the vacuum slab.
The calculations performed for this work uses a cut-off energy of 400 eV, a k-point grid of 5x5x1,
and a vacuum slab of thickness 10 A, converging the total energy of calculated systems to a
reliability of 0.001 eV/atom. The antiferromagnetic ground state of NiO is also taken into account
as initial magnetic moments for every calculation are set as antiferromagnetic in the [111] direction.
Meanwhile, the adsorbate molecule NO is relatively much easier to model. Starting from the
experimental work of Kukolich, the initial N-O bond length in vacuum was set as 1.154 A.2%
Geometry optimization with the GGA-PBE exchange correlation functional slightly stretches the
N-O bond length to 1.1692 A, which is in good agreement with 1.16 A from a previous ab initio

work by Beheshtian et al.1%

Distinguishing the contribution of hybridized orbitals to interatomic bonding is key to
analyzing binding or adsorption between two systems. In this way, Crystal Orbital Hamilton
Population (COHP) analysis is an effective tool in distinguishing bonding and antibonding orbitals
resulting from hybridization between two atoms. In the theoretical portion of this work, we employ
the Local Orbital Basis Suite Towards Electronic Structure Reconstruction (LOBSTER) code
which applies the projected COHP (pCOHP) method to extract similar atom resolved chemical
information from wavefunctions with plane-wave basis sets.'%1*2 The pPCOHP method projects
the plane-wave basis set representation of the wavefunction onto atomic orbital-like contributions

to the molecular orbitals, from which a more chemical picture may be shown.
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Gas sensing evaluation

To fabricate the sensor device, 0.010 g of the obtained NiO samples were mixed with
ethanol to obtain a slurry which then was brush-coated onto an Au interdigitated electrode (IDE).
The gas sensing evaluation for the obtained material was conducted using a home-built electrical
measurement system (Agilent Keysight 34970A) with 2 probe method at various temperatures
from room temperature to 300 °C to mimic the challenging condition of automobile engine exhaust
system. The variation of temperatures is critical to determine the optimum working temperature of
the sensor device for the real application. It is noteworthy to mention that to minimize the
photocatalytic effect of NiO, our sensing equipment used a metal chamber with an insignificant
possibility of light to irradiate the samples. The sensing response (R) was calculated by following
formula R(%) = ((Rg-Ra)/Ra) x 100 % where Rg is resistance in targeting gas and Ra is the
resistance in ambient air. The response and recovery times were also assessed by calculating the
time needed to reach a 90 % variation of saturated resistance during the injection and rejection of

testing gas, respectively.

3.2.3 Result and discussion

3.2.3.1 Crystal structure and morphology characterization

Fig. 3.20 (a) shows XRD patterns of NiOHCI and 3-Ni(OH) precursors. For NiOHCI, the
(003) plane located at 15.6° was very intense compared to (012), (015), (009), (107), and (110)
planes centered at 33.3° 41.3° 48.0° 49.4° and 56.5° respectively. To determine the quality of
the crystal structure of the NiOHCI sample, Rietveld analysis was employed using RIETAN-FP
software.!*® As shown in Fig. 3.21 (a), the Rietveld refinement assuming the rhombohedral
structures (space group R3m) has converged resulting in a lattice parameters of a = 3.2674 &, ¢ =
17.068 A Rwp (%) = 3.977, Rp (%) = 2.428, Re (%) = 0.646 and S = 6.1596. The goodness-of-fit,
S, was very large due to XRD profile of NiOHCI has a high base line. The refined results for
structural parameters was summarized in Table 3.4. Additionally, the Ni-O and Ni-Cl bonding
distances are 2.036(6) A and 2.453(5) A, respectively. Due to the disorder behaviour of anion site,
average bond distance of Ni[(OH),Cl]s is 2.036(6) ~ 2.453(5) A.
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Fig. 3.20 (a) XRD pattern of NiOHCI and B-Ni(OH)., (b) SEM image (c) TEM image (inset
is SAED pattern taken from area indicated by a dashed-line circle) (d) crystal structure of
NiOHCI along the (003) facet showing oxygen and chlorine atoms possess other atom
occupancies and () SEM image of B-Ni(OH)a.
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Fig. 3.21 (a) Rietveld refinement of powder X-Ray Diffraction (PXRD) and (b)
crystal structures of NiOHCI after refinement
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Table 3.4 Refined structural parameters of NiOHCI (space group = R3m)

Atom Wyckoff Occ. X z Uiso. (NM?)
Nil 3a 1 0 0 0.043(1)
o1 6e 05 1/3 0.0448(8) 0.012(5)
Cl1 6C 05 1/3 0.0919(4) 0.023(2)

Comparing to earlier study (summarized in Table 3.5),°° NiOHCI sample in this work has

a slightly higher structural parameter value, suggesting a structural expansion (Fig. 3.21 (b)) which

might be attributed to a small organic molecules incorporation, revealed by CHN analysis (C= 2.6

wt.%, H = 3.95 wt.% and O=17.34 wt.%) Meanwhile, the emerged peaks of B-Ni(OH). were in a

good agreement with the standard (PDF card 14-0117).

Table 3.5. Comparison of refined structural parameters of NIOHCI with earlier work

This work Reported!*
Crystal system Rhombohedral
Space group R3m
a (A) 3.2674(1) [+0.2%] 3.26061(8)
cA) 17.068(1) [+0.3%] 17.00619(89)
V (A3) 157.80(1) [+0.8%] 156.57
Nil 0 0
01 0.0448(8) 0.03500(22)
ci 0.0919(4) 0.08790(8)
Ni-O (&) 2.036(6) 1.9744(12)
Ni-Cl (A) 2.453(5) 2.4038(9)

Morphology and particle size of NiOHCI and B-Ni(OHy> phases were observed by SEM
and TEM. As revealed by the SEM and TEM images in Fig. 3.20 (b) and (c), NiOHCI has a nearly

perfect hexagonal morphology with the size of approx. 5 um, angle of 120° at each corner, and
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acceptable homogeneity although some split particle was observed. From the corresponding
selected area electron diffraction (SAED) pattern taken from the yellow circle area, the hexagonal
NiOHCI exhibited a single crystalline property (inset of Fig. 3.20 (c)) with (1 10), (210), and
(120) planes from [003] zone axis. This may indicate the electron beam is perpendicular with (003)
facet of hexagonal morphology as well NiOHCI crystal structure. It is reasonable considering the
(003) facet of the NiOHCI crystal structure refined by the Rietveld analysis (Fig. 3.20 (d)) clearly
shows that the hexagonal morphology with an angle of 120°. Furthermore, TG/DTA and elemental
analysis were utilized to provide further insight into the stoichiometric and phase transformation
of NiOHCI. From the TG-DTA measurement (Fig. 3.22), the weight loss of NiOHCI was 36.4
wt. % due to the evaporation of HCI, leading to the transformation into the NiO phase based on
the following reaction: NiOHCI - NiO + HCI. The weight loss is very close to the theoretical
molecular weight of HCI (36.4 wt. %). Additionally, the elemental analysis confirmed the ClI
amount in NiOHCI was 36.57 wt. % that agreed with an atomic mass of CI (35.4 wt. %). Thus, the
formation of NiOHCIl is fully convincing based on the result above. The obtained -Ni(OH). phase
also shows a similar hexagonal structure with a smaller particle size (ca. 150 nm). Based on the
previous investigation, the hexagonal morphology of B-Ni(OH). possessed (001) exposed facet

with a high ratio to the total surface.®®
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Fig. 3.22 TG/DTA curve of NiOHCI

It is widely known that the formation pathway of B-Ni(OH)2 involved the hydrolysis of

nickel salt precursors. However, the formation of NiOHCI in organic solvents is not well-
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investigated. Thus, it is of foremost importance to understand the chemical reactions involved in
the formation of the NiOHCI phase. Herein, we performed *H NMR analysis to elucidate the
chemical composition of solvents after the solvothermal process and propose the reaction pathway
accordingly. In preparation for tH NMR measurement, the supernatant was diluted with deuterate
CD3OD. 'H NMR spectrum (Fig. 3.23) indicates a signal of starting 1-propanol solution
(CH3CH2CH20H: 0.909 ppm, CH3CH2CH>0OH: 1.513 ppm, CH3CH>CH>OH: and 3.482 ppm). In
addition to these signals, we have detected the formation of propyl acetate (CH3CH>CH>OOCCH3:
0.922 ppm, CH3CH2CH>O0CCHS3: 3.973 ppm, and CH3CH>CH>,OOCCH?3: 1.995 ppm), dipropyl
ether (CH3CH2CH2OCH2CH2CH3: 3.482 ppm, CH3CH.CH,OCH2CH,CHs: 1.586 ppm and
CH3CH2CH,OCH,CH2CHs: 0.922 ppm) and hydrogen chloride (HCI: 4.84 ppm).® However,
acetic acid signal was not detected, indicating it was fully reacted during the treatment. The
presence of mixed chemicals provided direct evidence of the occurrence of esterification,
dehydration, and hydrolysis. Thus, we propose a possible chemical pathway during the water-
controlled release solvothermal process (WCRSP) based on the NMR analysis as shown in the
reaction (Eqg.1)-(Eq.3). At the first step, esterification reaction between 1-propanol and acetic acid,
yielding certain amount of water molecules equal to the amount of acetic acid. The dehydration of
1-propanol also produced a small fraction of water molecules. Finally, these water molecules
hydrolysed the NiCl, into NiOHCI. 1t might be suspected that propyl acetate plays a major role as
structure-assisting surfactant by attaching to polar (003) planes inhibiting its growth along (003)
planes, although the detailed mechanism is still uncertain at present moment, yet should be
investigated in the future study. It seems that NiOHCI also undergoes a hydrolysis reaction, but it
is limited by the amount of generated water molecules from the esterification reaction. However,
we could not obtain either NiOHCI or B-Ni(OH)2 phase when the solution was changed from
mixed 1-PrOH/AcOH to distilled (DI) water. It may imply that NIOHCI was preferably formed in

the acidic condition rather than in the neutral condition. This also supports earlier studies.®°!

CH3sCH2CH20H + CH3COOH = CHsCH,CH,00CH; + H20 (Eq. 1)
CH3sCH2CH20H > CH3CH2CH,OCH,CH,CHs + H20 (Eq.2)
NiCl, + 2H,0 = NiOHCI + HCI (Eq.3)
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The XRD patterns of NiO obtained from the calcination of NiOHCI and B-Ni(OH), were
shown in Fig. 2 (a). Regardless the precursors' phase, the well-defined peaks appeared at 37.2,
43.2, 62.8, 75.3, 79.30 correspond to the (111), (200), (220), (311) and (222) of cubic structures
NiO with a monoclinic phase which agreed to standard (PDF Card 47-1049). The obtained NiO
was also a pure phase proven by no observed impurities peak. Textural coefficient (TC) can

determine the preferred orientation of a material. TC is calculated as:®®

I(hkD) /1, (hkD)
S S 1(hKD) /1o (hkl)

TC(hKI) =

where I(hkl) is the intensity of the (hkl) obtained from XRD measurement, I,(hkl) is the
diffraction intensity of the NiO according to the PDF card 47-1049 , and N is the number of
diffraction peaks used in the calculation. Any material with a random crystal orientation, the TC
should be 1. We obtained that the TC(111) for NiO-Octa (111) and NiO-Hexa (110) are 1.110 and
0.985, a strong indication of more (111) preferred orientation in NiO-Octa (111) than that in NiO-
Hexa (110).

As can be seen in SEM and TEM images (Fig. 3.24 (b)-(c)), after the calcination at 400 °C,
the hexagonal morphology of NiOHCI was drastically transformed into octahedral morphology
with dominantly exposed (111) facet on the geometrical system. Inclusive of nanosized particles
(100-500 nm), the octahedral morphology of NiO (111) exhibited a smooth surface. Fig. 3.24 (d)
displayed high-resolution TEM (HRTEM) shows the lattice distance of 0.149 nm, 0.150 nm, and
0.153 nm attributed to d-spacing of 202, 022, and 220, respectively, very close to reports from
Kim and co-workers.® Moreover, the corresponding Fast-Fourier-Transform (FFT) pattern (Fig.
3.24 (d), inset), and selected area diffraction pattern (SAED) depicted in Fig. 3.24 (e) suggests that
NiO with octahedral morphology is single-crystalline. All FFT and SAED spots can be indexed
along [111] zone axis of octahedral NiO. These results demonstrated that (111) plane (Fig. 3.24
(e), inset) is parallel with the surface of NiO octahedral morphology, revealing the dominant facet
is (111). All characterization results agreed to the previous reports of NiO 111 facet. On the
contrary, the NiO morphology and particle size obtained from B-Ni(OH). precursor were identical
with the parent hexagonal morphology (SEM, Fig. 3.24 (f)). Nonetheless, due to the evaporation
of H20, the NiO hexagonal morphology showed a mesoporosity architecture (TEM, Fig. 3.24 (9)).
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Although it possesses the porous structure that may induce the formation of another facet, only
one d-lattice spacing was observed (0.24 nm) which is attributed to (111) crystal plane. However,
the amount of another possible facet such as (002), (111), and (111), however, the (110) facet is
still dominant as its amount is more than 66% revealed by the previous study.® The SAED pattern
shown in Fig. 3.24 (h) implies the single-crystalline nature of NiO hexagonal morphology from
which the indexed planes indicate the [110] zone axis is concurrent with the TEM incident beam
and parallel with the top surface of NiO hexagonal morphology. The above results confirmed NiO
hexagonal morphology has dominantly (110) exposed facet and were consistent with the
reproduced report.?? From now on, the NiO samples in this study were labeled as NiO-Octa (111)
and NiO-Hexa (110).

An interesting phenomenon on how dramatical change on the morphology after the
calcination occurs should be investigated. Thus, it is also noteworthy to reveal the transformation
mechanism from NiOHCI hexagonal to NiO octahedral morphology with (111) facet by varying
calcination temperatures while taking XRD and SEM measurement at each temperature. As can
be seen in Fig. 3.25 (a), almost no alteration in the XRD patterns after the calcination up to 350
°C, demonstrating NiOHCI phase stability under 400 °C, being consistent with TG/DTA. Only at
400 °C, full phase transformation has occurred. This also indicates that no intermediate chemical
was formed. In Fig. 3.25 (b), SEM images showed the morphological transformation of NiOHCI.
The hexagonal morphology can still be observed even at 350 °C. However, it was broken up into
a very fine crystal due to the start of HCI evaporation. TEM image (Fig. 3.25 (c)) reveals that
octahedral nanostructures have already formed within the porous hexagonal morphology at this
temperature. Therefore, it might conclude that the evaporation-recrystallization-facet arrangement
process has simultaneously occurred. The simplified illustration of the structural transformation is
displayed in Fig. 3.24 (j).
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Fig. 3.24 (a) XRD patterns of the NiO Octa (111) and NiO Hexa (110), (b) SEM, (c) TEM, (d)
HRTEM (inset is FFT), (e) SAED pattern taken from red area (inset is corresponding crystal
structure with cut-off in [111] zone axis) of NiO-Octa (111) sample. (f) SEM, (g) TEM, (h)
HRTEM, (i) SAED pattern taken from red area (inset is corresponding crystal structure with cut-
off in [110] zone axis) of NiO-Hexa (110) sample. (j) a simplified illustration of morphological

transformation of NiOHCI hexagonal into NiO octahedral.
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Fig. 3.25. (a) XRD patterns and (b) SEM image of NiOHCI calcined at elevated temperatures,
and (c) HRTEM image of NiOHCI calcined at 350 °C.

The subsequent investigation is how NiO (111) facet could form in the case of NiOHCI,
but could not in B-Ni(OH). case. Both precursors possess similar layer structures. The only
difference is that the existence of ClI-and OH" in NiOHCI and -Ni(OH), respectively. There is a
possibility that Cl-served as a capping agent to the Ni?* during the calcination process as Ni atom
is abundant in the clean (111) surface layer. Moreover, Ni atom in (111)-terminated surfaces
exhibited a positive charge (+1.37) based on the previous investigation.*® It is likely that Cl-
attached to and coordinated with Ni by electronic interaction and it may inhibit the growth of NiO
in the (111) direction. The CI ligand-capped (111) facet can also be found in the CoO case which
has the same rock-salt structure.® The NiO octahedral morphology was also obtained by heating
the irregular particle of NiCl. precursor at 400 °C at ambient pressure for 3 h inside a covered
crucible similar to that of NiOHCI calcination. (Fig. 3.26) Nevertheless, the pure NiO phase was
not obtained in such conditions, revealing that (i) Cl" can assist the (111) facet formation, (ii) pre-
existed oxygen in NiOHCI phase may be helpful to acquire the pure phase and (iii) facet
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rearrangement may occur at the nanoscale interface. Recent work also reveals NiO with several
exposed facets ({311}, {611}, {100} and {111}) can be achieved, from nickel salt precursors, only
by the aid of anion and alkali cation of molten salts.!'® This may support our hypothesis.

>
&
£
‘»
C
2
=

NiCl, Calcined

NiCl,

T T T T T T T T T T T T T
10 20 30 40 50 60 70 80

20 (deg.)

Fig. 3.26. XRD patterns and SEM image of NiCl2 before and after calcination at 400 °C for
3h.
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3.2.3.2 Electronic and optical properties

X-ray photoelectron spectroscopy analysis was employed to explore the chemical
composition and oxidation state of Octahedral NiO (111) facet. The full survey spectrum indicates
a distinct chemical element of Ni and O and a tiny peak of CI (Fig. 3.27 (a)). EDX-equipped SEM
elemental scanning (Fig. 3.27 (b)) taken from Fig. 3.24 (b) also suggested the presence of Ni and
O. Fig. 3.28 (a) displays Ni 2p core-level spectra. Using the Gaussian fitting function within
Shirley background, it was deconvoluted into two spin doublets positioned at 856.3 eV (Ni 2par)
and 874.1 eV (Ni 2p12) and two shake-up satellites (862.4 eV and 879.6 eV). The fitting peaks at
binding energies of 856.7 eV and 874.0 eV were attributed to Ni?* state, while other fitting peaks
located at 854.0 eV and 871 eV are ascribed to Ni** state.!’1° The existence of doublets of Ni 2p
together with their satellite confirmed the magnetic chemical state in Ni** and Ni**.} The
formation of Ni** might be attributed to O-rich nickel oxides.'?* However, other phrases related to
Ni* were negligible as only pure NiO is detected in XRD patterns. The Cl content was confirmed
to be 0.74 wt.% by elemental analysis. Fig. 3.28 (b) displayed O1s core spectra that were
deconvoluted using gaussian fitting. The peak at 530.7 is a typical metal bond with oxides, and
fitting peak emerged at 533.1 eV may be attributed to physically adsorbed water molecules at

surface, since it was found that NiO with 111-exposed facet is water molecule sensitive, 22123

The optical properties of the obtained NiO were further scrutinized. The UV-Vis absorption
of octahedral NiO in the Kubelka-Munk unit is depicted in Fig. 3.29 (a). As can be seen, the two
samples have similar emerged peaks. The sharp peak at the UV region (342 nm) can be assigned
to bandgap absorption of NiO, while other three broad absorption edges at 378 nm, 429 nm, and
720 nm are a typical d-d transition existed within the bandgap of NiO with Ni?* state that is
surrounded six O? at the octahedral site. This octahedral configuration splits d-electron of ground
state 3Agq t0 1Eg, 3T2¢(G), and 3T1g(F), respectively.?*1%6 Then, employing the Tauc-method to
the KM absorption spectra, the estimated bandgap for NiO Octa (111) and NiO Hexa (110) were
3.26 and 3.25 eV (Fig. 3.29 (b)). This result suggests that Cl impurity in NiO Octa (111) does not

infer the electronic band structures.
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Fig. 3.27 (a) Full scan XPS spectra and (b) EDS spectra of NiO Octa (111)
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Fig. 3.28 XPS core level spectra of (a) Ni 2p and (b) O 1s of NiO-Octa (111).
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Fig. 3.29 (a) Kubelka-Munk Absorption spectra and (b) corresponding Tauc plot of NiO

Hexa (110) and NiO Octa (111)
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3.2.3.3 NOx gas sensing properties

The NiO with a polycrystalline property without specific exposed facet was also
synthesized for comparison. The synthesis process was the same as that of NiO-Octa (111), except
the nonexistence of acetic acid during WCRSP. As illustrated in Fig. 3.30 (a-d), the XRD pattern,
TEM, HRTEM, and SAED confirmed the formation of NiO phase that has irregular morphology,
the lattice fringe of 0.21 nm (deoo)) and 0.245 nm (d11)) and a diffuse ring of polycrystalline
material. Thus, this sample is denoted as NiO-irregular. Also, UV-Vis DRS (Fig. 3.30 (e), shows
similar characteristic with other two samples. Moreover, the Cl content was 0.70 wt.%, very close

to that of NiO-Octa (111).
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Fig. 3.30. (a) XRD pattern (b) TEM (c) HRTEM image (d) corresponding SAED pattern
and (e) UV-Vis Absorption spectra of NiO irregular.
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The sensor devices containing NiO samples with distinctive morphology and exposed face,
namely NiO-Octa (111), NiO-Hexa (110), and NiO irregular were tested at different temperatures
from room temperatures to 300 °C toward NOx gas detection. The concentration of NOx was
determined to 3 ppm. As depicted in Fig. 3.31 (a), the sensing response of NiO samples increased
with the rise of operating temperature. All NiO samples exhibited a mountain hill feature from
which the optimum operating condition can be determined.This characteristic is influenced mainly
by the adsorption-desorption process. As practically proposed, NiO-Octa (111) sample may be
more suitable as an integrated gas sensing material in the vehicle combustion system for real-time
pollution monitoring. The NOx response of NiO-Octa (111) at 250 °C was 24.85 %, which is about
3 times higher than that of NiO-Hexa (110) (9.34 %) and 13 times higher than NiO-Irregular
(1.9 %). Fig. 3.31 (b) shows the transient response/recovery feature of NiO-Octa (111), NiO-Hexa
(110), and NiO-Irregular underexposure of NOx with a concentration range of 1.8 ppm to 3.0 ppm.
All samples manifest similar response/recovery times where the resistance increased upon the
exposure of NOx. However, the NiO-Irregular demonstrated a strong noise in contrary to NiO-
Octa (111) and NiO-Hexa (110). The noise may be due to a low or unstable adsorption/desorption
process. Also, the different base resistance, e.g. the resistance in air atmosphere, observed on all
samples indicated the dependency of electrical resistance on particle size or impurities .*27 It is
clear that the gas responses of NiO-Octa (111), NiO-Hexa (110) and NiO-Irregular linearly
increase with the NOx concentration as displayed in Fig. 3.31 (c). Specifically for the case of NiO-
Octa (111), it still has good response value (16.5%) even to 300 ppb of NOx exposure, which is a
substantial indication of NiO-Octa (111) potentiality for low-limit detection of NOygas. Moreover,
under 3 ppm of NOx at 250 °C the response/recovery features of NiO-Octa (111) are repeatable
for at least 5 times with no obvious changes in the electrical resistance during the NOx injection
and ejection. These repeatability features are a very crucial parameter of gas sensing materials for
long-term use. Fig. 3.31 (e) depicted gas sensing response of NiO samples under 3 ppm of various
gases e.g. Nitrogen Oxides (NOx), Methanol (MeOH), Ethanol (EtOH) and Acetone. NiO-Octa
(111) sample possessed a highly selective properties to NOx gas indicated by the degree of
selectivity (Rnox/Rothergas) IS above 2. The NOx sensing response of NiO-Octa (111) under different
relative humidity (RH) was futher studied because most of oxides are also sensitive to moisture.
As shown in Fig. 3.31 (f), the response of NiO-Octa (111) to NOy increased as the RH increased.

It is may likely NiO-Octa (111) also strongly adsorbed the water molecules that increase the
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resistance, in line with reported literature.'?> NiO-Octa (111) NOx dynamic response was

repeatable for several consecutive days (Fig. 3.32), reflecting its good stability against such

dynamic condition.
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Fig. 3.31 (a) Temperature dependent NOx gas sensing properties, (b) NOx concentration-

dependent responses at 250 °C, (c) response vs NOx concentration of the synthesized NiO
samples; (d) repeatability response under 3 ppm of NOx gas of NiO-Octa (111) sample;
selectivity of NiO samples under 3 of different gases and (e) NOx response of NiO-Octa (111)

under different relative humidity.
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Fig. 3.32. Stability feature of NiO-Octa (111). NOx gas sensing measurement was conducted
for last 2 h each days. NOx concentration was 3 ppm.

3.2.3.4 DFT calculation and gas sensing mechanism

To investigate the adsorption mechanism of NO on the NiO surface, ab initio calculations
are performed. We have successfully prepared two facets, (110) and (111). Therefore, these facets
together with a naturally formed (100) facet. Furthermore, it is useful to consider the electronic
structure of the NO molecule as the adsorbate in question. Fig. 3.33 (a) shows a rough molecular
orbital diagram for NO, specifically for the resultant hybrid orbitals from the N and O 2p orbitals.
It can be seen that one electron occupies the m* antibonding orbital, with the rest of the mx
antibonding orbitals empty just above the Fermi level. It then follows by analyzing the projected
COHP (pCOHP) of the N-O bond after adsorption and comparing it with the rough diagram for
the NO molecule, it is possible to see the effects of NO adsorption on the N-O molecular
antibonding orbitals. This comparison can also shed light on the mechanism of NO adsorption
during gas sensing and photocatalytic process.

The combination of possible adsorption sites and adsorbate conformation generates a series
of conformations as shown in Fig. 3.33 (b). The horizontal orientation of the adsorbate (NO bond
parallel to the surface) is likely to occur at the bridge site with two bonds to the surface, while
vertical or tilted orientation is possible on either top, hollow, or bridge sites. Some conformations

are more energetically favorable than others, lowering the adsorption energy associated.
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Fig. 3.33 (a) Diagram of NO molecular orbital as a result of hybridization between N and O 2p
orbitals, (b) model of NiO (100), (110) and (111) slab surfaces. Gray and red are Ni and O atoms
on the surface layer, while black and purple are Ni and O atoms are on the subsurface layer

(subsubsurface layer for Ni atoms in (111) facet).

The adsorption energy is defined as the energy required for adsorption to occur and is
mathematically defined as:

Eqas = Etor — Esurface — Enor (Eq. 4)

where Eags denotes the adsorption energy, Etwt denotes the total energy of the adsorbed system,
Esurface the total energy of the slab model, and Emo the total energy of the adsorbate (molecule) in
a vacuum. This mathematical definition is akin to binding or cohesive energy, and it represents the
strength of adsorption.

From the selected calculation results as summarized in Table 3.6 it can be observed that
bridge site adsorption is particularly favorable for NO in NiO (100) surface, especially with the
nitrogen adatom. Two of the striking results are from conformations 31_BridN and 33_BridPar,
both of which include a (relatively) stronger Ni-N bond and the oxygen in NO adsorbate elevated
at some distance from the surface. NO adsorption on NiO (100) surface of the adsorbate results in
a tilted end position of NO molecule, suggesting that NO is adsorbed in a tilted conformation for
all sites on NiO (100). These results agree well with previous theoretical works on NiO (100)
surfaces®”1?8 which predict that adsorptions of oxygen gas and water vapor on NiO (100) often
rely instead on defects (oxygen vacancies) present in the surface. The calculation results indicate

that it is likely that the pure NiO (100) surface is not favorable for the adsorption of NO as well.
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The weak adsorption energies on (100) facet suggest that it is not a good surface for use in gas
sensing and photocatalyst application, which confirms one part of the facet-selective property of
NiO surfaces.

As with the (100) facet, the (110) surface facet is nonpolar, containing both Ni and O atoms.
Its surface energy is roughly in between the (100) and (111) facets, and it has 3 different bridge
sites: between the Ni atoms, between the O atoms, and between one Ni and one O atom.
Calculations are done for 3 adsorbate conformation (“vertical, horizontal, and parallel) for the
three bridge sites. The adsorption energies again show that NO adsorbs with N adatom instead of
O, that the Ni-N bond is most significant, and that the bridge and hollow sites are most favourable,
producing the strongest adsorption. It also shows that NO adsorption is generally more favourable
towards this (110) surface compared to the (100) surface.

The (111) surface facet of NiO is comprised of alternating layers of Ni and O atoms in the
close-packed structure. By far the (111) surface shows the most favorable sites for NO adsorption,
again for the hollow and bridge sites with a tilted NO conformation, continuing the trend from
(110) surface. Again, the Ni-N bond seems to be of significant importance, as seen in the
prominence of adsorption on Ni top, bridge, and hollow sites compared with the rest, with the
strongest adsorption at the hollow HCP site (Fig. 3.33 (b) and Fig. 3.34). This pattern closely
resembles that of the (110) surface, with even stronger adsorption energies. The calculated results
confirm the facet selectivity property of the NiO surface, from the (111) surface is being most
favorable toward NO adsorption, to (110), and lastly to the (100) surface producing the weakest
adsorption.

The increased favourability in adsorption is easily attributable to the abundance of Ni atoms
in the clean (111) surface layer (Ni-terminated). O-terminated (111) surface is not investigated in
this work, but from the previous results, it can be safely extrapolated that such a surface would not
be favored toward NO adsorption. For nearly all cases, N-O or O-O adsorption is far weaker in
comparison with the Ni-N adsorption, which effectively rules out the O-terminated (111) surface

as favorable towards NO adsorption compared to Ni terminated (111) surface.
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Table 3.6 NO adsorption on NiO (100), (110) and (111) surfaces

Surface Conformation Eads (V)
(100) 11_TopNiN -0.150
12_TopNiO -0.134
13_TopON -0.182
14 TopOO -0.118
21_HolIN -0.181
22_HolO -0.050
31_BridN -0.458
32_BridO -0.122
33_BridPar -0.423
(110) 11_TopNiN -0.858
12_TopNiO -0.253
13 TopON -0.269
14 TopOO -0.086
21_HolIN -1.231
22_HolO -0.110
31 BridNiNiN -1.248
32_BridNiNiO -0.087
33_BridNiNiPar -0.956
34_BridOON -0.145
35_BridOOO -0.109
36_BridOOPar -0.314
37_BridNiON -0.862
38_BridNiOO -0.235
39_BridNiOPar -0.870
(111) 11_TopN -2.345
12 TopO -1.125
21 HolFCCN -1.915
22_HolFCCO -0.527
23 HolHCPN -2.429
24 _HolHCPO -0.922
31 _BridN -2.395
32_BridO -0.973
33_BridPar -2.094
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(100) facet (110) facet (111) facet

Fig. 3.34 xz-plane views of optimized geometries for 31_BridN site in (100) facet,
31 BridNiNiN site in (110) facet, and 31 BridN site in (111) facet, showing

significant Ni-N bond and tilted conformation of adsorbate (NO molecule).

To reveal the mechanism of NO adsorption in NiO Octa (111), the 31_BridN site is taken
as an example, with a significant adsorption energy and a clear adsorption between adatom N and
single surface Ni atom. The plane-wave basis set wavefunction is projected onto atomic orbital
like contributions to the molecular orbitals by the projected COHP method. At the same time, the
density of states (DOS) and projected DOS (PDOS) information are also extracted from a single-
point calculation of the adsorbed system. Fig. 3.35 shows the PDOS of the 2p orbitals of both N
and O atoms from the adsorbate as well as the pCOHP analysis of the N-O bond. The 7* orbital
just below the Fermi surface (seen in Fig. 3.33 (a)) has been delocalized, stretching to up to 3 eV
below the Fermi level. This shows the increased occupation of the antibonding orbital because of
a small charge transfer from the NiO surface, which is likely considering the difference in
electronegativity between Ni and N atoms. Therefore, NO adsorption onto the NiO surface likely
occurs by a small charge transfer from the surface to the N atom. The above mechanism produces
an expectation of a weakening N-O bond, due to the occupation of the t* antibonding orbital. This
is easy to achieve considering that the orbital in question is both the HOMO and LUMO levels of
the NO molecule at the same time. Geometry optimization precisely shows this effect, with post-
adsorption N-O bond length stretched to 1.2231 A from the initial bond length 1.1692 A (in a

vacuum). The stretching of the bond length suggests a weakening in the N-O bond and provides
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evidence of adsorption by charge transfer from the NiO surface. It agreed with the increased
resistance of NiO, regardless of the exposed facet, during the exposure of NO gas. This mechanism
also explains the importance of Ni surface atoms as adsorption sites considering the
electronegativity of Ni as opposed to O atoms. It explains the significance of Ni-N bonding as well
as the trend of adsorption strength dependence on the surface facet of NiO, from (111) > (110) >
(100). The DFT calculation was also conducted to reveal the good selectivity of NiO with (111)
facet. The methanol, ethanol, and acetone molecules were place on Hollow HCP site (HoIHCP) of
(111) plane. The calculated adsorption energies were -1.083, -1.182, -1.002 eV, -0.505 eV, -1.811
eV for methanol, ethanol, acetone, hydrogen and ammonia, respectively. This prediction by

theoretical calculation tracks well with the experimental results.
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Fig. 3.35 PDOS and pCOHP plots of the adsorbate (NO) for 31_BridN site in (111) facet
case. pPCOHP plot is inversed to follow the chemistry convention of presenting bonding

orbitals on positive axis of plot.
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3.3 Summary and Conclusion

Micro-/mesoporous hierarchical structured SnO> spheres with controllable particle and
pore size distribution were successfully synthesized by simply adjusting the reaction parameters
such as vol. % of acetic acid to ethanol, Sn species concentration involved in the system and the
solvothermal treatment time in the water controlled-release solvothermal process (WCRSP). The
fabricated SnO> sensor showed an optimum working temperature at 400 °C, regardless of the
particle diameter. The highest sensing response (20.2) to 50 ppm of toluene with comparable to
the response/recovery time of 52/74 s and good selectivity was obtained, if the synthesized SnO;
had a pore size of 1.4 nm, the particle size of 0.90 um together with the largest surface area of 145
m?/g. In addition, the sensors responsivity was superior to the SnO2 sample synthesized in the pure

water, indicating the promising strategy of the SnOz preparation for toluene gas sensor.

NiO with dominantly exposed facets, (110) and (111), were successfully obtained by the
calcination of different precursors. The Cl ion from NiOHCI precursor may hypothetically assist
the crystal growth and lower the formation energy of (111) surface facet. This sample, NiO Octa
(111), exhibited the best NOx gas sensing response (24.85 %) at 250 °C exceeding all examined
samples. The ab initio calculation revealed that the NO gas is likely to be adsorbed on Ni
terminated surface with N adatom rather than O. The NO adsorption energy was -0.458, -1.248,
and -2.429 eV on NiO with (100), (110), and (111) facet, respectively, well-agreed with the
experimental results. The charge transfer occurred from NiO to NO, promoting the increased
internal resistance in NiO and weakening the N-O bonding. The above combination of
experimental and calculation results demonstrates that the surface-engineering approach offers the

potential to design high-performance gas sensing materials.
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Chapter 4

Enhancement of toluene sensing property of n-type SnO2 porous microsphere by
decorating with p-type CuO nanoparticles

4.1 Introduction

Toluene (C7Hg) is an important industrial compound and intensively employed for
synthesizing other chemical intermediates such as adhesives, cosmetics, solvents, pharmaceuticals,
dyes, medicines, agricultural chemicals, explosive and a constituent of fuels. It is produced
traditionally from coal or crude oil by fractional distillation.!* Recently, toluene industrial
production has been realized by alkylation of the methanol-benzene system with the aid of a
catalyst and generally operating at about 400 °C to obtain a high yield of toluene.>® On the other
hand, toluene can also leak during production, which becomes hazardous emission to both human
health and environment owing to its high volatility, especially for the most vulnerable object such
as toluene-related industrial production workers, air, and groundwater quality in the nearby area.
It can cause several acute diseases for longtime exposure to humans, such as headaches, nausea,
skin irritation, etc.”® In this regard, to monitor leak probability and minimize the harmful effect of
toluene emission for both humans and the environment, it should be detected immediately before
reaching to open air. However, advanced researches regarding the toluene sensor are generally
aiming for outdoor and indoor toluene gas monitoring from household uses such as paint, thinner,
cigarette, adhesive, gasoline, and so on, which could be operated at room temperature.’®*? To the
extent of our knowledge, a toluene gas sensor for a high-temperature application that can be
employed during toluene production is rather less attempted.

Toluene gas sensing materials based on metal oxide semiconductors (MOS) have been
extensively studied due to their facile synthesis, and nanostructurization of MOS (1 — 100 nm) can
lead to an increase of gas sensing performance due to nanosized effects.’®* For example,
nanomaterials possess a high specific surface area, which provides an abundant site for gas
adsorption.* Additionally, nanoparticles serve better surface contact for electrons and/or holes
transport in their interparticle.®® Tin (1V) oxide (SnQO2), one of the transition metal oxides, is the
most well-known gas sensing material, and recent studies about nanostructures of SnO> have

shown its responsivity to toluene at high temperature (above 350 °C).1%" For further improvement
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of SnO- gas sensing properties, decoration with other materials has been reported. There are two
types of composite formation; (i) noble metals and (ii) p-type semiconductors. (i) Loading with
noble metal nanoparticles such as Au, Ag, Pt or Pd can effectively enhance its toluene gas sensing
property. For example, SnO> decorated with Pd nanoparticle, improved their responsivity as well
as selectivity because of the “spill-over” effect that bring much active sites for oxygen species and
strengthen adsorption energies (Eags) between target gas and sensing material.®-22Actually, (ii)
addition of p-type to n-type will create p-n junction at particle interface that will consequently
increase charge carrier concentration, modify band-gap structure, and inhibit charge recombination.
Thus, decoration of n-type SnO> with p-type counterparts should contribute largely to the
enhancement of gas sensing performance as compared to a single n- or p- component.>2 While
utilization of noble metals hinders sensor devices from cost-effective fabrication, copper (1) oxide
(CuO) can lead to the preparation of cost-effective sensors due to its abundance. Therefore, a p-n
junction CuO/SnO»-based gas sensing material is expected to be developed for practical
applications. Conventionally, p-type CuO/n-type SnO> combination has been and is still being
explored for its utility to detect H.S gas.?2° However, investigation of CuO/SnO; for high
temperature toluene gas sensing property is still less pronounced but profoundly needed.

In the present research, we report on a successful uniform decoration of a spherical SnO>
with CuO nanoparticles at room temperature, enabling the time-effective and energy-saving
process and scaling-up to the industrial level. We found that electrostatic force interaction occurred
at the surface between positively charged CuO and negatively charged SnO; has led to this uniform
self-decoration. With the utilization of different mixed organic solvents in solvothermal synthesis,
the surface charge of metal oxides can be controlled. The prepared CuO-decorated SnO-
demonstrated an excellent toluene gas sensing performance in the term of response and selectivity
even at high temperatures which is mainly attributed to p-n heterojunction, ohmic junction and
spill-over effect due to the partially reduced CuO to Cu metal nanoparticles during the introduction
of reducing gas that has a similar phenomenon with addition of Pd or Pt metal nanoparticles. We

also systematically proposed the gas sensing mechanism of electrostatic self-decoration.
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4.2 Experimental Section
4.2.1 Preparation of CuO nanoparticles and spherical SnO2

CuO nanoparticle was prepared using a solvothermal method by modifying a reported
study.® In the mentioned report, 50 mL of copper acetate alcoholic solution was utilized. In our
synthesis process, 0.3 mmol of anhydrous copper acetate (Cu(OAc)2, 97.0%) was dissolved in 30
mL dehydrated ethanol (EtOH, 99.5%). A transparent light green solution was obtained after
stirring 500 rpm for 30 min at 50 °C. Then, the solution was transferred to 100 mL Teflon-lined
autoclave and treated at 150 °C for 20 h. The black precipitate was collected by vacuum filtration
and washed with ethanol several times and placed inside a depressurized drying oven at 70 °C for
12 h.

To synthesize spherical SnO2, a newly developed-technique, namely water controlled-
release solvothermal process (WCRSP), has been utilized.3* The synthesis method started by
dissolving 1 mmol of anhydrous tin chloride (SnCl2, 99.8%) in 40 mL of dehydrated ethanol. The
solution was stirred at 400 rpm for 30 min. Subsequently, 10 mL of acetic acid (HOAc, 99.7 %)
was added dropwise and the solution was maintained under the same stirring condition for another
30 min. Then, the solution was moved into a 100 mL Teflon-lined autoclave and heated for 20 h
at 200 °C. After the system cooled to room temperature, the obtained powder was washed with

ethanol followed by vacuum drying at 70 °C for 12 h.
4.2.2 Preparation of CuO nanoparticles decoration on spherical SnO2

A simple preparation method of a uniform CuO nanoparticles decoration on spherical SnO>
(SnO.@Cu0) was designed. 0.1 mmol of the prepared CuO nanoparticles were dispersed in 10
mL ethanol and placed in ultrasonic bath for 30 min to obtain a homogenous solution. Then, 0.5
mmol of the obtained spherical SnO> was added to the solution containing CuO nanoparticles, and
the mixture was stirred for another 30 min and recovered by filtration. After drying at 70 °C, the
SnO,@CuO was crushed by agate mortar. To reveal the effect of amount of CuO nanoparticles
decoration on gas sensing properties, SnO.@CuO samples with variation amount of CuO

nanoparticles (0.05, 0.2 and 0.3 mmol) were also prepared.
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4.3 Results and Discussion
4.3.1 Structure and morphology of CuO nanoparticles, spherical SnO2 and SnO2@CuO

The XRD patterns of the CuO nanoparticles, spherical SnO2and SnO,@CuO are compared
in Fig. 4.1. In the XRD pattern of the CuO nanoparticles (Fig. 4.1 (a)), all the appeared peaks were
originated to 110, 002, 111, -202, 020, -113, 022, 220, 311, and 004 diffractions of CuO with
monoclinic phase, being in good agreement to the standard pattern (JCPDS 48-1548). While for
the spherical SnO; (Fig. 4.1 (b)), the peaks could be assigned to tetragonal rutile-type SnO-
(JCPDS 77-447). Furthermore, no characteristic peaks related to other phases in both XRD patterns
indicated the obtained samples had no impurity. As shown in Fig. 4.1 (c), after the SnO> decoration
treatment, the emerged peaks only belong to SnOz, or in other words, the monoclinic phase of CuO
was not detected in SnO,@CuO sample due to the low amount of CuO. However, in the case of
the higher amount of CuO nanoparticles (0.3 mmol), the 002 and 111 peaks started to be appeared
(see XRD patterns in Fig. 4.2), demonstrating necessary amount to detect CuO phase in
SnO,@CuO system should at least 0.3 mmol. All the prepared samples had broadened peaks,
suggesting their nanocrystalline property. According to the Debye-Scherrer formula, D =
KJ/Bcos6,2 where K is crystallite-shape factor with value of 0.9, 1 is the used X-Ray radiation,
is full width at half-maximum (FWHM, radians) and 6 is Bragg angle (degree), the crystallite sizes
(D) of SnO> (110) and CuO (111) were estimated to 4.1 nm and 6.9 nm, respectively.
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10 20 30 40 50 60 70 80
20(deg.)/ CuKa
Fig. 4.1 XRD patterns of (a) CuO nanoparticles, (b) Spherical SnO; and (c) SnO.@CuO
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Fig. 4.2 XRD pattern of SnO,@CuO with different amount of CuO
nanoparticles (0.05, 0.1, 0.2 and 0.3 mmol)

The morphological feature, crystal structure and elemental distribution were investigated
by TEM, corresponding selected area electron diffraction (SAED) patterns, high-resolution TEM
(HRTEM) and electron diffraction spectroscopy (EDS) mapping. Fig. 4.3 (a) represents the TEM
observation of the pure CuO, and the inset is the corresponding SAED patterns The TEM image
clearly shows that the CuO consists of spherical nanoparticles with an average size of about 7 nm,
being consistent with the estimated number obtained from the XRD results. Furthermore, as shown
by the SAED patterns (inset), the diffuse diffraction rings are corresponded to the 110, 002, 111,
-202, 202 and -113 diffractions of CuO, confirming the polycrystalline property of the obtained
CuO nanoparticles. Additionally, the HRTEM image in Fig. 4.3 (b) demonstrates a lattice space
of 0.27 nm which corresponds to the (111) plane of monoclinic phase CuO, which is in agreement
with its XRD pattern. Considering that no other d lattice spacing, the CuO nanoparticles may
possess single-crystalline property. Fig. 4.3 (c) shows the TEM image of SnO,. It shows the
spherical morphology of the obtained SnO». The average size of spherical SnO2 was about 1.2 um,
and the corresponding SAED pattern depicted in the inset suggests that the spherical SnO- also
possessed a polycrystalline feature. The diffraction rings could be assigned to 110, 101, 200, 211
and 002 diffractions of tetragonal rutile-type SnO,. Based on our previous results,3! the spherical

morphology was actually constructed by many interconnected nanoparticles which their presence

120



can be confirmed by HRTEM image shown in Fig. 4.3 (d). It is clear that interplanar lattice
distance of 0.33 nm was corresponding to the 110 diffraction of tetragonal rutile-type SnOy,
confirming that SnO2 nanoparticles may be a single crystal, although the spherical structure is
polycrystalline. Fig. 4.3 (e) displays the TEM observation of SnO; after CuO decoration. As seen
in the TEM images, its morphology was similar to that of the parent morphology of the SnO.. As
expected, the spherical morphology observed in the TEM images of the SnO,@CuO sample was
verified to be SnO; as SAED pattern shown in the inset indicates the diffraction rings of tetragonal
rutile-type SnO2 with 110, 101, 200, 211 and 002 diffractions. The SAED patterns are also in good
agreement with SAED pattern of the bare SnO, inferring that the decorative nanoparticles have
no effect on the tetragonal crystal structure of SnO>. From Fig. 4.3 (e), it can also be observed that
the spherical SnO. was surrounded by a massive number of nanoparticles after CuO decoration.
The HRTEM presented in Fig. 4.3 () identifies the lattice fringes of the surface of the SnO,@CuO
sample. Two different lattice spaces with d values of 0.33 nm and 0.27 nm were observed, which
are attributed to the 110 diffraction of tetragonal SnO2 and 110 diffraction of monoclinic CuO,
respectively. Moreover, the nanoparticles of CuO had intimate contact with SnO. particles,
forming p-n heterojunction which is presumed to be beneficial for the gas sensing response.
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Fig. 4.3 TEM images (inset is ED pattern) and the corresponding HRTEM image of (a-b) CuO
nanoparticle (c-d) spherical SnO: (e-f) SnO.@CuO. (g) Dark-field image and elemental
mapping of (h) Sn (i) Cu (j) O and (k) EDX profile of SnO.@CuO.

To examine the nanoparticles distribution of the CuO on the surface of spherical SnOo,
STEM and EDS mapping were conducted. DF-STEM images of the SnO,@CuO shown in Fig.
4.3 (g) revealed gradient in contrast where middle region of the spherical SnO> is denser than the
outer surface. Fig. 4.3 (h-j) show the elemental mapping of each individual element, demonstrating
Cu, Sn, and O elements were homogeneously distributed throughout the whole observe region.
The results strongly supported that CuO nanoparticles were well-decorated on the surface of
spherical SnO>, creating p-n junction which might play as a carrier regulator for the improvement
of toluene gas detection. The EDS profile (Fig. 4.3 (k)) from selected area (blue circle) of
SnO,@CuO confirms the existence of Cu, Sn and O elements. Additionally, the detected Ni signals
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are associated to Ni grid. The measured atomic percentage of Cu, Sn, and O are 4.3, 36.5, 59.2 %,

respectively.

'H NMR analysis for the filtrates after the solvothermal reaction and the following
collection of the precipitate by vacuum filtration was conducted to propose a possible formation
mechanism of CuO nanoparticles and spherical SnO. Fig. 4.4 displayed the 'H NMR spectrum of
the final solution from the CuO synthesis using copper acetate as a precursor and dehydrated
ethanol as a solvent. The *H NMR spectrum shows triplet peaks at 1.146 ppm to 1.177 ppm
(CH3CH20H) and quartet peaks at 3.569 to 3.612 ppm (CH3CH20H), indicating the existence of
residual ethanol after the reaction. Additionally, the last singlet peak located at 4.890 ppm
corresponded to water molecule (H20).2* From the *H NMR result, the presence of water molecule
directly pointed to reaction mechanism during the treatment. Similar fashion has been studied by
Joo et al. ® utilizing zinc acetate and octyl alcohol to synthesize zinc oxide nanocrystal. They
proposed a mechanism so-called ester elimination reaction and proved the presence of ethyl acetate
detected by GC-FID. Similar to their work, CuO formation in this study is predicted by following
steps: (4.1) Lewis acid enabled-nucleophilic oxygen attack to acetate ligand due to the lack of
electron density and (4.2) CuO and in situ water are generated through polycondensation of
Cu(OH).. It is noted that even though ethyl acetate should be formed during chemical process as
shown in step (4.1), it was not presence in NMR, which might be caused by very low amount of
ethyl acetate in final solution considering the amount of precursor was only 0.3 mmol. Additionally,
NMR might less sensitive than GC-FID.

/(U)\ O
Cu
/>(U‘

o~

—> —Cu—OH + )Lo/\ 4.1)
G H,O
—Cu—0H +HO—Cu— —> —Cu—0—Cu— (4.2)

In the case of spherical SnO», the formation mechanism has been reported in our earlier
study.®! In brief, the 'H NMR study clarified the existence of ethyl acetate (CH3COOCH2CHBa) in
addition to the ethanol solution. The ethyl acetate was an esterification product between ethanol
and acetic acid during solvothermal condition and at the same time, the water molecule was slowly
generated. These water molecules hydrolyzed the SnCl precursor to induce nucleation and crystal

growth to form SnO> nanoparticle subsequently. The nanoparticle finally aggregated to build a
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spherical structure with spherical morphology as it has been confirmed by the TEM observation
(Fig. 4.3). It was found that the size of sphere largely depended on the volume ratio of
ethanol/acetic acid, solvothermal reaction time, temperature process and precursor concentration.
There were also other compounds detected in *H NMR, such as diethyl ether (CH3CH,OCH>CHj)
and hydrochloric acid (HCI), indicating the dehydration yields of ethanol and by-product from
SnCl; hydrolysis.
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Fig. 4.4 NMR Spectra of supernatant from CuO synthesis

We performed zeta potential analysis to determine charged particles and clarify the reason
for the excellent contact between p-type CuO nanoparticles decoration and n-type spherical SnOx.
As depicted in Fig. 4.5 (a-b), CuO nanoparticles surface possessed positively charged (22.9 + 4
mV), while spherical SnO- surface has negatively charged (-3.39 + 1.3 mV). The positive charge
of CuO nanoparticle might originate from adsorbed ethanol during the solvothermal treatment, as
it is well-accepted that ethanol is a protic solvent that has positive charge from a labile (H*). This
is different from that of synthesis of spherical SnO», which is the utilization of SnCl> as precursor
and esterification-induced ethyl acetate production besides ethanol solvent. Small fraction of CI
might remain at SnO> surface, giving a negative charge at surface. Moreover, ethyl acetate is
aprotic solvent where the two oxygen atoms on carbonyl and ethyl groups have a highly
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electronegative charge. It is inferred, from these results, the electrostatic force interaction induced

a uniform CuO nanoparticle decoration on SnO; spherical surface.
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Fig. 4.5 Zeta Potential of (a) CuO nanoparticles and (b) spherical SnO-

125



(a) Full scan spectra 4 (b) Sn 3d &
(3]
4 &, 4866
&
= B °
5 = ° 3
@ Y &2 8] 3 2
2 3 5z
2 (SnO,@Cu0 l 2
[0 B
E =
Sno,
SnO,@Cu0
T T T T T T T T T T T T T T T T T T T T T T T T T T T
1200 1000 800 600 400 200 0 498 496 494 492 490 488 486 484 482
Binding Energy / eV Binding Energy / eV
(c) O 1s _M-O Sno (d)Cu2p wae | e

satelite peak

satelite peak

960 950 940 930
201eV 4—|

satelite peak

3
.G
Intensity / a.u.

534 533 532 531 530 529

Sn0,@Ccuo

Sn0,@Cu0

Intensity / a.u.

T T T
950 940 930

T T T T T
534 533 532 531 530 529 528 géu
Binding Energy / eV

Binding Energy / eV

Fig. 4.6 (a) XPS spectra of SnO,@CuO sample. (b-d) High-resolution spectra of Sn 3d, O 1s and
Cu 2p, respectively.

To analyze the core level surface electronic state of the synthesized samples, the XPS
analysis was performed. A full scan XPS spectra of pure SnO2 and SnO.@CuO are shown in Fig.
4.6 (a). The result confirms the strong spectra of Sn and O element in the pure SnO. and the
addition of Cu element in SnO>@CuO. In Fig. 4.6 (b), the Sn3d peaks of both pure SnO; and
SnO,@CuO are compared. The symmetrical doublet peaks located at 495.1 and 486.6 eV are
assigned to Sn 3ds2 and Sn 3dsy. levels, respectively. These peaks are corresponded to Sn** state
of Sn in tetragonal rutile-type Sn0,.%® After the CuO nanoparticle decoration, the peaks have been
slightly shifted to lower binding energies of 494.9 eV for Sn 3ds» and 486.5 eV for Sn 3ds/2. Fig.
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4.6 (c) displays the O1s XPS scan of pure SnO2 and SnO,@CuO. The O1s spectra in both samples
consisted of overlapping components, and they were fitted with Gaussian function to obtain
resolved peaks. The binding energy peaks from 531 to 530.5 eV were related to oxygen binding
to Sn** in metal oxide lattice, while for the peaks around 532.2 to 531.9 eV were referred to an
atmospheric carbon-oxygen related compound adsorbed on the SnO- surface. The high-resolution
Cu 2p scan depicted in Fig. 4.6 (d) shows four peaks centered at 933.4, 942.2, 953.3, and 962 eV.
The peaks at 933.3 and 953.3 eV can be ascribed to Cu 2pzr and Cu 2p12, respectively. These
peaks are the feature of Cu with the oxidation state of 2+, further confirming the presence of CuO
phase in the SnO.@CuO system. The remaining peak observed at 942.2 eV is the satellite peaks
of Cu 2pzrand 962 eV is for Cu 2pu2 satellite peak. These satellite peaks appeared due to a partially
filled 3d° orbital in Cu?* state.® It is noteworthy to mention the peak shift in Sn 3d, O1s and Cu
2p core-level spectra after decorating with CuO nanoparticles, which may be contributed by a
weak bonding between components in SnO.@CuO, such as Cu-Sn-O bond similar to that in
CuSnO3z material where Sn 3d, O 1s and Cu 2p exhibited a slight shift toward lower binding
energy.>® The EDS and XPS results convinced the attachment of CuO phase on the spherical SnO;
surface. We also found a small fraction of Cl (0.93 at. %) originating from SnCl. precursor used

in SnO2 synthesis, though this Cl effect on gas sensing properties were negligible. 3!

The nitrogen adsorption-desorption analysis has been performed to give further insight into
the textural properties of CuO nanoparticles, spherical SnO2 and SnO.@CuO. The N2 isotherm
and corresponding Barret-Joyner-Halenda (BJH) pore size distribution plot (inset) derived from
desorption data are demonstrated in Fig. 4.7. According to the IUPAC classification, all the
isotherms are classified into type IV with a hysteresis curve at 0.4-0.9 of relative pressure (P/Po),
suggesting the existence of porosity. As calculated by BJH method, all the samples exhibit an
average pore size of 1.9 nm and small mesopores of 3.2 nm for the CuO nanoparticles sample. The
micro-/mesopores have also been observed in TEM images (Fig. 4.3), which probably due to
unfilled space between the attached nanoparticles. Additionally, the SnO2 sample presents the
highest specific surface area of 113 m?/g. After the decoration with CuO nanoparticles, the specific
surface area slightly decreased to 107 m?/g because the CuO had a lower specific surface area (90
m?/g) than that of the SnO..
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Fig. 4.7 N2 isotherm graph and inset is pore diameter of (a) CuO nanoparticles, (b) spherical
SnO; and (¢) SnO,@CuO.

Optical properties of the p-type CuO and n-type SnO: obtained from non-hydrolytic
technique were characterized by UV-Vis diffuse reflectance spectra to predict band gap structures
that will be utilized in proposing the gas sensing mechanism of p-n junction based sensor material.
As shown in Fig. 4.8, it was observed that the absorption edge of CuO (925 nm) is much longer
than that of SnO> (421 nm), reflecting CuO has a narrower band gap energy. Using a well-known
Tauc’s formula : (F(R)hv)*™ = A(hv — Eg), where F(R) is Kubelka-Munk equation, h is Planck’s
constant, v is the frequency of vibration, o is absorption coefficient, A is proportional constant and
Eg is band gap. The estimation of band gap can be obtained from the intersection of (F(R)hv)"
plot with the vertical axis. By assuming direct allowed transition (n=1/2), the estimated band gap
of CuO nanoparticle and spherical SnO> in this study were 1.5 eV and 3.1 eV, respectively, in
which these values were far from an ideal band gap of bulk CuO (1.2 eV) or SnO2 (3.6 eV) that
may be caused by carbon or chlorine doping originated from organic solutions and precursors

during solvothermal treatment.
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Fig. 4.8 UV Vis DRS spectra and band-gap prediction of the obtained CuO and SnO;

4.3.2 Gas sensing properties of CuO nanoparticle, spherical SnO2 and SnO.@CuO
Effect of CuO nanoparticles decoration on gas sensing performance of SnO.@CuO

Gas sensing response towards 75 ppm toluene gas as a function of working temperature is
thoroughly investigated. As shown in Fig. 4.9 (a), the toluene sensing performance of spherical
SnO2 was significantly enhanced by the decoration of CuO nanoparticles compared with the
decoration material itself, meaning that the improved sensing response is affected by synergistic
performance of p- CuO and n- SnO: creating p-n heterojunction. Especially, the toluene sensing
response of SnO,@CuO starts to increase at above 300 °C and reach the highest sensing response
(S=Ra/Rg) value of 540 at its optimum working temperature of 400 °C which is about 100 times
greater than the pure SnO2 or CuO. At higher temperature above 400 °C, sensing response

decreased gradually. It is well-documented that surface reaction based on kinetic adsorption-
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desorption of oxygen species with sample gas on sensing material should be the reason for this
phenomenon.®*#! At relatively low working temperature, the oxygen adsorption is more dominant
than desorption, leading to a lower reaction between tested gas and oxygen ion species and
insufficient response. The balance of oxygen adsorption-desorption process is attained at their best
operating temperature at which the material exhibits the highest sensing response. Oxygen
desorption becomes more dominant at further high temperature, therefore the adsorb oxygen
species was not enough to complete reaction with detecting gas. Generally, there are two types of
semiconductor gas sensing, i.e., n-type and p-type. In reducing gases environment, sensor
resistance of n-type semiconductor reduces during gas exposure and increases during gas release,
while p-type shows a contrary characteristic.*? In Fig. 4.9 (b-d), pure CuO and SnO2 showed
typical p-type and n-type property, respectively and even after decoration of CuO, SnO,@CuO
exhibits similar characteristics with the parent n-type SnO>. This is due to a relatively low amount
of decorative material. However, we observed a remarkable change in the base sensor resistance
of SnO,@CuO sample. For example, the decorative material CuO has the lowest resistance (~250
Q) and parent material SnO; possesses an intermediate value of resistance (~200 k). When
decorating material is added to spherical SnO-, the resistance greatly increased to ~15 MQ, which
about 75 times higher than SnO- before decoration. It was also observed that the response time of
SnO,@CuO (100 s) was shorter than those of pure SnO2 (126 s) and CuO (9 min), which may
indicate a slightly faster surface reaction after decoration with CuO nanoparticles. Although the
recovery time was not improved, the SnO>@CuO still exhibits a rather fast recovery rate which is

an extremely important parameter for gas sensor material.
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Fig. 4.9 (a) The gas sensing response of all samples at different working temperature and
response/recovery time of (b) CuO, (c) SnOzand (d) SnO.@CuO at 400 °C

To examine the repeatability performance, the CuO decorated-SnO, based sensor was
exposed to different toluene concentrations. Fig. 4.10 (a) displays a transient toluene sensing
response of SnO,@CuO to 10 —75 ppm toluene gas at its best working temperature (400 °C). It
clearly shows that the SnO,@CuO sensor had good remarkable response-recovery property as
indicated by recovering of sensor resistance after the ejection of toluene gas even though noise of
base resistance is observed. Moreover, the sensor response increases with the increment of toluene
gas concentration, as shown in Fig. 4.10 (b). In many cases, the response value will have a linear
relationship with testing gas concentration using double-logarithmic plot (Y=mX+C, with Y and
X are sensing response and concentration, respectively). However, in our study, the sensor
response of the SnO.@CuO shows a linear relation with toluene concentration only up to 30 ppm
and an exponential improvement of sensing response occurred above 30 ppm which the
relationship between response and toluene concentration can be approximately predicted by a
exponential function y = exp (-117.25/(x — 10)) where y is sensor response and X is toluene
concentration. We pre-suspected that above 30 ppm of toluene gas exposure, change of

physicochemical property of SnO.@CuO sample may probably occur which might be caused by
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phase or surface state alteration. From the standpoint of real implementation, selectivity of sensing
material also should be another critical aspect. Thus, gas sensing performance of SnO.@CuO
towards exposure of different reducing gas such as methanol, ethanol and hydrogen was examined.
Sensor selectivity is defined as a ratio between response of toluene compared to other gas response
(Stoluene/Sothergas). Fig. 4.10 (c) obviously shows the response of SnO,@CuO to 75 ppm of toluene
gas is about 5 times higher than during the introduction to ethanol (Stoluene/Sethanol) @s compared to
n-type SnO2 (1.1) and p-type CuO (2.6), which demonstrates a promise for an excellent and
selective toluene gas sensor. The results of the current study are compared to the previous work as
listed in Table 1 and it can be seen from the data in Table 4.1, SnO.@CuO exhibited a comparably

high toluene sensing performance, especially for its response and selectivity.
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Fig. 4.10 (a) A transient sensing response of SnO.@CuO to different concentrations of
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Table 4.1. Comparison of SnO»-based toluene gas sensing performance

Material T Conc. Response | Selectivity | Response/ | Ref.
(°C) (ppm) (Ra/Rgor | Roluene/Roth | Fecovery
Ry/Ra) ergas times (s)
SnO,-decorated NiO 250 100 60 2 N/A 10
nanostructure
NiO —SnO, composite 330 50 11 38 11.2/4s 43
nanofiber
SnO2— 260 50 25.3 7 6/10 4
Fe,Os Interconnected
Nanotubes
Pd-loaded flower-like 250 10 17.4 1.7 N/A 20
SnO; microspheres
Pd- loaded SnO; cubic 230 20 41.4 4.1 0.4/16.5 18
nanocages
SnO,—Zn0O core-shell 300 1 73 2.8 N/A 4
nanowires
CuO-decorated spherical 400 75 540 5 100/36 This
SnO; work

After the gas sensing measurement, the samples were recovered from the sensor device
and characterized by SEM and XPS to investigate their stability. The SEM images (Fig. 4.11 (a-
c)) clearly showed that without CuO loading, morphology of the spherical SnO, was damaged.
However, after decorating material was loaded, the most of spherical morphology were retained
which a significant proof that the decoration with CuO nanoparticles not only enhanced toluene
gas sensing property but also increased thermal stability of the spherical SnO2 base material as it
may act as a protective barrier to prevent thermal oxidation. Furthermore, XPS study as displayed
in Fig. 4.12 suggested that surface chemical states (Sn 3d, O 1s and Cu 2p) of SnO,@CuO sample
were generally similar with that of fresh sample except for a peak at 932.4 eV attributed to other
valence state of Cu which probably Cu (0), indicating good stability of the sensing material even

at higher temperature and reducing gas environment.
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Fig. 4.11 SEM images of (a) CuO nanoparticles (b) porous SnO- spheres and (c)
CuO@SnO0, after the gas sensing measurement.
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Fig. 4.12 (a) Full-scan XPS spectra and core spectra of (b) Sn 3d (c) O 1s and (d) Cu 2p
CuO@sSnO, sample after gas sensing measurement
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Effect of amount and particle size of the decorative nanoparticles

We also investigated the effect of the amount of decorative material on toluene sensing
response of SnO.@CuO -based sensor. The amount of CuO nanoparticles loaded onto spherical
SnO; was varied from 0.05 to 0.3 mmol. Fig. 4.13 (a) shows the gas sensing response of 0.05, 0.1,
0.2 and 0.3 mmol of CuO loading to 10-50 ppm toluene gas. It is noticed that regardless of the
amount of decorating materials, gas sensing response increases as toluene concentration increases.
It is also found that the optimum loading amount which exhibits the highest response is 0.1 mmol
of CuO. An increase of non p-n junction contact due to an excess amount of p-type CuO has led
to the decrement of gas sensing response. In the case of lower amount of CuO, some spherical
SnO2 may not be fully decorated by CuO which also reduces sensor response. The relation between
addition of CuO on SnO,@CuO sensor base resistance and their sensor response is further
investigated. As presented in Fig. 4.13 (b), without addition of CuO, spherical SnO, possessed
conductive property, as indicated by low resistance during their exposure to ambient air. Addition
of 0.05 mmol CuO as decorating particle on spherical SnO> increased the resistance greatly due to
the development of p-n heterojunction and eventually led to increment of sensor response due to
the presumably suppressing charge carrier process. Also, we found a good correlation between the
sensor resistance and its sensing response i.e., when our sensing material possesses the largest base
resistance, it also shows the highest gas sensing response and vice versa. This larger base resistance
means more oxygen species adsorbed on the surface of material during the exposure to air and
consequently increases more reactions with the target gas leading to higher response.??2
Additionally, larger resistance contributed to low concentration of toluene gas. This finding, we

believe, is meaningful for the future development of gas sensing materials.
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Fig. 4.13 (a) Gas sensing response as a function of toluene concentration and (b)
relationship between sensor base resistance and toluene sensing response of SnO>@CuO
based-sensor with different amount of decorating material.

4.3.3 Gas sensing mechanism of SnO.@CuO

The toluene gas sensing mechanisms of SnO.@CuO based-sensor should differ from n-
type SnO: based-sensor due to the creation of p-n heterojunction by the decoration with CuO
nanoparticles, although SnO.@CuO has shown similar sensing response/recovery charateristics to
that n- SnO,. The evidence of p-n heterojunction development at the particle interface has been
demonstrated by the HRTEM images as discussed in the earlier section. Moreover, the larger
resistance of SnO@CuO in air (~15 MQ) compared to that of pure SnO2 (~200 kQ) is another
evidence of formation p-n heterojunction.?’2>4 Therefore, the role of heterojunction structure

should be considered for the analysis of sensing mechanism.

The great improvement of gas sensing performance of SnO,@CuO based-sensor may be
attributed to the following enhancement factors. (i) Heterostructures of SnO>@CuO with micro-
/mesoporosity and large specific surface area can provide better gas diffusion to inner surface of
hierarchical structures and more abundant active sites for gas adsorption/desorption reaction
during sensing process, respectively. Therefore, they can contribute to faster response/recovery
time. (i) p-n junction formation at the interface between both oxides inhibited charge carrier
recombination. In thermal equilibrium, once CuO nanoparticles have attached to the surface of
spherical SnOg, electrons in n-type SnO> will diffuse in reverse direction because of the difference

of charge carrier concentration in each oxide, creating an internal electric field at the interface until
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the balance of carrier concentration is achieved. Consequently, at the depletion layer, energy band
bends to develop equal fermi energy level (Er). When the SnO.@CuO-based sensor was exposed
to open atmosphere, oxygen molecules were firstly adsorbed on both surface of CuO and SnO;
particles (Eq. 4.3). To note, although CuO in TEM images has fully covered SnO2 microsphere,
the gas molecules can still be adsorbed on SnO; surface through the porosity. Then, the adsorbed
oxygen was dissociated into ionized-oxygen species (Eq. 4.4) by taking charge carrier near the
surface of p-type CuO and n-type SnO> leading to the formation of depletion layer at interface as
shown in step (1) of Fig. 4.14 which increased potential barrier and thus the charge carrier diffusion
was blocked. Therefore, compared to pure n-type SnO2 which has only n-n homojunction, the
sensor resistance of SnO,@CuO in air was larger due to the thicker depleted-layer and p-n junction
potential barrier. During the sensor exposure to toluene gas, the oxygen species was removed from
the surface of SnO,@CuO, giving the charge carrier back to respective oxide. This also led to the
depleted-layer narrowing which results in the decrement of sensor resistance (step (2) of Fig. 4.14).

The whole process will be repeated once the flow of toluene is stopped and air atmosphere is flown.

02 (gas) = Oz(ads) (4.3)
O2(ads) + 4= 20% (ads) (> 400 °C) (4.4)
C7Hs (gas) + 180 (ads) - 7COz + 4H,0 + 36e" (4.5)
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Fig. 4.14. Gas sensing mechanism of CuO nanoparticles-decorated SnO2 microsphere.

EDLs = Electron Depletion Layers. HALs = Hole Accumulation Layers.

However, as we observed in Fig. 4.10 (b) that the sensor response is not linear with toluene
concentration, especially above 40 ppm. Thus, we proposed more detail sensing mechanism to
explain this phenomenon. In the case of high toluene concentration (~40 ppm), i.e., when all
oxygen ions species are removed in step 2, the process proceeds to the partial reduction of CuO
nanoparticles to form Cu metal by excess toluene gas (Eq. 4.6), destroying the p-n heterocontact
and charge depletion layer. This process will create another heterocontact between metallic Cu
nanoparticles and n-type SnO> (step 3) so-called by ohmic-contact (non-rectifying contact) where
this type of heterocontact possesses very low resistance junction. The same phenomenon was also
found in H2S exposing environment.*"*8 The SnO; band bent downward due to the work function
of the metallic phase Cu is lower than that of SnO2.#>*°As a result, the sensor resistance will further
decrease. In the final step, the flow of air at high temperatures caused oxidation of Cu metal to

CuO nanoparticles and the depletion region at the interface is rebuilt at the latter process (step 4).
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C7Hg ) + 18CuQ(s) = 18 Cu) + 7CO2 + 4 H.0 (4.6)
2Cus) + O2 = CuO) 4.7)

The existence of Cu metal was confirmed by the XPS study. The sample for XPS
characterization was taken after the gas sensing test. However, after exposing the sensor device to
75 ppm of toluene gas for 10 min, instead of ambient airflow, pure nitrogen was used to remove
toluene gas until the measurement system cooled down to room temperature in order to prevent
oxidation. As displayed in Fig. 4.15 (a), the XPS confirmed the presence of Sn, O and Cu elements.
Specifically, as seen in Fig. 4.15 (b), Cu 2p core-level spectra (Cu 2p12 and Cu 2ps/2) was slightly
shifted to lower binding energy than that of the fresh sample in Fig. 4.6 (d) which may be
contributed by Cu metal (Cu (0)) since the peak of Cu metal located at lower binding energy (932.4
and 952.2 eV) than Cu with the oxidation state of +2 in CuO (935.7 eV). Our XPS study result is
very close to the past study . They suggested that Cu (0) binding energy is located at 932.6 eV
which has a similar value in case of our recent study. Additionally, disappearance of satellite peaks
(~942 eV and ~962 eV) further confirm the presence of Cu metal, although the binding energy at
935.7 eV confirmed a small fraction of CuO phase. These facts strongly suggest the partial
formation of Cu metal during the exposure of high concentration of toluene. The partial reduction
of CuO may become a reason for why pure CuO still exhibiting p-type property, where the

resistance increased under the high ppm of toluene gas.

The sensor device containing SnO.@CuO sample was re-evaluated to investigate the
thermal stability since we found a small fraction of Cu (0) phase may still present. The gas sensing
reevaluation was performed at 400 °C under exposure of 75 ppm of toluene gas. As shown in Fig.
4.16, the sensor device still shows a transient response/recovery curve similar to the first
investigation. However, a slight change in the base resistance of sensor device as well as its
responsivity (S = 604) can be observed. The existence of Cu (0) in the SnO,@CuO sample may
induce the ohmic contact and thus altering the base sensor resistance and toluene sensing response.
Last, we performed toluene gas sensing response of SnO>@CuO under different relative humidity

(RH) and as shown in Fig. 4.17, it can be found that the response of SnO,@CuO samples decreased
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as RH increased which was probably attributed to the competition between water vapor and
toluene gas to react with the adsorbed oxygen ion 144052,

(a) CuO@SnO, _ g /5N (b) Cu 2p

o
2 Cu metal
7] 932.4

Intensity (a.u.)
Intensity (a.u.)

2p3l2

1200 1000 800 600 400 200 O 965 060 955 O50 45 940 935 930
Binding Energy (eV) Binding Energy (eV)

Fig. 4.15 (a) Full spectra and (b) Cu 2p core spectra of SnO.@CuO after exposure to
75 ppm of toluene gas and cooled down in nitrogen atmosphere.
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Fig. 4.16 (a) Transient sensing response/recovery feature of SnO>@CuO on first
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4.4 Conclusions

In conclusion, CuO nanoparticles and spherical SnO2 with high specific surface area (over
90 m?/g) was successfully synthesized by non-hydrolytic approach. Using a facile decoration
process, we were able to decorate spherical SnO2 with CuO nanoparticles with good uniformity
which caused by electrostatic interaction. Owing to (i) p-n heterojunction structure in combination
with a high specific surface area and porous property, CuO nanoparticles decorated-spherical SnO>
showed a significant improvement to toluene gas sensing responsivity (Ra/Rg = 540, 75 ppm) as
well as excellent gas selectivity. Moreover, (ii) the formation of Cu metal during the exposure of
high concentration toluene which destroying p-n junction and create ohmic contact with n-type
further improve the gas sensing properties. The SnO>@CuO based sensor also demonstrated very
high chemical and morphological stability at harsh environment that may meet the requirement for

high temperature toluene gas sensor applications.
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Chapter 5
CuO Nanoparticles/TizC>Tx MXene Hybrid Nanocomposites for Detection of

Toluene Gas

5.1 Introduction

Volatile organic compounds (VOCs) induced by recent situations including rapid
industrialization, massive fuels combustion and utilization of chemical in many household
products’~3 should be immediately detected because VOCs can potentially harm the human body
through inhalation.?* Since VOCs are quickly evaporated at relatively low temperature, VOCs
amount in the atmosphere can gradually increase over time making our environment and other
living creatures endangered.>>" Among various harmful VOCs, gaseous toluene (C7Hs) is
poisonous for both humans and environment produced from paints, thinners, adhesives, cleaning
agents, leather tanning processes.®® Therefore, early detection of toluene gas is of great importance
to reduce health risk from its exposure and monitoring its concentration at the indoor and outdoor

environment.

Chemiresistive-type gas sensors based on semiconductor metal oxide (SMOX) materials
are the most explored type of gas sensing systems because of its cost-effective materials, facile
fabrication and responsivity to a wide number of gases including VOCs.'®** Copper monoxide
(CuO) with p-type semiconductor property has many applications, especially used for gas sensors.
CuO is sensitive to various VOCs such as C2HsOH, BTEX, H2S, and NHs,'*° and its selectivity
in use for the sensor may be comparable with the n-type semiconductor counterparts.?’® However,
the gas sensing sensitivity, and response/recovery times, are still inadequate to meet the demand
due to low carrier mobility. In general, gas sensing properties of SMOX material has been
improved by hybridization with conductive material.>*-2® In this strategy, several factors in SMOX
materials for hybridization should be considered for high sensing performance; (i) morphology of
SMOX material and (ii) assembled state and (iii) work function (®) modulation. (i) For the
increase of contact points, SMOX material should possess a high specific surface area. (ii) Facile
assembling methods should lead to hybrid materials with a lot of contact points between SMOX,
and conductive materials are needed for practical fabrication of sensors. (iii) The position of work
function influences the band alignment at SMOX and conductive materials interface, consequently

governing the charge transfer process. From these viewpoints, nanoparticle morphology with high
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specific surface area and easy fabricability should be suitable as that of SMOX material for such
hybrid preparation. Therefore, our strategy to improve the gas sensor performance is by

hybridizing CuO nanoparticles with a conductive material that possessed different work functions.

MXene is a new family of two-dimensional (2D) materials consisting of transition metal
carbides, carbonitrides and nitrides. Generally, MXene has a formula of Mn+1X, where M and X
represent transition metals (Ti, Sc, V, Zr, etc.) and carbon and/or N, respectively. They have been
gaining a special interest because they offer exceptionally electronic, physical, chemical, and
mechanical properties and high specific surface area that contrast from their 3D structure
counterpart (MAX phase, A represent Al layers). These exceptional performances make MXene
a suitable candidate for energy and environmental applications such as supercapacitors, solid-state
batteries, thermoelectric device, fuel production, and photodegradation etc..?* Moreover,
considering their free-standing crystal, layered structures, and unique stacking of delaminated
layers, 2D MXene materials provide an easy-to-assemble building block for nanoparticle insertion,
forming nanoarchitectures.?* TizC,Tx (T=—F, —OH, —0) is the first synthesized 2D MXene and
one of the most explored among the MXene family. And it has been utilized for various
applications due to its large specific surface area, very narrow bandgap and fast electron transfer
ability.?>28 One recent application of TisC.Tx is gas sensing material for various hazardous gas.
The 2D structure of TisCoTx prepared by hydrofluoric acid (HF) etching of one of the MAX phases,

TisCAI>C», by hydrofluoric acid (HF) shows the response to NOXx detection at room temperature.

Compared to the other 2D materials such as graphene, black phosphorus (BP), and h-BN, TizC2Tx
exhibited much higher responsivity with a high signal-to-noise ratio (SNR).?° The excellent NOx
sensing properties were attributed to (1) widespread of functional groups on the surfaces of MXene,
which strongly bonds with NOyand (2) metallic conductivity of TisC2(OH)2 to realize fast electron
transfer and mobility. Additionally, the metallic phase TizC>Tx has a relatively work function
Considering such interesting properties can lead to utilization of TisC2Tx not only as a stand-alone
gas sensing material but also as conducting, host and transfer layers for charges in the SMOX gas
sensing material. An assemble of the layered structure of TisC>Tx with nanoscale metal oxides
forming a hybrid heterostructure and their application for VOCs gas sensor is very limited,

although drastic improvement of the gas sensing properties is expected.
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Though TisC2Tx MXene shows responsivity to some VOCs and ammonia gases,?>% the
sensing response to toluene gas is not observed at all due to non-polar structures of toluene.®
However, Ti3C,Tx MXene can play a role as a support layer for CuO, the best candidate sensing
material. Here, for the first time, we reported the fabrication of CuO nanoparticles/TizC>Tx hybrid
heterostructures and demonstrated their novel functionality for relatively low-temperature toluene
gas sensing applications. The CuO nanoparticles/TisCoTx hybrid heterostructures were prepared
by a facile assembling process. The CuO nanoparticles were successfully covered on the top and
bottom surfaces of MXene-TisC,Tx as well as inserted into spaces of TisC2Tx interlamination. This
structure can be beneficial for the effective and fast charge carrier transport. The large coverage of
CuO nanoparticles can be attributed to Van der Waals surface electrostatic force between
positively charged CuO nanoparticles and negatively charged TisC.Tx. The prepared CuO
nanoparticles/TisC2Tx hybrid heterostructures offered better gas sensing response to 50 ppm of
toluene compared to the individual CuO or TizC2Tx, even still superior to other hybrids of CuO
with highly conductive 2D family such as CuO/MoS; and CuO/rGO heterostructures. This is
mainly due to different work function of TisC,>Tx, M0Szand rGO that lead to creation of Schottky
or Ohmic junction. The hybridization of CuO with TizC,Tx conducting layers also improved
response/recovery time to as short as 270 s / 10 s. A gas sensing mechanism was also proposed

for various 2D material.

5.2 Experimental

5.2.1 CuO nanoparticles synthesis

A facile solvothermal treatment was utilized to synthesize CuO nanoparticles, as previously
reported.3? Firstly, 0.6 mmol of copper acetate (FUJIFILM WAKO, Cu(OAc)2, 97.0%) was
dissolved in 60 mL anhydrous ethanol (FUJIFILM WAKO, EtOH, 99.5%) inside a 100 mL Teflon
lined-autoclave. Then, the solution was magnetically stirred at 500 rpm for about 30 min until a
transparent green solution was obtained. The solvothermal treatment was carried out at 150 °C for
12 h. After the system was cooled to room temperature, the black precipitate was collected by
filtration and washed with ethanol and distilled water to remove organics solvents. Finally, the

precipitate was dried at 70 °C for 12 h.
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5.2.2 Preparation of TisAlC2 MAX phase

The precursor TizAIC, powders were prepared by a vacuum pressure-less sintering method based
on the previous report.2*** In a typical synthesis, Ti (99.5% purity, 50 pm), Al (99.5% purity, 75
um), and TiC (99.5% purity, 75 um) powders, in the molar ratio of 1:1.2:2, were mixed uniformly
via the mechanical ball-milling. Subsequently, the obtained mixture was sintered at 1350 °C for 2
h in a vacuum environment. Then the resultant TisAlC, sample was broke up to fine powders by

high-energy ball-milling and collected for further use.

5.2.3 Preparation of TisC2Tx MXene

TisC2Tx was prepared via the liquid etching method.*® Typically, 5.0 g of the as-prepared TisAlC:
powder was added into HF (80 ml, 40% v/v) aqueous solution under vigorous stirring for a whole
day at room temperature. After that, the resulting suspension was washed with distilled water and
absolute ethanol for removing the residual HF and impurities until the pH is 6. The obtained
precipitate was dried in an oven at 40 °C for 24 h, and then, the TizC2Tx MXene powders were

finally obtained.

5.2.4 CuO nanoparticles/TizC2Tx MXene

CuO nanoparticles were dispersed in ethanol solution (99.5% in purity) and placed in an ultrasonic
bath to prepare CuO nanoparticles/TizC2Tx hybrid heterostructures. The ultrasonication process
was carried out at room temperature for 20 min to disperse nanoparticles. Then, the prepared
TisCoTx MXene powder with a designated amount (10, 20, 30, 40 wt. %) was then mixed into
solution followed by stirring 500 rpm for 10 min. The mixed powder was recollected by vacuum
filtration, washed with ethanol, and dried at 70 °C for 12 h. The sample with the addition of 30

wt. % TisCoTx-MXene was taken as representative for the detailed characterization.
5.2.5 Fabrication and analysis of a gas sensing device

The following steps described sensor device fabrication. An interdigitated electrode (IDE)
consisted of two comb-type Au networks was assembled to silicate glass by silver paste at each
end. The electrode was heated in a furnace at 400 °C for 30 min at ambient air to remove the
organic solvent in the silver paste. Then, the synthesized CuO nanoparticles, TizC>Tx MXene or
CuO/ TisCoTx MXene was mixed with ethanol and brushed coated onto the fabricated electrode

until the electrode was entirely covered with the samples. The simplified illustration of CuO/
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TisC2Tx MXene preparation and gas sensor device fabrication was illustrated in Scheme 5.1. The
evaluation of gas sensing properties of the samples was collected using a data acquisition unit
(Agilent 34970A) with two points probe method. A tailor-made gas sensing measurement was
utilized to control some designated parameters in this study, such as operating temperature,
analyzing chemicals, and gas concentration. The operating temperature was varied from 100 °C —
350 °C to find out optimum temperatures for the sensor device. The analytes, including toluene,
methanol, ethanol, acetone, and hydrogen with a concentration of (10 — 50 ppm), were carried out
to a sensor device to measure sensor responsivity and selectivity. Humidity in the testing chamber
was controlled by temperature and humidity oven (Espec SH-222). The injection time of analytes
was 10 min, with intervals of 10 min to re-introduce the air atmosphere. The gas sensing response
was defined as a ratio of sensor resistance in the air (Ra) and sensor resistance in analyte gas (Rg).
Since all analytes were classified as reducing gas, the sensor response for a p-type semiconductor
can be calculated as Rg¢/Ra. The response time (tres) Of the sensor has been defined as the time
needed to reach the steady response value after the flow of testing gas, which is calculated from
90 % change of the initial resistance. As for the recovery time (trc), it is the required needed for
the sensor to recover 90 % of its initial resistance.

CuO/Ti,C,T,
HF /

etching / 6%6%6%6%%6%6%6% %6 %6%0%6 %6 6% % %6 %% %" CUO nano aft|C|ES

— % I — P

Al removal — Séégk‘?ff*ffjﬁw =
: ' cmo» SRNNRRNE  TiC,T, multilayers
Ti,AlC, TisCaT, s S
[ $7e%0%0%6%% e %% e e %% Cu0 nanoparticles
<m> ' S asEe TGt multilayers
Ethanol e %% CUO nanoparticles
CuO Nanoparticle Dispersion
Assembling with Annealing Brush coating
Ag paste 400 °C, 30 min of samples

¢ 6

Scheme 5.1. Schematic representation of a facile preparation of CuO nanoparticles/Ti3C2Tx

hybrid heterostructures and gas sensor device fabrication
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5.3 Results and Discussion

5.3.1 Crystalline phase, morphology, and electronic structure

®CuO
mTi,C,T,

® o on go¢ (¢
CuO/Ti,C,T,

Intensity (a.u.)
002
004
006
0010
103
0012
Fv110
G

‘IIO | 2|O . 3|0 | 4|0 | 5|O ' 60 | 70
20 (deg.) / CuKa
Fig. 5.1. XRD patterns of (a) CuO nanoparticles, (b) TizC>Tx after etching by HF and (c)

CuO/Ti3C,Tx

The phase and crystal structures were firstly examined by X-ray diffraction (XRD) analysis.
The XRD pattern shown in Fig. 5.1 (a) is associated with the product obtained solvothermally
from Cu(ac).. The peaks at 32.5° 35.5°, 38.7°, 48.8° 53.5° 58.3° 61.5° 66.1% and 68.0° were
attributed to (110), (111), (111), (202),(020), (202), (113), (311), and (220) crystal planes of
monoclinic CuO (JCPDS Card No. 48-1548), and no other peaks related to secondary compounds
were observed. This result means that pristine CuO was formed by a solvothermal reaction without
byproduct. Fig. 5.1 (b) shows the XRD pattern of a typical TisCoTx MXene after the etching
process by the HF solution. The emerged peaks at 9.2°, 18.5° and 28.1° were different from those
in the XRD patterns of MAX-phase TizAlIC (Fig. 5.2 (a)) and was ascribed to a typical (002),
(004) and (006) planes of 2D TizC2Tx MXene, respectively, indicating a complete elimination of
Al layers in TisAIC,. Also, the residual peaks (0010), (103) (0012), and (110) were contributed to
—OH terminated surface group, implying the formation of metallic phase-TizC2(OH)2 in line with
reported literature.?” 33" As reported in previous studies, metallic —OH terminated TisCz exhibited
the electrical conductivity as high as 6500 S-cm .38 Accordingly, after the combination with CuO
nanoparticles, the diffraction pattern of CuO/Ti3C.Tx (Fig. 5.1 (c)) indicated the presence of each

independent compound, demonstrating the successful preparation of CuO/Ti3C,Tx. Additionally,
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the (002) peak of TisC2Tx corresponding to interlayer distance was not shifted to either a lower or
higher angle, indicating no expansion on the interlayer spacing of TisC.Tx. Instead, CuO

nanoparticles inserted in between gaps of delaminated sheets which comprised of several layers.

(a) |TisAlC,
(002)
El
S
> (104)
D
c
2
£ (004) (103)[|(105)
101
10 20 30 40 50

20 (deg.) CuKa
Fig. 5.2 XRD pattern and SEM images of MAX phase-TizAIC:

Fig. 5.3. TEM images of (a) CuO nanoparticles; SEM images of (b) Ti3CoTx MXene and (c)

CuO/Ti3C,Tx; (d) SEM images of CuO/Ti3CoTx and (e-h) its corresponding elemental mapping. (i)
TEM image, (j) HRTEM image (k) ED patterns and (1) illustration of electrostatic interaction of
CuO/TizC,Tx
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Observations of morphological features of the obtained CuO nanoparticles, TizC2Tx, and
CuO/Ti3C,Tx hybrid heterostructures, were performed using FESEM and TEM. As shown in Fig.
5.3 (a), CuO synthesized by the solvothermal approach using the pristine ethanol solvent possessed
well-defined nanostructures with an average size of 7 nm. Fig. 5.3 (b) depicted a typical exfoliated
morphology of delaminated TizC,Tx, which indicated a successful removal Al layer from MAX
phase-TizAIC, (SEM is shown in Fig. 5.2 (b)). The bulk size and interlamination spaces of TizC2Tx
were estimated to be 1-2 um and 10-50 nm, enabling a possibility of CuO insertion into the deeper
region of bulk TizC>Tx. The morphology of CuO/TisC,Tx structures is shown in Fig. 5.3 (c)-(d).
FESEM images clearly showed that CuO nanoparticles had been uniformly distributed on both
TisCoTyx surfaces and interlayer spaces, demonstrating that the combination of sonication and
stirring technique produced well-decorated TisC2Tx delaminated structures. This approach can also

be applicable for 2D materials hybridization with other metal oxides nanostructure.

Moreover, to further confirm chemical distribution in the CuO/Ti3C,Tx, EDS mapping
equipped in FESEM was utilized. Fig. 5.3 (d) shows FESEM image of CuO/Ti3C,Tx, and Fig. 5.3
(e-h) show the corresponding EDS mapping of chemical elements in CuO/Ti3C2Tx, confirming the
signal of Ti K, C K, O K, and Cu L. It might be seen that the distribution of Cu and O element in
CuO/TizC2Tx composite were homogeneous in the characterized area. In contrast, elemental
mapping of pristine TisCoTx (Fig. 5.4) showed the absence of Cu and O. These results
demonstrated that CuO nanoparticles were uniformly distributed over TisC,Tx structures and might
also exist in the inner region of the particle. Moreover, the HRTEM image shown in Fig. 5.3 (i)
presented good contact between CuO nanoparticles and TisC2Tyx, which can be favorable for a rapid
charge transfer. Fig. 5.3 (j) shows the lattice fringes of CuO/TisC,Tx taken in the contact area. It
was observed that estimated lattice spacings of CuO nanoparticles and TizC2Tx were 0.268 nm and
0.256 nm, which could be attributed to (110) plane of CuO and (110) plane of TizC2Tx, respectively.
From the selected area diffraction pattern (SAED) around CuO and TisC,Tx interface presented in
Fig. 5.3 (k), a typical hexagonal spot of TisC,Tx with a diffuse diffraction ring originates from the

polycrystalline feature of CuO nanoparticles could be confirmed.®4!
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Here, we investigated the valid surface charge of CuO nanoparticles and TisC,Tx by zeta

potential measurement to reveal the cause of well-connection in CuO/ TizC2Tx. As depicted in Fig.

5.4, the zeta value of TisC>Tx was -3.94 mV, showing a negative charge of the MXene surface

caused by the —OH terminated group. In contrast, CuO surface has a positive charge with a zeta

value of 20.8 mV. Ethanol solvent used in solvothermal treatment might still attach to the outer

surface of CuO, contributing to its positive surface charge due to the proticity nature (hydrogen

bond donor) of ethanol. The electrostatic force interaction was illustrated in Fig. 5.3 (l). In short,

the hybrid heterostructures containing CuO nanoparticles and 2D TisCoTx MXene were

successfully prepared via electrostatic self-assembly at room temperature.
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Fig. 5.4. Zeta potential of (a) TizC2Tix MXene (-3.94 mV) and (b) CuO nanoparticles

(20.8 mV)
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The XPS measurement was performed to determine the chemical state and surface
functionalization of CuO/Ti3C>Tx. The obtained spectrum of an individual element was analyzed
by Gaussian fitting. The full scan spectra CuO/Ti3C,Tx displayed in Fig. 5.5 (a) confirmed the
presence of the constituent element in CuO/TisC2Tx. Fig. 5.5 (b) shows core level signals in the
region of Ti 2p consisting doublet Ti 2p1/2 (460.7 eV) and Ti 2psi2 (455.0 V), which can be further
fitted into 3 main components ; Ti—-C (Ti*) centered at 454.4 and 460.7 eV, Ti-X (Ti?*) which
generally substoichiometric titanium carbide or titanium oxycarbide located at 455.2 and 461.8 eV,
and TixOy (Ti**) culminated at 456.4 eV and 463.7 eV.26-2833-3538 Another signal corresponded to
TiO2 (Ti*") located at 458.7 eV indicated that some samples might be slightly oxidized or might
be caused direct bonding between Ti with O from CuO. The C 1s signals (Fig. 5.5 (c)) were
deconvoluted into four components located at 281.7, 284.5, 285.7 and 287.9 eV which could be
assigned to Ti-C, C-C, C-O, and C=0 bonding, respectively, demonstrating a typical carbon
bonding in TizCoTx.

For the Cu 2p core level signals, as shown in Fig. 5.5 (d), the emerged doublet signals
located at 933.2 and 953.5 eV were assigned to Cu 2pz2 and Cu 2pss2, respectively. The difference
in the binding energy between the two signals was 20.2 eV. These results confirmed the presence
of Cu with an oxidation state of 2+ in CuO/TisC2Tx hybrid heterostructures. The satellite signals
of Cu 2ps12 (942.1 eV) and Cu 2p1s2 (953.5 eV) were observed because of 3d° filled partially 3d9
in Cu?* state.*? The core level of O 1s is shown in Fig. 5.5 (e). Deconvolution result showed three
signals at 529.4 eV assigned to metal-O bond, which most likely to be Cu-0O, 531.0 eV attributed
to C-0O, and at 532.8 eV ascribed to —OH group. Thus, it might be a general indication that the
surface terminated group (T) in TisC2Tx was —OH, confirming the presence of the TisC2(OH)x
phase. Another general —F surface terminated group was vanished (Fig. 5.5 (f)), probably due to
the dissolution process in ethanol solution (99.5%), which may contain some water molecules
during the hybridization self-assembly process. It is in line with the previous study.*® The overall
results suggested that the hybrid heterostructure comprised of CuO and TisC>Tx layer was formed,

with a good distribution of CuO nanoparticles over the TisCoTx layer as confirmed by EDS

mapping.
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Fig. 5.5. XPS spectra of (a) Full survey, (b) Ti 2p core, (¢) C 1s core, (d) Cu 2p core and (e)
O 1s and (f) F 1s core of CuO/Ti3C,Tx. The comparison with pristine Ti3C>Tx is only for F 1s.

To deeply understand the textural feature of the obtained samples, N2 adsorption/desorption
measurements were conducted. Additionally, their specific surface area was calculated based on
the Brunauer-Emmett-Teller (BET) method. As shown in Fig. 5.6 (a), pristine CuO nanoparticles
exhibited a hysteresis curve at the relative pressure (P/Po) of 0.4-0.9 which indicated porous
property, while the pristine TzC2Tx did not. The porosity of CuO nanoparticles should originate
from interparticle voids. For CuO/TiisC2Ty, the hysteresis feature was still observed, suggesting
that the voids were present, and could be helpful for better gas diffusivity even after the attachment
of CuO nanoparticle onto T3C2Tx. The specific surface area (BET) of CuO, TizC2Tx, and CuO/
TisC2Tx were 90, 25, and 43 m?/g. In addition, the effect of the TisC.Tx amount on the N2
adsorption/desorption property, as well as on their specific surface area was further investigated.
The variation amount of TisC,Tx was predetermined to be 10, 20, 30, and 40 wt. %. As displayed
in Fig. 5.6 (b), the SSA was inversely proportional to the TisC,Tx amount. For example, with
addition 10 wt. % of TisC2Tx, the SSA slightly decreased from 90 m?/g to 89 m?g.. Asthe TsC,Tx
increased to 40 wt. %, the SSA of the sample was severely decreased to only 29 wt. %, which was

very close to the SSA of pristine TizCoTx.
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Fig. 5.6 N2 adsorption/desorption of (a) CuO nanoparticles, TisCoTx and CuO/TizC>Ty, and (b)
CuO/TizC2Tx sample with different wt. % of TizCoTx.

5.3.2 Gas sensing properties

Before gas sensing evaluation, the samples were characterized by TG/DTA to study their
thermal stability, and the maximum working temperature for the sensing device was
simultaneously determined. Fig. 5.7 (a) and (b) shows the TG/DTA curves of pristine TisC>Tx and
CuO/30 wt.% TizCaTy, respectively. From the TG/DTA curves, the pristine TizC2Tx showed a
slight loss (~3.2 wt.%) started at 125 °C and gained significant weight (~11 wt. %) at above 250
°C. The weight loss was caused by the evaporation of pre-adsorbed water molecules, especially on
the interlaminated gap or surface terminated group of TisC>Tx MXene itself. Then, at a temperature
higher than 250 °C, TiO> formed due to high-temperature oxidation of TizC>Tx. Compared to
CuO/30 wt.% TisC2Ty, significant thermal stability improvement could be observed above 250 °C.
Namely, after combination with CuO nanoparticles, the CuO/30 wt.% TizC>Tx sample exhibited
relatively higher thermal oxidation stability indicated by insignificant weight gain. Therefore,
attachment of CuO nanoparticles on the surface and interlayer space of TisCoTx MXene might
prevent it from thermal oxidation, indicating its additional benefit for the practical use. From these
results, we determined that the temperature range for gas sensing evaluation was 100 — 250 °C to

prevent oxidation of the material.

The gas sensing evaluation was performed at a temperature range of 100 — 250 °C for

pristine TizC2Txand CuO/TizC2Tx. For pristine CuO nanoparticle, the operating temperature was
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set from 100 °C to 350 °C, based on our previous research. Fig. 5.8 shows sensor response of CuO,
Ti3sCoTy and CuO/TizC,Tx sample under the exposure of 50 ppm of toluene (C7Hs) at different
operating temperature. As mentioned earlier, sensor response (S) was defined as a ratio of
resistance sensor in the air (Ra) and test gas (Rg). Notably, for p-type semiconductors, the sensor
resistance would exhibit an increase upon the exposure of reducing gas,®> and S was calculated

based on Ry/Ra formula.
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Fig. 5.7 TG/DTA of pristine (a) TisC2Tx and (b) CuO/30 wt. %Ti3C2Tx.

As shown in Fig. 5.8 (), pristine TisC2Tx had nearly no response to toluene gas at all tested
temperatures agreed to reported literature.®t. In contrast, toluene sensing response of CuO
nanoparticles exhibited mountain-hill characteristic, in which its response increased from 1.12 to
4.8 with temperature elevating from 100 °C to 300 °C, respectively, and decreased gradually to 2.3
with a further increment of the temperature to 350 °C. The shown mountain-hill characteristic
response of CuO nanoparticle could be explained by the gas adsorption-desorption phenomenon.
At low working temperature, energy activation for the reaction of the tested gas molecules with
adsorbed oxygen species barrier could not be achieved to exhibit low responsivity. As the working
temperature went up, the reactivity between tested gas molecules and adsorbed oxygen species
could be enhanced, resulting in a higher sensing response. However, when the working
temperature was higher, the number of adsorption oxygen species were less dominant rather than
the tested molecules to suppress the surface reaction, leading to decrease sensing response. On the
other hand, the toluene sensing response of CuO nanoparticle was significantly increased by the

combination with the TisC,Tx phase. Even though the optimum working temperature was not
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provided for CuO/TizC,Ty, its sensing response (11.4) at 250 °C exceeded response of CuO at 300
°C, indicating that the addition of TisC>Tx led to not only a significant improvement of toluene
sensing response but also a decrease in the working temperature.

14

(a) b .o.o.o..
124 0-4' 20 ppm seo0o
. PP 30 ppm 40ppm 50 ppm
o] B —_
1 10 Soa-
™ =
¥ 8- ‘q—; 10ppm
~— I
2 2021 " | P
S 6 & I e foy
w - '
% 44 g ' I' Il ! - .|
© 0.1 E -
© 2 B r/ u U h
0 ‘ T T — . . 0.0+
100 150 200 250 300 350 10 20 30 40 50 60 70 80 90 100 110
T(°C) (b) Time (min)
5
(C) . . 1.2 (d) 50 ppm
4 1.0 40 ppm
a a 30 ppm 29 ppm
10
f; 3 I =08 PP
% I/ Toluene in g 0.6
‘@ ! 0 0.4-
o} 1 7]
or 4 | Q
: X 0.2
|
0 T T T T T 0-0 T T T T T T T T T T T 1
0 150 300 450 600 750 0 10 20 30 40 50 60 70 80 90 100110
Time (s) Time (min)

Fig. 5.8. Gas sensing response of CuO, T3C>Tx MXene and CuO/T3C,Tx MXene tested at

(a) different working temperatures and (b-d) toluene concentrations.

Fig. 5.8 (b), (c) and (d) shows dynamic response-recovery curves of CuO nanoparticle,
TisCoTy, and CuO/TisC,Tx samples at their optimum working temperature under exposure of
different toluene concentration (10-50 ppm). For CuO nanoparticle and CuO/TizC,Ty, the
resistance increased during the introduction of toluene gas, which was a typical behavior of p-type
semiconductor sensing material, and the curves showed reproducible response during the
evaluation with the exchange between air and toluene gas. Pristine TisC>Tx showed negligible
change on its resistance, suggesting that no adsorption-desorption reaction probably occurred on
the surface of the TisC,Tx phase. It could be observed that the base resistance of CuO nanoparticle

and TizC,Tx was approximately 50 kQ and 2 kQ, respectively. The combination of these materials
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to form a hybrid heterostructure increased the resistance to nearly 138 kQ. The increase of

resistance in the air atmosphere might result from the change of electrical properties after

combination.
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Fig. 5.8 (a) Transient response/recovery curves and (b) response values of CuO/Ti3CoTx with

different Ti3C,Tx amount; black, red, pink, green and blue colors represent 0, 10, 20, 30 and 40

wt. % of Ti3C2Tx, respectively; (c) linear fitting of R vs C based on the Langmuir isotherm

model, (d) response/recovery times, and (e) selectivity of CuO/Ti3C2Tx-30 wt.% to 50 ppm of

tested gas and (f) relationship of response value with specific surface area.
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Furthermore, we tested the gas sensing performance of a series CuO/Ti3C,Tx samples with
a variation of TisC2Tx MXene amount, i.e., 10, 20, 30, 40 wt. % denoted as CuO/TisC>Tx-10,
CuO/Ti3C,Tx-20, CuO/TizC,Tx-30 and CuO/TizC,Tx-40, respectively. As shown in Fig. 5.8 (a),
regardless of the amount of TisC,Tx loaded, the gas sensing response still exhibited p-type
semiconductor behavior where the resistance increased upon the exposure of reducing gas, except
that of CuO/Ti3C2Tx-40. Only CuO/Ti3C,Tx-40 exhibited no apparent response, and this should be
mainly due to the excessive addition of TisC,Tx has lowered the sensor resistance, which may not
be advantageous for gas sensors. Comparing the responses in the various amount of TizC>Tx (Fig.
5.8 (b)), the higher amount of the added TisC2Tx continuously increased the toluene sensing
response. It reached to the maximum response value in the addition of 30 wt. % TizCaTx. It is
fundamentally important to estimate the detection limit of the sensor devices, which can be
approached theoretically according to the earlier report.** Based on the given equation, the

detection limit of the CuO/Ti3C,Tx-30 sample was estimated to be as low as 0.32 ppm.

The gas concentration-dependent response was approximated by the Langmuir isotherm
equation, which primarily emphasizes the gas-solid adsorption.*® Fig. 5.8 (c) shows a linear fitting
of R versus C, demonstrating the adsorption of toluene onto the CuO/TisC2Tx surface follows
the Langmuir isotherm model. From Fig. 5.8 (d) and (e), it was clear that the CuO/Ti3C,Tx had a
good response time of 270 s and a rapid recovery time of 10 s to 50 ppm of toluene. It also showed
adequate selectivity when it was exposed to different VOCs such as ethanol (C2HsOH), acetone
(CsHeO), methanol (CH3OH) and hydrogen gas with the same concentration as toluene. High
responsivity and selectivity gas monitoring were indicated. Fig. 5.8 (f) depicts the relationship of
the specific surface area (SSA) of the samples with their sensing responses under 50 ppm of toluene.
The addition of a higher amount of TisC>Tx resulted in the lower SSA of CuO/TisC2Tx samples.
In many cases, higher SSA will lead to higher gas sensing performance due to more abundant of
the active site for the gas adsorption/desorption process.*®*24647 However, in our present work,
the higher SSA did not enhance the toluene sensing responsivity. This result means that the effect
of SSA, in this case, is insignificant for the enhanced sensing properties of CuO/Ti3C,Tyx, and there
are other factors responsible for the enhancement.
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To scrutinize the excellent gas sensing properties of TizC2Tx MXene hybridized with CuO
nanoparticles, we compared the CuO/Ti3C2Tx samples with other CuO/2D material combinations
such as CuO/MoS; and CuO/rGO with a similar composition (30 wt.% of the 2D materials). The
synthesis process, XRD patterns, SEM, TEM images, and Zeta potential of CuO/MoS; and
CuO/rGO are shown in Supporting Information (Fig. 5.9 and Fig. 5.10). The gas sensing
temperature was determined based on TG-DTA measurement. From the transient
response/recovery curves (Fig. 5.11 (a-c)), CuO/MoS:; transient response was similar to that of
CuO/TisC,Tx. At the same time, CuO/rGO showed no response at all to 50 ppm of toluene in
addition to the unstable base resistance. Also, the resistance in the air (Ra) of CuO/MoS; was
slightly lower compared to that of CuO/TisC,Tx. The corresponding response value displayed in
Fig. 5.11 (d) revealed toluene sensing response of CuO/TisC.Tx was higher than those of
CuO/MoS; and CuO/rGO. Fig. 5.11 (e) shows the response/recovery time and the response value
of CuO/Ti3C,Tx and CuO/MoS;. The response time of CuO/TisC,Tx was slightly faster than that
of CuO/MoS;, even though the recovery time was almost the same. The response value of
CuO/TizCaTxwas 1.3 times higher than that of CuO/MoS2 and 9 times higher than that of CuO/rGO.
The surface charge potential did not possess a meaningful influence for the better performance of
CuO/Ti3C,Tx over CuO/MoS; and CuO/rGO, because the zeta value of TisC2Tx (-3.94 mV) was
on between other 2D materials used for the hybrids (MoSz: -32.7 mV, rGO: -1.24 mV). MoS;
ideally has the strongest electrostatic interaction with CuO, and better sensing properties should
be provided than in the case of CuO/Ti3C,Tx. However, the strongest interaction did not lead to
better performance, meaning that another significant factor should be taken into consideration.
Consequently, 2D TisC2Tx MXene was suitable for hybridization with CuO nanoparticles

compared with the other available 2D materials from the viewpoint of their gas sensing properties.
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Gas sensor performance under high relative humidity was also examined to investigate the
effect of humidity on gas sensing performance, which was an important point for practical
application. Fig. 5.12 indicates the response variation of the CuO/TizC,Tx-based sensor to 50 ppm
of toluene at 250 °C under different relative humidity (RH) ranges of 0-70 %. The response of
CuO/TizC,Tx to 50 ppm of toluene started to decrease with an increase of the relative humidity
gradually. With 0 % RH, toluene response value was 11.4 (Rq¢/Ra). The increase of RH to 30 %,
50 %, and 70 % led to the response value to 7.8, 5.6, and 2.1, respectively, indicating that the
relative humidity possessed a large influence on the CuO/Ti3C,Tx sensor. These behaviors might
be caused by competitive interaction between toluene gas and water molecules on the CuO and
TisCoTxsurfaces under high relative humidity to suppress the alteration of the resistance. Moreover,
at high temperatures, this surface interaction might probably be higher than that at room
temperature. We then remeasured the XRD of CuO/Ti3C,Tx-30 after the gas sensing evaluation,

and as displayed in Figure S8, the appearing peaks are almost similar to that of the fresh sample.
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The results of the present study are compared to similar works done previously. Table 5.1
lists the metal oxide-based gas sensor for the detection of toluene. It is seen that CuO/TisCoTx-
based sensor exhibited a comparably high toluene sensing performance, especially for its

selectivity, recovery times and low detection limit.

Table. 1 Toluene sensing comparison of metal-oxide based sensor

Material T Conc. Response Selectivity Response/ | Detectio | Ref.
(°C) (ppm) (Ra/Rg OF recovery | nlimit
Ry/Ra) times (s) (ppm)

C0304 180 200 8.5 N/A 10/30 N/A 48
NiO-SnO> 330 50 11 2.2 11/4 N/A 49
composite (Rtoluene/Rethanol)
In(111)-SnO2 90 50 24 3.8 60/85 1 %0
loaded g- (Rtoluene/Rbutanol
CsNg4 )
Hierarchical 300 100 18.68 1.86 1/12 N/A 5
a-Fe203/NiO (Rtoluene/Rethanor)
composites
1D o- 250 50 5.3 1.82 30/30 N/A 52
MOOg/Fez(M (Rtoluene/nyIene)
004)3
composites
CoPP- 327 10 13.5 1.1 (Rtoluene/Rp- 40/80 0.20 53
Functionalize xylene)
d TiO2
Nanoparticle
S
hexagonal 320 50 27.7 2.25 17/14 N/A o4
WO3 (Rtoluene/Roenzene
nanosheets )
CuO/TisCaTx 250 50 11.4 1.64 270/10 0.32 This
MXene (Rtoluene/ Rethanot) work
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Fig. 5.14 Gas sensing mechanism of (a) pristine CuO nanoparticles and (b) CuO
nanoparticles/TizC2Tx MXene hybrid heterostructures. (c) Band structures alignment of

CuO/TisC,Tx before contact, after contact, in ambient air and in toluene gas.

5.3.3 Gas sensing mechanism

According to the above gas sensing results, we comprehensively propose a novel approach
for the gas sensing mechanism of pristine CuO and CuO/ TisC2Tx MXene composite. It is well
accepted that CuO is p-type gas sensing semiconductor materials in which holes play as a

significant charge carrier. At the temperature range of 100-500 °C in air atmosphere, oxygen
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molecules in the air are adsorbed onto metal oxide semiconductors and ionized into O.~, O™, and
O’ by catching the electrons near the surface.>®

The O species is dominant in the temperature range of 150 to 400 °C.%® Based on these
facts, O™ species is likely adsorbed onto CuO nanoparticles and can lead to the formation of core-
shell electronic configuration depletion layers composed of the Hole Accumulation Layers (HALS)
near the surface and the insulating core region. They should possess low and high resistivity,
respectively, as shown in Fig. 5.14 (a). Because of its low resistivity, the electron can easily flow
from one CuO nanoparticles to another through this conductive shell layers to exhibit a low
resistance under ambient atmosphere. The established core-shell configuration in CuO
nanoparticles should be destroyed upon the exposure of testing gas, because the adsorbed O~
species will actively react with the toluene gas, releasing electrons back to the insulating core with
the production of CO, and water as a byproduct.®” As a result, HALs conducting channel can be
thinned to compress electron mobility. Consequently, the material resistivity should be increased.
During the ejection of gas and injection of air, the core-shell configuration can be re-established.
The gas sensing mechanism of the pristine CuO should differ after the hybridization with TisC2Tx
MXene. As represented in SEM and HRTEM images (Fig. 5.4 (c), (i)—(j)), CuO nanoparticles are
contacted intimately at interlamination surface of TizC>Tx MXene, and as confirmed in XRD and
XPS, TisC,Tx exhibited more —OH terminated group which is considered as a metallic phase rather
than a semiconductor because of its high carrier mobility.®

Fig. 5.14 (b)-(c) shows a simplified illustration of the gas sensing mechanism of
CuO/Ti3CaTx hybrid heterostructures. From the standpoint of work function (®) reported by
previous works, the —OH terminated TisC2Tx MXene has shown a work function ca. 3.9 eV°8 which
is lower than that of CuO (~4.7 eV)*°, establishing a Schottky barrier at their interfaces upon the
contact to equalize the Fermi energy level. Our CuO sample has a bandgap estimation of 1.48 eV
(Fig. 5.15), while the conduction band (CB) and valence band (VB) of CuO have been adopted
from Diao and co-workers.®® The charge transfer should equally occur from metal to
semiconductor through the interface and vice versa. Nevertheless, due to the barrier height, A®g,
the charge mobility is hindered, resulting in a very high resistivity of CuO/TisC,Tx at room

temperature.
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Similar to that of pristine CuO nanoparticles, during the heating process at ambient air
condition, the adsorption of O™ species create core-shell electronic configuration within CuO
nanoparticles in CuO/Ti3C.Tx MXene sample. The O™ ion sorption is lowering the band bending
at the interface, allowing the better charge transfer between the two components. As a result, the
sensor device becomes more conductive as operating temperature increases. Still, due to the
Schottky barrier height, the charge mobility in CuO/TisC,Tx heterostructure is more miserable than
that in the homojunction of pristine CuO. This approach can explain why the CuO/Ti3CaTx
possessed a slightly higher Ra than CuO despite the superior electrical conductivity of TizCoTx.
Also, because of this charge carrier migration, much more O™ are adsorbed. When toluene gas is
flown, it removes O™ species from the CuO surface, resulting in a thinner depletion region (HALS)
and an increase of sensor resistance. The removal of O™ also induces the band bends upward,
restores the Schottky barrier height (A®g). Consequently, some of the holes are trapped in TizsC>Ty,
called hole trapping region (HTR). The concept of Schottky junction hole trapping phenomena has

been previously reported for the TisC2Tx MXene/metal oxide hybrid structures.?’61-64

(a) CuO Tauc plot
N/'\
>
=
x
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Fig. 5.15 Tauc plot of CuO/Ti3C,Tx derived from UV-Vis DRS spectra

The hole trapping process may also exist in CuO/MoS> but not in CuO/rGO samples due
to the work function of CuO is higher than that of MoS> (4.4 eV) but lower than that of rGO (4.8
eV).%>% Therefore, we can observe the response of CuO/MoS: is higher than that of CuO/rGO.
Due to the rGO work function, contact between CuO and rGO may likely establish ohmic junction
rather than Schottky junction results in a high conductivity, as observed in Fig. 5.11 (c). We also

believe that in the excess amount of TisC,Ty, the Schottky junction is destroyed, and the metallic
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property of TisCoTxwill play a significant role in the gas sensing performance. Additionally, the
TisC2Tx may play a supporting role as a conductive layer for the faster charge carrier mobility from
CuO nanoparticles in one side to another side, which contributes a quick response and recovery
speed agree to the experimental results. In summary, work function modulation is a crucial factor
for designing high-performance gas sensing material based on metal oxides hybrid with metal

oxides nanostructures.

5.4. Conclusions

The CuO nanoparticles/ TisCoTx MXene have been successfully prepared by a room
temperature electrostatic self-assembly approach. The CuO nanoparticles with an average particle
size of 7 nm were uniformly attached to TisC>Tx and inserted into its interlaminations gap with a
plausible interface contact. The positive surface charge of CuO and the negatively charged TizsCoTx
from —OH terminated group contributed to the interface contact through the electrostatic assembly.
TisC,Tx acted as conductive layers for charge carrier transport and hole trapping region (HTR)
during the exposure to testing gas due to work function difference. The CuO nanoparticles/ TizCoTx
MXene hybrid heterostructures exhibited good gas sensing value (R¢/Ra) of 11.4 and comparable
response/recovery speed of 270 s/10 s under 50 ppm of toluene, exceeding the amount of pristine
CuO nanoparticles and TizC2Tx. The gas performance of CuO nanoparticles/ TisC2Tx MXene was
superior compared to other CuO/2D materials such as CuO/MoS; and CuO/rGO. However, the
response of CuO nanoparticles/ TisCoTx MXene was decreased by high relative humidity (up to
70%), which might be an improvement point for future research. These results indicate the
potential application of CuO nanoparticles/ TisC2Tx MXene for highly responsive VOC sensors,
especially for toluene gas. Moreover, the electronic self-assembly and work function matching
strategy, presented in this work, maybe also extended for other metal oxides/2D MXene hybrid

heterostructures and related applications.
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Chapter 6
Summary and Outlook

This thesis focused on the synthesis of metal oxide nanostructures with morphological and
surface charge controllability by solvothermal nonaqueous approach under variety of organic
solvents. Their hybridization was attempted by a facile electrostatic self-assembly at room
temperature, harnessing their opposite surface charge. The thesis is presented in six chapters with

three experimental chapters.

Chapter 1 presented general environmental air pollution problems and the potentiality of
metal oxides to detect them in an excellent manner. The challenge and opportunity of metal oxide
as gas sensing materials are introduced together with some versatile strategies to improve their
performances. The synthetic processes of metal oxide nanostructures, in general, are compared to
emphasize the reason for the synthetic choice of metal oxide nanostructures in the presented thesis.

The thesis objectives were also clearly stated in a chronological manner.

Chapter 2 introduced universal experimental procedures include chemical reagent,
characterization equipment, gas sensing device fabrication and measurement system as well as

density functional theory (DFT) ab initio calculation parameters.

Chapter 3 Demonstrated a facile solvothermal synthesis in an ethanol/acetic acid mixture
for the fabrication of SnO with a controllable hierarchical spherical size and micro-/mesoporosity.
SEM, TEM and N2 adsorption/desorption investigation unveiled that the obtained SnO. spheres
exhibited a particle size in the range of 0.6 —1.6 um and a pore size of about 1.4-1.9 nm depending
on the volume ratio of acetic acid to ethanol in the reaction mixture, and the spheres were
constructed by nanoscale particles. The gas sensing property of SnO,_10 without an additional
noble metal co-catalyst exhibited a large toluene sensing response (Ra/Rg) of 20.2 at 400 °C, which
was about 6 times higher and acceptable selectivity compared to those of other samples. The study
found that the sensing performance in the SnO: hierarchical spheres was influenced by several
factors e.g. particle morphology, pore size and specific surface area rather than only a single
parameter. Therefore, a precise control of those influencing parameters may lead to the optimum
sensing property. This chapter introduced the facet design in metal oxide semiconductors which

is an efficient approach to boost their gas sensing performances due to desirable active sites. We
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demonstrate the synthesis of NiO with a dominantly (111) facet from the transformation of
NiOHCI with a layered structure. Among other crystal facets, NiO-Octa (111) exhibited the best
NOx gas sensing response (16.5 %) to 300 ppb level. The DFT calculation revealed that the
abundance of Ni atoms in the clean (111) surface layer allows the favorable adsorption of N
adatoms, forming the Ni-N bond. The charge transfer took place from NiO to NO orbital has
proven to be a cause of bond weakening and stretching from 1.1692 A to 1.2231 A, leading to NOx

molecular decomposition, consistent with the experimental results.

Chapter 4 reported a facile preparation of a uniform decoration of spherical n-type SnO-
by p-type CuO nanoparticles as well as their utilization for enhanced performance on toluene gas
detection. CuO nanoparticles and spherical SnO> were synthesized by a facile non-hydrolytic
solvothermal reaction, which can easily control their morphology. A uniform CuO nanoparticles
decoration onto spherical SnO2 was achieved by a simple sonication and vigorous stirring at room
temperature. We revealed organic solvents used in the oxide synthesis have a considerable
influence on its surface charge that is beneficial for a uniformly electrostatic self-decoration
between positively charged p-type CuO nanoparticles and negatively charged n-type spherical
SnOs. Interestingly, CuO was partially reduced to Cu metal during high concentration of toluene
exposure destroying p-n contact and developing new metal-semiconductor contact so-called ohmic
junction, resulting in extraordinarily responsive and selective to toluene gas at 400 °C as compared
to a single p- CuO and n- SnOx. It was also found that the amount of particle decoration had an
influence on sensor response and resistance. The optimum amount of CuO nanoparticle decoration
was 0.1 mmol. The response (S=Ra/Rg) and selectivity of CuO/SnO2 based material toward the
exposure of 75 ppm toluene has reached as high as 540 and 5, respectively. The effect of p-n
heterojunction and metal-semiconductor contact on the gas sensing mechanism of p-type CuO/n-
type SnO, was discussed. Furthermore, by decorating with CuO nanoparticles, CuO/SnO:
morphology was well-maintained after gas sensing evaluation demonstrated its excellency for high

temperature toluene gas sensor application.

Chapter 5 Described in detail regarding a facile preparation of CuO/ TizC2Tx MXene
hybrids via electrostatic self-assembly. The CuO nanoparticles (~7 nm) were uniformly dispersed
on the surface and the interlayers of the TisC2Tx MXene, forming hybrid heterostructures. The

CuO/Ti3C,Tx MXene exhibited the improved toluene gas sensing response (Rg¢/Ra) of 11.4, which
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is nearly 5 times higher than that of the pristine CuO nanoparticles (2.3) to 50 ppm of toluene at
250 °C. Due to the different work function (®), the Schottky junction was established at the
interface of CuO/TizC2Tx MXene, acting as hole trapping region (HTR) at TisC2Tx MXene side.
Compared to other hybrid 2D materials such as MoS> and rGO, which have possessed a higher
work function, the CuO/Ti3C2Tx MXene maintained better toluene sensing performance. Thus, the
work function is critical for designing a high sensing performance of hybrid metal oxides/2D
materials. The hybridization of CuO with TisC>Tx MXene improved not only enhancement of the
response time but also the selectivity and the responses (270 s) and recovery times (10 s) compared
with those of CuO, due to high conductivity of metallic phase in TisC2Tx MXene. Such excellent
performance showed the promising applications of metal oxides/2D hybrid materials for VOCs

gas sensing.

To summarize, three points below are the main conclusion of the presented thesis:

1. The mixed solvents have a profound influence on surface charge and morphological feature

on metal oxides

2. The opposed surface charges of metal oxides or 2D materials are beneficial for the wide

particle distribution and intimate contact due to electrostatic self-assembly

3. Gas sensing properties of metal oxide can be enhanced by several simple approaches such
as morphological and facet surface design, porosity, p-n heterojunction, and Schottky

Junction

Although the surface charge of metal oxides can be tuned by organic molecular
functionalization, its solely effect on gas sensing properties have been not well-understood. To
prevent organic molecules evaporation, the metal oxides sensing material that can be operated at
room temperature should be used to understand their influence. Last, the metal oxides/hybrid
should be incorporated into the integrated gas sensor devices to investigate the performance in a

real environmental exposure.
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* = Main speaker
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Awards

1. Encouragement Grants Award, Hatano Foundation in IMRAM, fEEF3E~74 % ST 78 5205
# (2016). Total Grant: 200,000 JPY

2. Professional Master for Sustainable Environment (PMSE), Graduate School of Environmental
Studies, Tohoku University (2017)

3. Best Poster Presentation Awards at the 34th International Japan-Korea Seminar on Ceramics,
Hamamatsu, Japan (2017)

4. Best Oral Presentation Award at 137th Meeting of Inorganic Material Society of Japan,
Toyohashi, Japan (2018)

5. Best Paper Award in J. Asian Ceram. Soc., (2018). Award: 100,000 JPY

6. Travel Grants from the Graduate School of Environmental Studies, Tohoku University, to
attend ISEPD 2020 in China. Total Grant: 100,000 JPY
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Postface Motivation

“Indeed, in the creation of the heavens and the earth and the
alternation of the night and the day are signs for Ulul Albab
(Holy Quran 3 :190)
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