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Abstract

This work employs different synthesis techniques to control the surface prop-
erties of polycrystalline ZnO for sensing device applications. ZnO micro-scale
and nano-scale particles were made by various solid-state, solvothermal, and
high temperature synthesis techniques that are designed for controlling crys-
tal habit, surface polarity and surface area. The ZnO samples exhibited
different degrees of degradation when exposed to ambient water and CO,,
which were linked to ZnO surface dissolution and crystal growth conditions.
In addition, a strategy for controlling the hydroxide in the products of the
solid-state metathesis has been developed.

Thin film gas sensors were assembled using the ZnO products. The ca-
pacitance responses of ZnO particles were evaluated after exposure to volatile
organic compounds (ethanol and hexane) at various operation temperatures
between 20 and 500 °C. The results showed that gas sensing processes at
low temperatures were mediated by the ambient humidity when detecting
hydrophilic gases, and the responses from ZnO nanoparticles were greatly

enhanced at high temperatures. Furthermore, a preliminary study for UV ac-
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tivated gas sensing was conducted to examine the effect of UV light radiation
on the electrical properties of the ZnO samples, in which the AC frequency
dependence of the photoresponse was revealed by electrical impedance spec-

troscopy.
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Chapter 1

Introduction

1.1 Overview

The theme of this dissertation is materials chemistry issues associated with
developing semiconductor gas sensors. Gas sensors have broad applications
in domestic uses, such as air quality control, household carbon monoxide
alarms, and breath alcohol tests for drunk driving violations [1]. They are
also required by various industries for monitoring potential gas leaks [2]. The
gas sensor research of this thesis is motivated by the oil and gas industry, who
requires gas detection at special locations in harsh environments (e.g. the
tip of a flare stack) for close monitoring of gaseous pollutant emissions gen-
erated from petroleum exploration and production processes. The emission

often contains a mixture of volatile organic compounds (VOCs), polycyclic

aromatic hydrocarbons (PAHs), CO,, CO, NOx, SO,, H,S, and water [3].



By flaring alone these gases cannot be thoroughly eliminated. As a result, it
is crucial for the oil and gas industry to have on-site detection with a gas sen-
sor in close proximity to the emissions in order to assess the environmental
impact of these products of incomplete combustion [3]. In principle, detec-
tion of the gases present in the emissions can be achieved with various types
of gas sensors with different sensing mechanisms (optical, electrical, electro-
chemical). However, the challenge is that most gas sensors cannot survive the
flare stack environment that combines high temperature, fast gas flow and
interference from moisture. For this task, solid-state electrical gas sensors
based on metal oxides (MOX) stand above the rest due to their high thermal
durability, high gas sensitivity (ppm to ppb level) to a broad spectrum of
target gases at elevated temperatures, fast signal response and recovery, and
low cost [4-T7].

The basic working principle behind solid-state electrical gas sensors is that
variations of the electrical properties (conductance, capacitance, impedance)
of the solid-state sensing elements can be triggered by gas-surface interactions
[4, 8]. There are two factors that control the sensing performances of solid-
state gas sensors: (1) the ability of the sensing element to interact with the
analyte molecules, and (2) the ability to convert chemical energy from the
gas-surface interactions into sensing signals [9-11].

Based on these two governing factors, not all MOX are suitable for gas
sensing. High surface reactivity is required in order to trigger the sur-

face chemistry that alters the electrical properties. However, many non-



transition-metal oxides, such as MgO, are too inert and too resistive (due to
their large band gaps) for gas sensing applications [6, 11]. The transition-
metal oxides (e.g. Fe,O4) with partially filled d shells are also not reliable
sensor candidates because of their structural instability, as they can be easily
oxidized or reduced [6]. As a result, the superior options are the transition
semiconducting MOX with d'° (ZnO, SnO,) or d° (TiO,, WO,) configura-
tions [11, 12]. Recently, nanostructures (nanoparticle, nanowires, nanorods)
of these MOX have been extensively investigated for gas sensing applications
due to the enhanced sensitivity. Several recent review papers with this focus
of nano-structured MOX gas sensors can be found in the literature [12-15].

The overall quality of a gas sensor is determined by the "4S" standard
(sensitivity, speed, selectivity and stability) [4, 5]. Over the last decade of
research, large enhancements in gas sensitivity and signal responses/recovery
time (speed) have been achieved by various approaches, including reducing
particle sizes [16], changing particle morphology [17], hybridizing with metal
(Au, Pd, Ru) catalysts [18], and doping with other MOX [19]. Moreover,
devices such as high electron mobility transistors, were constructed to amplify
the sensing signals [20].

Nevertheless, issues associated with MOX based gas sensors are also ap-
parent. First of all, the selectivity to target gases remains a great challenge
because the sensing mechanism for many gases by MOX are similar and
hardly distinguishable [4]. For example, ambient moisture is the most com-

mon interfering gas as it also triggers large sensing responses [21]. Second,



the stability criterion has been overlooked for MOXs sensors despite the im-
portant fact that they undergo perpetual chemical exchanges at their surfaces
with the surrounding environment [22]. Third, due to reaction barriers, ther-
mal (or photo) activation is often required for a MOX gas sensor to achieve
optimal sensing responses [4, 23]. The operating temperature is normally
above 250 °C for optimal sensitivity. This can be an advantage for MOX,
especially when the sensors are used for extreme tasks, such as flare stack gas
sensing. However, for general use, it is a drawback because a heater needs
to be incorporated, which increases the cost of the sensor and reduces its

minimization capacity [6].

1.2 Thesis goals

Resolving the issues outlined above requires understanding the surface chem-
istry responsible for triggering the electrical sensing signals under different
conditions. This task is both intricate, as extremely rich chemistry is associ-
ated with the MOX surfaces, and nontrivial because such information is key
to accelerating the development of reliable gas sensing devices.

In this dissertation, ZnO is my sensing material because it is reported to
have high sensitivities to a large spectrum of gases, including CO [24], H, [25],
H,S [16], NOx [26], NH; [27] and different VOCs [28]. Comprehensive reviews
of the properties and device applications of ZnO can be found in recent

articles by Ozgiir et al. [29, 30]. ZnO adopts a wurtzite crystal structure [29].



ZnQ is an n-type semiconductor with a band gap of 3.37 eV. ZnO has many
attractive bulk properties that have sparked many device applications such
as light-emitting diodes, thin film transistor, piezoelectric devices [30].

Investigating the surface properties of ZnO has been a popular research
topic for a long time because ZnO is a key heterogeneous catalyst in methanol
production. Also, ZnO is used in the rubber industry as a catalyst to ac-
celerate sulphur-induced vulcanisation, a process for improving the mechan-
ical properties of rubber [31]. Driven by the interests of understanding the
mechanism behind the catalysis with ZnO, a number of studies have been
conducted on various clean or adsorbate (H,, H,O0/—OH, O,, CO)-covered
ZnQO surfaces. Some representative experimental and theoretical studies can
be found in the 2007 review article by C. Woll [32]. The knowledge of ZnO
surfaces including surface structures [33], active (binding/reaction) sites [34],
and the structures and binding energies of adsorbates [35] provides insights
on the detail of the gas-surface interactions. For example, consensus has
been reached on two surface properties for ZnO: (1) the oxygen vacancies on
ZnO surfaces are the active sites for catalyzing methanol production from
CO/CO, and H,, and (2) clean ZnO surfaces are easily hydroxylated when
exposed to water [36]. In other words, the surfaces of ZnO tend to be hy-
drophilic.

Aimed at making contribution to the field of ZnO based gas sensor, my in-
vestigation focuses on the role of surface chemistry in the electrical responses

of polycrystalline ZnO. My study follows three main steps: ZnO synthesis,



assessment of surface and electrical properties, and testing of sensing perfor-
mances in different harsh environments at high temperature, high humidity,
and under UV light irradiation. My work concentrates on two fundamental

questions.

1.2.1 How does the capacitance of a ZnO film changes

in the presence of various gases?

Most ZnO-based gas sensors measure the DC conductance/resistance changes
triggered by gas-surface interactions. Herein, the capacitance responses of
ZnO films under AC voltage are investigated. In general, AC capacitive gas
sensors are relatively scarce in the market compared to the DC conductive
sensors (except for humidity sensors), because the generation and processing
of AC signals requires more expensive electronics [37]. However, in a previous
study, stable sensing signals could not be obtained during DC conductive gas
sensing with ZnO under ambient conditions because the baseline signal was
drifting constantly [38]. This baseline drift has been attributed to the possible
hydrolysis of ZnO surfaces induced by the DC potential [38]. Therefore, a
low magnitude and zero-biased AC voltage is used in my work in order to
reduce the impacts of electrolysis on the ZnO surfaces.

In the conductive sensing mode, a DC bias voltage (V) is applied across
the layer of polycrystalline ZnO, and the current (/) passing through the

sensing layer is measured. A sensing signal is observed when the resistance



(R) of the sensing layer is changed by gas-surface interactions [4]. This can
be expressed as:
Vv

AR=p - (1.1)

where Iy and [; are the current measured before and after gas exposure,
respectively.

Capacitance describes the amount of charge a body can store when a
given voltage is applied, and it is proportional to the dielectric constant of
the body [39]. Upon gas exposure, a sensor’s capacitance signal can result
from changes of the effective dielectric constant caused by gas molecule ad-
sorption [40]. This mechanism is believed to be the major sensing mechanism
behind the commercial capacitive humidity sensors based on porous Al,O, as
water processes an abnormally large dielectric constant [41, 42] . For semicon-
ducting MOX-based gas sensor, an alternative mechanism proposed by some
studies—which has not been accepted widely—attributes the capacitance sig-
nal to the gas-induced change in the width of depletion region [43, 44]. A
depletion region can be present at the surface of semiconductor as a con-
sequence of band bending, induced by charge transfer interaction when the
surface is in contact with other media (solid, air, water). Due to the separa-
tion of charges in the surface depletion region, it has a capacitance associated
with its width [45]. During a gas sensing event, the capacitive responses can

arise from the changes of this width induced by redox reactions at the sur-

faces [4, 12].



Investigations of this thesis focus on testing the capacitance responses of
ZnO upon exposure of various gases under various experimental conditions.
We discuss, based on our data, plausible explanations for the capacitive gas

sensing signals.

1.2.2 What are the factors that improve ZnO as a gas

sensing material?

A range of factors are known to affect ZnO capacitive gas responses, including
operating temperature, ambient humidity, target gas identity, ZnO crystal

size/shape and UV radiation.

1.2.2.1 Working temperature

It is well established that the operating temperature is a key factor in deter-
mining the gas sensing performances of MOX [6, 46]. Thus, in this thesis, ca-
pacitive gas sensing experiments with ZnO are conducted at different working
temperatures, a factor that determines the nature of the gas sensing mecha-
nism. In general, high temperatures (> 200 °C) are required for achieving the
optimal gas sensitivity for ZnO. This is because the surface oxygen species,
which are responsible for reacting with the gas analytes at the surface, only
reach the optimal reactivity at higher temperatures [4, 6, 8, 11, 46].

At room temperature (RT), gas sensing with ZnO has been reported with

inferior sensitivity [47]. It is believed that the adsorbed water on ZnO surfaces



plays a major role at room temperature. Chakrapani et al. [48, 49] proposed a
sensing mechanism that attributes the changes of surface conductivities to the
oxidation/reduction (redox) reactions or acid/base-type reactions triggered
by the the gases dissolved in the surface water layer. However, according to
this mechanism, it is less clear how ZnO might respond to VOC molecules.
For example ethanol can readily dissolve in the surface water layer without
apparent dissociation, or without triggering any redox reaction at the ZnO
surface at RT [50].

In this thesis, we conducted capacitive gas sensing experiments at differ-

ent temperatures from RT to 500 °C for various VOCs.

1.2.2.2 ZnO particle size and shape

A range of ZnO samples with various particles sizes and shapes were synthe-
sized for gas sensing tests, since we expected that the morphology of ZnO
particles would affect the sensing performances. In general, the reduction of
the particle sizes into the nanometre-region can lead to sharp enhancement
of gas sensing responses [8] because of the substantially increased surface to
volume ratios.

The shapes of ZnO particles also matter for gas sensing performance.
ZnO has polar and non-polar surfaces [51] with distinct surface chemistries.
A rule of thumb is that the polar surfaces of ZnO are more reactive than the
non-polar ones [34, 51]. To compare gas sensing behaviors between the polar

and non-polar surfaces of ZnO, particles with various shapes were synthesized



[52].

1.2.2.3 Ambient humidity

In this thesis, the effects of ambient humidity were initially studied as an
interference factor for gas sensing. However, we discovered an interesting
effect of ambient humidity that is it helps to improve the selectivity of ZnO
sensors. This finding shifted our emphasis on the role of ambient humidity
from an annoyance to a facilitator for room temperature gas sensing [47].
Furthermore, the impacts of ambient humidity on the structural stability
of ZnO were also investigated. It has been reported that the surfaces of ZnO
undergo slight dissolution when covered by a thin water layer [53], causing
the corrosion/degradation of ZnO [54, 55]. This issue is often overlooked in
other research, even though the compositional changes induced by surface
chemistry could alter the surface chemical and electrical properties, as well

as the gas sensing performances, of ZnO.

1.2.2.4 The impact of UV radiation

Gas sensing responses of ZnO can also be substantially enhanced with UV-
light stimulation [17]. Although the mechanism behind the photo-enhancement
is not fully understood, UV activation for gas sensing provides an alternative
to the conventional thermal activation strategy that requires heating of the
sensing element, and makes highly sensitive (and potentially selective) room

temperature operation possible for ZnO gas sensing. In this thesis, impacts
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of UV radiation on the electrical properties of ZnO film were studied in the
absence of target gases, as a first step toward UV-activated capacitive gas

sensing.

1.3 Thesis structure

This thesis contains eight chapters based on three main themes: material
synthesis, properties and device applications.

In Chapter 2, I review the basic theories of the experimental techniques
that I employed to characterize ZnO materials.

Chapter 3 demonstrates the synthesis and structure characterizations of
different ZnO micro- and nano-particles with size and particle shape speci-
ficity. The surface reactivity and stability of the ZnO samples are assessed,
and the results provide new angles to assess surface stability [52].

Chapter 4 presents the capacitive gas sensing results for polycrystalline
ZnO samples under ambient conditions. It shows that the moisture plays a
major role in sensing ethanol vapor by ZnO at room temperature [47].

Chapter 5 presents the results of the capacitive gas sensing experiments
conducted at elevated temperatures. We tested the sensing responses of var-
ious ZnO samples when exposed to different target gases, including ethanol,
hexane, and water vapor.

Chapter 6 gives a preliminary study of ZnO photoresponses when exposed

to UV light using both AC and DC electrical measurements.
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Chapter 7 presents a synthetic strategy for making phase selective zinc
carbonates nanoparticles by a facile solid-state metathesis method [56].

Chapter 8 includes a summary of the entire thesis. It also contains an
assessment of the contributions of my ZnO research in a broader context,

beyond gas sensor development.

1.4 Copyright and Authorship statement

The content of Chapter 3 is reprinted by permission of The Electrochemical
Society: ECS J. Sci. Technol., 3, P133, 2014. Copyright 2014, The Electro-
chemical Society, authored by Jiaqi Cheng and Kristin M. Poduska. (This
is an open access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial No Derivatives 4.0 License (CC BY-NC-
ND, http://creativecommons.org/licenses/by-nc-nd/4.0/, which per-
mits non commercial reuse, distribution, and reproduction in any medium,
provided the original work is not changed in any way and is properly cited.)
As the first author, I contributed to the collection and analysis of all ex-
perimental data, and to manuscript writing. Dr. Poduska helped write the
paper. (Section 3.8 of this chapter was not part of the original publication).

The content of Chapter 4 is reproduced by permission of The Electro-
chemical Society: FECS J. Solid State Sci. Technol., 2, Q23, 2013. Copyright
2012, The Electrochemical Society, authored by Jiaqi Cheng, Muhammad

Asim Rasheed and Kristin M. Poduska (In this thesis chapter, an additional
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section (4.7) is included for more discussion). As the first author, I con-
tributed to the collection and analysis of all experimental data, and the
manuscript writing. Dr. Muhammad Asim Rasheed, a former PhD student
in the Poduska group, contributed to the design and setup of experiment,
and to the manuscript editing. Dr. Poduska helped write the paper.

The content of Chapter 7 is reprinted with permission from Nanomate-
rials, 3, 3, 2013, authored by Jiaqi Cheng and Dr. Kristin M. Poduska.
Copyright 2013 by the authors; licensee MDPI, Basel, Switzerland. (This ar-
ticle is an open access article distributed under the terms and conditions of
the Creative Commons Attribution license, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work
is properly cited.) As the first author of this publication, I contributed to
the collection and analysis of all experimental data, and to the manuscript
writing. Dr. Poduska helped write the paper.

The reminder of this thesis is work that has not been published elsewhere.
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Chapter 2

Experimental Methods

Every sample I made for this thesis work has been carefully characterized by
a range of spectroscopic, microscopic, and electrical techniques. 1 assessed
structure, particle size/shape, surface and interface characteristics, as well
as electronic properties of my ZnO samples. Taken together, these mea-
surements give a comprehensive picture of the sample characteristics. This
chapter introduces working principles and details of the measurements, and

examples of relevant data.

2.1 Bulk structure characterization

The samples synthesized in this thesis are polycrystalline powders, which
contain a large number of particles. Bulk characterization involves a set of

measurements for identifying the crystal structure and chemical composition
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of the synthesis products because I need products with high purity.

2.1.1 Powder X-ray diffraction

Structure determination of crystalline samples was achieved with powder X-
ray Diffraction (XRD). I used an XRD facility with a Rigaku Ultima IV X-
ray diffractometer managed by the Core Research Equipment & Instrument
Training Network (CREAIT), Memorial University. The measurements were
done with the help of Dr. Wanda Aylward. Typically, ~ 1 g of dry sample
powder was spread on a sample holder for analysis.

The XRD data are presented using a plot of intensity versus angle. Fig.
2.1 shows an example of the XRD profile for a polycrystalline ZnO sample,
in which all peaks correspond to the specific crystal planes of wurtzite ZnO
(crystal planes are indexed with Miller indices (hkl)). Fig. 2.1 indicates
successful preparation of single-phase ZnO.

The book by Brandon and Kaplan [1] provides a good background for
the theory behind XRD. As a wave of electromagnetic nature, X-rays can
interact with electrons in an atom. Diffraction occurs when X-ray waves are
scattered by the three dimensional arrays of periodically arranged atoms, the
crystal lattice. Constructive interference of scattered waves, which give rise

to the diffraction peaks, can only occur when Bragg’s relation is satisfied:

n\=2- dhkl - sind. (21)
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Figure 2.1: Representative XRD plot of a polycrystalline ZnO sample. The
peaks are indexed according to the standard pattern JCPDS 36-1451 [2].

Here, n is 1 (first-order diffraction), dux is the distance between successive
crystal planes (hkl), A is the X-ray wavelength (1.54 A for my measurements),
and 6 is the incident angle. As depicted in Fig. 2.2, for diffraction to happen,
the beam path length differences (2-dpy-sinf) between planes must be equal
to an integer number of wavelengths (n\). The diffraction intensity, on the

other hand, is related to electron density within a given family of hkl planes.

In my measurements, the incident X-rays were generated by a Cu Ka
source with a wavelength of 1.5406 A. The diffraction data were collected
over a scan range of 20 to 90° in 20 with a scan speed of 6°/min and a step

size of 0.02°. After raw data collection, lattice refinements were performed
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Figure 2.2: Schematic diagram of Bragg’s diffraction from crystal planes
(hkl) with distance dpy;. For simplicity, the X-ray waves of wavelength X are
presented as arrows.

using Jade software (Materials Data Incorporated [3]) in order to obtain
accurate peak indexing and unit cell parameters. The refinement involves
a set of treatments, such as peak minimization and background correction
[4]. Finally, the crystal phase information was obtained by comparing all
peaks positions to a database maintained by the Joint Committee for Powder
Diffraction Studies (JCPDS) [2]. The data shown in Fig. 2.1 correspond to

the wurtzite ZnO structure, JCPDS 36-1451.

2.1.2 Vibrational spectroscopy

Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy

were also used as supplementary techniques for structural and compositional
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characterization. The major purpose of using FTIR on our ZnO samples is to
confirm their bulk purities. This is necessary because potential amorphous
impurities in a large quantity of ZnO cannot be picked up by XRD. Raman
was employed for phase identification of ZnO synthesis products.

FTIR works as a structural characterization tool because changes of
dipole moments during vibrations in the specimen will cause it to absorb
IR light at distinct wavelengths [5]. An Alpha FTIR spectrometer (Bruker,

L vesolu-

Billerica, MA, U.S.A.) was used to measure the sample at 4 cm™
tion. Samples were ground with KBr powder and compressed into disks (7
mm in diameter) before measurement. The purpose of the KBr, which is
inert and transparent in the IR region, is to dilute the solid sample to reduce
scattering.

Raman spectra were collected with a Renishaw inVia Raman microscope,
830 nm excitation. The Raman effect involves inelastic scattering of light
when interacting with optical phonons in solids. To be Raman active, a
vibration mode must induce a change in polarizability (the ratio of induced
dipole moment to electrical field of incident light). Raman spectroscopy
is complementary to IR owing to its sensitivity to vibrations that are not
IR active. During a Raman measurement, minimal sample preparation is

required besides laying the sample powder on a flat substrate. I used a silica

waler as a substrate due to its low fluorescence interference.
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2.1.3 Thermogravimetric analysis

Thermal stabilities of the samples were evaluated by thermogravimetric anal-
ysis (TGA). TGA monitors mass loss due to decomposition as the sample is
being heated. In this thesis, I used a TGA (Q50 TA instrument, managed
by C-CART (CREAIT) at MUN) for investigating thermal decomposition
processes of the ZnO synthesis products. Typically, less than 0.1 g of pow-
der sample was placed in a platinum weighting pan which was heated in a
furnace with precise temperature control. The plot of TGA results can take
many forms, and in this thesis, the mass loss of each sample was plotted
as a function of temperature. Moreover, TGA can also give compositional

information based on mass loss after thermal decomposition.

2.2 Size characterization

Particle size is one of the most important factors affecting gas sensing behav-
ior of polycrystalline ZnO. It determines surface area and has considerable
impact on the electronic and surfaces properties of ZnO. In this thesis, size

characterization was performed using several different methods.

2.2.1 Scherrer’s estimation from XRD data

Widths of XRD peaks contain crystallite size information, according to Scher-

rer’s equation [6]:
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Bcost

(2.2)

Here, L is the crystalline domain, A is the X-ray wavelength, B is the full
width at half maximum (FWHM), 0 is the diffraction angle. K is the dimen-
sionless Scherrer constant, a crystallite shape and size distribution related
proportionality with a value close to 1 for spherical particles [6].

Caution is required when applying the Scherrer’s equation for the crystal-
lite size analysis. The inherent peak broadening, which is caused by instru-
mental errors, has to be subtracted from the overall peak width. Therefore,
a generally accepted range of size for a valid Scherrer’s estimation is below
1 pum [6]. In Fig. 2.1, the average crystallite size estimated from the XRD

peaks for this ZnO sample is 14 + 1 nm.

2.2.2 Scanning electron microscopy

I used scanning electron microscopy (SEM) [7] to image my ZnO samples.
An example of a ZnO micrograph with 60000x magnification is shown in
Fig. 2.3. It shows a single, hexagonal bi-pyramid shaped ZnO particle. The
micrograph was acquired with a FEI Quanta 400 high resolution field emis-
sion scanning electron microscope. Michael Shaffer at CREAIT (Memorial
University), helped with image collection. Prior to imaging, my ZnO samples
were sputtered with a thin coating of conductive carbon. This treatment is

necessary for samples with low conductivities, such as ZnQO, since unwanted
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Figure 2.3: Representative SEM micrograph of an hexagonal-bipyramid
shaped ZnO particle.

charge accumulation on the sample surface can devastate the image quality
and reduce resolution of the image. Additionally, a graphite substrate was
used in order to ground the sample. Nevertheless, even with all aforemen-
tioned efforts, the resolution was still limited to ~ 100 nm. This means that

we did not get clear images for our smallest ZnO particles.

2.2.3 Dynamic light scattering

As a widely used size characterization technique, dynamic light scatter-

ing (DLS) takes advantage of Brownian motion of particles suspended in
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a fluid [8]. DLS remedies the inadequacy in size assessment using XRD peak
width or SEM. For XRD, in addition to the limited applicability of Scher-
rer’s equation, the approximate crystallite size is not necessarily equivalent to
the actual particle size because an individual particle often contains multiple
crystallites. For SEM, the images obtained for a tiny portion of samples may
not reflect the real size distribution of the entire sample. Moreover, limited
by the resolution of SEM, ZnO samples with particle sizes smaller than 100
nm can be identified.

One can refer to Chu’s book for the science behind DLS [8]. Briefly:
when light is shone on a colloidal suspension, the intensity of scattered light
fluctuates due to the randomly moving particles in solution. Such intensity

fluctuation is then incorporated into a correlation function [8]:
1 (T
Gra) = 7 [ 1) I(t +7.) dr, (2.3)
0

where G(7) is the correlation function, (¢) is the scattered light intensity at
a time t, and 7, is the correlation time that is defined as the time interval
with a typical range from hundreds of microseconds to milliseconds. Accord-
ing to this relation, in a Brownian system, the correlation function decays
exponentially as the correlation time increases (Fig. 2.4a). The rate of this
decay is proportional to particle sizes. It is worth noting that the particle
size obtained by DLS represents a hydrodynamic size of particle, which is a

spherical approximation.

31



I ran the DLS measurements using a Malvern Nano S Zetasizer with dual
capabilities for DLS analysis and zeta potential measurements. Thanks to
Dr. Valerie Booth in the Department of Biochemistry, Memorial University,
for providing access to the instrument. The results from DLS are presented
in a form of size distribution histogram (Fig. 2.4b). A typical size mea-
surement with this instrument typically requires less than 5 min. Before the
measurements, ~ 1 mL of suspension with particle concentration of 50 mg/L
was sonicated for at least 30 min, in order to break apart the conglomerates.
The ZnO samples were dispersed in acetone as other media caused either

severe conglomeration or dissolution of the ZnO particles.

2.3 Surface structure characterization

Gas sensing responses are triggered by gas-surface interactions. Thus, know-
ing the surface characteristics of ZnO has been a major task in my thesis
investigation. I used several surface sensitive techniques to probe various
surface features, such as surface area, surface chemical composition, and sur-
face charge. The data obtained from these techniques are informative for
deducing mechanisms behind the gas sensing performances by ZnO under

various operating conditions.
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Figure 2.4: (a) Raw correlation function diagram of two ZnO samples with
different average particles sizes and (b) the corresponding size distribution
histogram.
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2.3.1 X-ray photoelectron spectroscopy

Surface composition analysis was performed using X-ray photoelectron spec-
troscopy (XPS). XPS can provide information about (1) surface elements
identities (except for H and He), (2) quantitative concentrations of the ele-
ments, and (3) chemical states of the elements [9]. My ZnO samples were
sent to Dalhousie University (Halifax, NS, Canada) for XPS measurements.
Data collection and preliminary analysis was done by Dr. Zeynel Bayindir
with a VG Microtech MultiLab ESCA 2000 instrument.

Peaks show up at different binding energies in a typical XPS plot (Fig.
2.5). Each peak corresponds to electrons dislodged from a core level orbital.
For ZnO, the O Is and Zn 2p3/; electrons give rise to the major peaks on
a XPS spectrum, due to high cross section of the emissions from these two
orbitals. In Fig. 2.5, shifts of the binding energy for O Is peaks indicate
different bonding environments for different types of surface oxygen. The
peak positions and relative intensities were confirmed through peak fittings
using Gaussian functions.

The theory of XPS can be found in van der Heide’s book [9]. The pre-
decessor of XPS is the photoelectric effect. When light is absorbed by an
atom, electrons would be emitted from the atom if the energy of the incident
photon is greater than the binding energy of electron to an atom. The en-
ergy difference is then transferred to kinetic energy of the dislodged electron.
XPS works according to the same principle in that the interactions between

the X-ray photons and the core-level electrons in the atoms would trigger
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Figure 2.5: Representative XPS peaks showing binding energies related to
O 1Is electrons near the ZnO surface. Overlapping peaks are fitted with

Gaussian functions. The raw data was collected by Dr. Zeynel Bayindir at
Dalhousie University.
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emission of electrons from the atoms. Although the penetration depth of
X-rays is typically several micrometers, XPS is a true surface sensitive tech-
nique because only those photoelectrons close to the sample surface can gain
sufficient kinetic energy to escape from the sample and be detected. Hence,
XPS reveals information of the sample’s surface region with a depth of ~ 5
nm. This makes XPS a superior surface technique to energy-dispersive X-ray
spectroscopy (EDX), which is built into in the FE-SEM. EDX has excessive
sample penetration depth (> 500 nm) induced by the high energy electrons

from the scanning electron beam.

2.3.2 Surface zeta potential measurement

Surface charge also holds clues about surface reactivity. Most particulate
surfaces are electrically charged when suspended in solution. In general,
the particle surface charge in solution could originate from either surface
dissolution or adsorption of foreign charged species [10]. One way to quantify
the surface charge is to measure zeta potential ({), which arises from the
charge difference across the diffuse layer [10]. As illustrated in Fig. 2.6,
a charged particle surface in solution attracts a thin layer of counter-ions
(Stern layer) that travels with the particle. Beyond the outer edge of Stern
layer, the ions diffuse across a diffuse/slipping layer into solution bulk where
the net charge is zero.

The sign and magnitude of ( is strongly influenced by several factors,

including solution pH, solution ionic strength, as well as functional group at
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Figure 2.6: Schematic diagram of charge distribution for a negatively charged
spherical particle dispersed in solution.
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the particle surface. For my uncoated ZnO samples, the { investigation was
focused on the effects of suspension pH. We found that the ( of suspended
ZnQ particles varies with medium pH. At a pH around 9 to 10, the isoelectric
point—characteristic to the ZnO surface-solution equilibrium—is reached,
where the ( registers a zero value.

Electrophoresis is the most common method to measure ¢, based on par-
ticle mobilities in an electric field. Measurements were done with the same
instrument used for DLS analysis (Malvern Nano S Zetasizer). The parti-
cle suspensions were prepared by the same procedure as size measurement,
except that two parallel metal plates separated by 5 mm were inserted into
the suspension. During a measurement, an electrical field was generated
by applying a potential (up to 100 V) across the space between the two
plates, driving the particles to move. Finally, ( was computed from the

electrophoretic mobility of particles, according to Henry’s equation:

Up = QECJ;;K“) (2.4)

Here, Ug is the electrophoretic mobility, € and 7n are the dielectric constant
and viscosity of the medium, respectively. The Henry’s function f(Ka) is
related to the thickness of the Stern layer, which takes a value of 1.5 in
my case when large € medium, such as water, is used. In contrast, f(Ka)

approaches 1 for most non-polar media [11].
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2.3.3 Gas adsorption surface area measurement

Surface areas of ZnO samples were assessed by gas adsorption measurements
based on Brunauer-Emmett-Teller (BET) theory. BET theory states that
material surfaces can adsorb multi-layers of external gaseous molecules; and
relative pressure of the gases in the environment after the adsorption is pro-
portional to the specific surface area of the material. This relation leads to
BET equation [12]:

1 _Ceer—1.p 1

o[wo/p) =11~ om-Copr'pe " om-Comr (2.5)

where pq is the vapor pressure at saturation, p is the actual vapor pressure
at the solid-gas equilibrium, v is the adsorbed gas quantity (in this case,
volume) and v, is the volume of adsorbed gas molecules forming monolayer
on the solid surface, which gives rise to the surface area, and Cggr is the
BET constant related to the heat of adsorption.

Samples were sent to Dr. Aicheng Chen’s research group at Lakehead
University (Thunder Bay, ON, Canada) for N, adsorption measurements.
Then BET theory was applied to obtain surface areas of the powdered sam-
ples. The measurements and BET analyses were done by J. Wen. The results
were plotted in the form of 1/v[(py/p) — 1] as a function of p/py with a mea-
surement range 0.1 < p/py < 0.30 (Fig. 2.7). This typical range was chosen
because a linear relationship in the isotherm is expected in this low pressure

region [13]. The values of v,, and Cpgr can be calculated by finding the slope
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kulti-Paoint BET Plot

Figure 2.7: Multi-point BET plot of N, adsorption for ZnO nanoparticles.
Collected and plotted by Dr. Aicheng Chen’s research group at Lakehead
University.

and intercept from least-square fit. The final surface area was then obtained

after correcting the v, with molecular volume of N,,.
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2.4 Electronic properties

After the careful structure, size and surface characterizations, electronic
properties of the ZnO particles were investigated. This section provides an

overview of the techniques used for the electronic properties study.

2.4.1 Diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy (DRS) measures direct electronic band gap
of ZnO. DRS works based on a principle that photon with energies greater
than ZnO band gap will be absorbed. The absorption will result in an energy
cutoff on a spectrum recording the reflected photons from sample surfaces.
Measurements were conducted using a Model DT 1000 CE UV-Visible light
source (200-800 nm, Analytical Instrument Systems), in conjunction with an
Ocean Optics SD2000 system for data collection and analysis. A reference
sample of 100% reflectance was used to calibrate the system before measure-
ment. The band gap energy is often determined according to the absorption
edge that is equivalent to the wavelength at which the reflectance spectra
starts rising [14] (Fig. 2.8a). However, we use the peak position obtained
from the differentiation of the raw reflectance data (Fig. 2.8b) for the band
gap value, since the values obtained this way have shown higher consistencies

with transmission mode [15].
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Figure 2.8: (a) Representative UV-Visible diffuse reflectance spectrum of
ZnO nanoparticles and (b) corresponding differentiation of the raw spectrum.
In (b), the dashed line indicates where the band gap value is extracted.
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2.4.2 Current-voltage characteristics of ZnO film

Current (I)-voltage (V') characterization evaluates qualities of the electrodes
in contact with ZnO film. An I-V measurement is performed by sweeping a
DC potential across ZnO film and recording electrical current. This was done
using a Princeton Applied Research (PAR) EG&G Potentiostat (Powersuite
interface) or Hokuto Denko HA 501 potentiostat (Labview interface) with
sweeping voltage between -2 V to 2 V and a rate of 10 mV/s. The [-V
relationship reveals basic electrical behavior—Ohmic or non-Ohmic—of the
system. An ideal contact between an electrode and the ZnO film should
show an Ohmic behavior such that the current passing through the material

increases linearly with the increasing bias, according to Ohm’s law:

V=IR (2.6)

As a result, resistance of an Ohmic system can be obtained from slope of a
straight line of the I-V relationship.

In contrast to the Ohmic behavior, any deviation from the linear -V
relation, i.e. resistance is not constant when applied potential varies, displays
a non-Ohmic behavior which is typical for electronic devices such as diode.
I checked for Ohmic behavior as a sign of good contact between my ZnO

samples and the electrical measurement devices.
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2.4.3 Electrochemical impedance spectroscopy

Beyond -V characterization, a more in depth knowledge of a material’s
electrical responses can be reached using electrochemical impedance spec-
troscopy (EIS). EIS is powerful for probing the complex nonlinear process in
a system by applying a low-amplitude sinusoid AC potential to the material
and monitoring the current-voltage relations as a function of AC frequency.

The basic concept of EIS can be found in the book by Barsoukov and
Macdonald [16]. When a sinusoidal potential is applied to sample at steady
state, the instantaneous voltage (v) and current (i) at a certain point of time

(t) can be expressed as:

i(t) = Iysin(wt 4+ 0) = Iexp(jwt — 0) (2.7)

v(t) = Vipsin(wt) = Vipexp(jwt) (2.8)

where V,,, the voltage at maximum amplitude, w is the angular frequency, I,
is the maximum amplitude of current and 6 is the phase difference between
current and voltage in radians. The impedance as a function of angular

frequency (Z(w)) is obtained by dividing v(t) by i(t):

Vimexp(jwt)

Z(w) = = Zexp(jw) = Z(cos0+ jsinl) = Ze + j Zim (2.9)

Iexp(jwt — 0)

where Z(w) is a complex quantity. It is composed of real and imaginary

parts that can be expressed in Cartesian form. 6 represents the phase shift
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between the input voltage and measured current. Z,. is the resistance (R).
Zim 1s the reactance (X) that takes negative value in the absence of induction
effect and it is inversely proportional to capacitance of the sample.

An EIS spectrum can be represented in various forms. The most com-
monly used options are Bode and Nyquist graphs. Bode plots show the
impedance quantities against frequency so that the frequency dependent-
behavior of the quantities under examination can be clearly displayed (Fig.
2.9a). A Nyquist graph, on the other hand, shows the imaginary part of the
complex impedance (y-axis) against the real part (z-axis) at various frequen-
cies. As shown in Fig. 2.9b, each point represents Z;,, and Z,. values for the
system at a given frequency that decreases from left to right across z-axis.
Although visualizing frequency responses may not be easy, Nyquist plot is
an useful representation as it displays other key parameters such as |Z]| and
6.

Nyquist plots come in handy when modeling the EIS spectra with an
equivalent electrical circuit (This was done using freeware EIS Spectrum
Analyser [17]). The modeling serves the purpose of decoupling various elec-
trical components (resistor, capacitor) in the non-linear system and helps
us deduce the likely physical/chemical origin of electrical responses of the
system [16]. For example, a perfect semicircle in the Nyquist plot, as shown
in Fig. 2.9b, is characteristic to a simple paralleled RC' circuit (Fig. 2.9b
insert). The R and C values obtained from the modeling are 87 k{2 and

400 pF, respectively. For a Nyquist plot with shapes deviated from the per-
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fect semi-circle, more components should be added into its equivalent circuit.

This is demonstrated in Chapter 6.

2.5 Gas sensing measurement

Films made of polycrystalline ZnO were utilized as gas sensors, whose capac-
itance variations were monitored after exposure to target gases. This section

provides details about the gas sensing experiment.

2.5.1 Assembly of sensing film

The films of polycrystalline ZnO were made through a simple drop casting
method: a slurry of as-prepared ZnO powder (0.10 g dispersed in 2 mL of
acetone and sonicated for 30 s) was slowly poured onto, and spread evenly
over a conductive substrate. Various substrates were used including stainless
steel strips, aluminum strips (both were mechanically polished to remove the
surface oxide layer), and indium tin oxide (ITO) glass slides. Prior to depo-
sition, each substrate was washed several times with ethanol and deionized
water, and sonicated for 30 min in deionized water. A sandwich-structured
sensor with a ZnO middle layer was constructed: the substrate served as one
electrode, and a second substrate of the same material was overlaid on the

ZnO film.
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Figure 2.9: (a) Bode and (b) Nyquist representations of EIS spectra for a
ZnO film over a frequency range of 107! to 10° Hz. In (b), the raw data
were fitted with a circuit model of a single resistor and capacitor in parallel
(insert). The arrow indicates the direction of increasing frequency. The
representations of |Z| and 6 are also sketched.
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2.5.2 Gas testing apparatus

We built a simple room temperature gas testing apparatus, as illustrated in
Fig. 2.10. The sensor was placed inside of a sealed (25 cm x 25 cm %25
cm) chamber. Electrical connections were made between the sensor and a
inductance-capacitance-resistance (LCR) meter (National Instruments) that
was located outside the chamber. Prior to use, relative humidity (RH) lev-
els inside of the test chamber were controlled and modified using different
saturated salt solutions. This was done by placing 150 mL of saturated salt
solution in the chamber because each saturated salt solution yields a distinct
and characteristic relative humidity at 22 °C: CH;CO,K (20 £ 2%), K,CO,
(45 £ 2%), or KNO4 (90 + 2%) [18]. Before initiating the gas detection mea-
surements, one of the aforementioned salt solutions was kept in the chamber
for 2 h to reach the intended equilibrium RH.

Gas sensing experiments were also conducted at high temperatures (100
°C to 500 °C). To construct a high temperature gas testing system, aluminum
plates were used to make electrical contacts with the ZnO sensing layer. The
sensor was placed in a tube furnace (Lindberg/Blue 1500 °C, Thermo Scien-
tific) with programmable temperature. At elevated temperatures, humidity
levels in the tube were not deliberately controlled and were assumed to be

near 0 RH.
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Figure 2.10: Schematic diagram of the humidity-controlled sensing experi-
ments (not drawn to scale) operated at room temperature.

2.5.3 Gas concentration calibration

Target gas was collected from vapor above the liquid of the analyte with
a syringe. The concentration (mole fraction) of gas was estimated through
partial vapor pressure of the pure analyte under ambient condition. For
example, to collect ethanol vapor, 10 mL of anhydrous ethanol liquid was
sealed in a 50 mL flask. Assuming the gas molecules behave ideally, we
estimated the mole fraction of the ethanol vapor inside the flask according
to Dalton’s law [19]:

— (2.10)

Here, p is the vapor pressure of ethanol (5.95 kPa at 22 °C) and p, is the
atmospheric pressure (1 atm = 101.325 kPa), and n is the mole fraction (~
0.06) of ethanol vapor. Further dilution of the analyte vapor was achieved
by drawing air into the syringe. Using this method, the humidity level of

the target gas was also controlled by mixing the vapor with air of various
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humidities.

Although this method of gas concentration determination does not pro-
vide high precision, stable sensing responses were achieved to various gases
calibrated by this method (Chapter 4 [20] and Chapter 5). It is also worth
noting that our vapor pressure based method is a more conservative way for
gas concentration estimation than some methods adopted by others [21]. For
example, in an experiment by Zhou et al., a drop of ethanol liquid was evap-
orated in a seal chamber, and the gas concentration was assumed as a ratio
of the liquid volume to the volume of the chamber [21]. Nevertheless, we
believe that directly using the volume of a liquid analyte to approximate the
gas concentration is a vast overestimate because the liquid volume is greatly

smaller than the volume of same number of molecules in gas phase.

2.5.4 Target gas exposure

Room temperature sensing experiments were initiated by injecting 20 mL
of target gas mixture into the chamber in close proximity to the sensing
film. Given the large chamber volume relative to that of the injected gas,
multiple injections could be executed without interference from one injection
to the next. For high temperature gas sensing, 100 mL of target gas was
injected into the tube placed in the furnace, then the gases were released
by opening the ends of the tube. Sensing responses for the ZnO films were
assessed by measuring capacitance changes at 3 kHz with an applied AC

RMS voltage of 50 mV at zero bias (National Instruments LCR meter with
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Figure 2.11: Schematic diagram depicting the vapor collection process.
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PXI-1033 interface).
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Chapter 3

Ambient Degradation of ZnO
Powders: Does Surface Polarity

Matter?

Reproduced with permission from The Electrochemical Society [1].

3.1 Abstract

Comparing different synthesis methods to investigate ambient degradation
differences among ZnO crystals with different crystal habits, we examined
the effects of particle size, surface area, shape (surface polarity), and zeta
(surface) potential. Neither surface polarity nor surface area, on their own,

can account for the differences in the surface carbonation among differently
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synthesized ZnO samples. Our results demonstrate that surface dissolution
and carbonation tendencies must be considered together, in the context of
surface polarity, to explain different propensities toward degradation in ZnO

powders.

3.2 Introduction

The surface reactivity of ZnO makes this material appealing for technological
applications such as UV photodetection and electrical sensors [2, 3], but it
also makes it prone to instability and degradation over the long-term. This
aging problem can have a strong adverse effect on the material’s optical,
electrical, and mechanical properties [4, 5], and it is especially pronounced
in materials with high surface area [6]. Even though there is a large body
of literature related to tailoring the size and morphology of ZnO toward
enhanced functionality, very few studies have investigated how these factors
affect the material’s long term stability.

When ZnO is immersed in water, a soluble Zn(OH), layer is formed on
the particle surface via chemisorption or physisorption of hydroxyl [7, §].
The rate of ZnO dissolution is then controlled by the equilibrium established
between Zn(OH),;) and species (e.g. Zn**(,y), Zn(OH)" (4, depending on
pH) in the solution phase. A generally accepted trend is that the particle
dissolution rate increases with reduced particle size due to increasing surface

area [4]. However, to our knowledge, no study has taken into account the
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particle shape effect on the dissolution rate.

The ambient instability of ZnO is also well-known in the context of corro-
sion studies on galvanized metallic zinc coatings [9-11]. The oxidation layer
of ZnO that forms on a Zn metal surface can react readily with ambient
CO,, moisture, and other airborne gaseous species. It is generally accepted
that Zn corrosion involves surface dissolution of ZnO due to a thin surface
water layer that is acidified by dissolved atmospheric CO,. This dissolution
and carbonation sequence converts ZnO into Zn;(OH)4(CO,), (hydrozincite,
abbreviated here as ZHC). This ZHC layer is electrically insulating, unlike
the semiconducting behavior of its ZnO precursor.

Despite its role in metal corrosion, there are few atmospheric degrada-
tion studies of ZnO. Several recent reports focused on the stability of high-
temperature-grown nanowires [12, 13]. After prolonged exposure to humidity
and CO,, ZHC bunches were first observed in electron microscopy studies of
thermally deposited ZnO nanowires. Subsequently, second harmonic genera-
tion spectroscopy on similarly prepared samples showed the growth patterns
of ZHC forming on single ZnO nanowires [13]. There remains a lack of data
on the degradation tendencies of ZnO prepared by liquid-based methods, at
lower temperatures, and/or with other crystal habits, even though there are
numerous reports of new synthesis methods for more economical synthesis of
ZnO by using these strategies.

One factor that makes nanowires different from other shapes of ZnO crys-

tallites is that this morphology tends to expose predominantly non-polar
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faces, as shown schematically in Fig. 3.1. Rod-shaped ZnO is regarded as
the most stable shape of ZnO because of its many low energy non-polar
facets [14]. In contrast, for a pyramid shaped particle all facets exposed on
ZnO pyramid are high-energy polar surfaces.

In this work, we explore the role that surface polarity can play in regulat-
ing surface carbonation in ZnO powders, since the presence of an electrically
insulating carbonate can have dire consequences for using ZnO in electronic
or optical device applications. Different synthesis methods facilitate our in-
vestigation of ambient degradation rates of bare ZnO crystallites with dif-
ferent crystal habits, examining factors including particle size, surface area,
shape (surface polarity), and zeta potential. Our results demonstrate that
surface dissolution and carbonation tendencies are closely linked in ZnO,
while surface area and polarity alone are not necessarily the most diagnostic

parameters for predicting degradation tendencies.

3.3 Experimental

3.3.1 Synthesis

We utilized several distinct synthesis strategies to produce either faceted
or mixed polarity (irregularly shaped) crystallites, while avoiding organic
surfactants and other surface stabilizers. All reagents were analytical grade
and used as received.

Predominantly polar-faceted MS-ZnO particles with pyramid shapes
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Figure 3.1: Schematic illustration of different polar and non-polar faces for
ZnO. The conventional hexagonal rod (left) has many low energy (1010) non-
polar facets exposed, while the hexagonal pyramid shape (right) presents
polar (1011) facets. In both illustrations, the basal face is polar (0001).
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were prepared by a molten-salt-assisted route, adapted from methods re-
ported by others [15, 16]. In our experiments, Zn(O,CCH;),-2H,0 (Cale-
don) at 1 mmol was mixed well with 0.1 mol of LiNO, (Aldrich) in an alumina
crucible for ~ 6.5 g total mass. The mixture was heated in air at 500 °C
for 1 h, then removed from the oven and cooled in air. Excess LINO; was
removed by washing and filtering the products many times with ultrapure
water until the filtrate pH approached 7.

Predominantly non-polar-terminated MA-ZnQO particles were rod-like,
and were prepared using a solvent-free solid-state metathesis reaction [17]
followed by annealing. In powder form, NaOH (EM Science) and ZnCl,
(Caledon) salts were ground together in 2:1 ratio. A self-sustained exothermic
reaction that produced ZnO was triggered after about 2 min of grinding. The
byproducts were removed by intensive washing and filtering with ultrapure
water until the pH of the filtrate approached 7. The remaining product was
then oven-dried at 85 °C in air and then heated for 8 h in air at 500 °C,
which is well below the melting point of ZnO (2248 K).

Irregularly shaped M-ZnO particles were prepared identically to the MA-
ZnQO particles described above, but without the annealing step.

Smaller-sized irregularly shaped ST-ZnO, was prepared solvothermally
by refluxing 50 mM Zn(O,CCH,),-2H,0 (Caledon) with 50 mM NaOH
(EM Science) in ethanol for 6 h at 80 °C, adapted from a method reported
by others [18]. The resulting white precipitate was washed several times with

ultrapure water and separated wvia centrifugation before oven-drying at 85
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°C in air.

3.3.2 Material characterization

Crystalline phases and their average domain sizes were assessed by powder
X-ray diffraction (PXRD; Rigaku Ultima IV X-ray diffractometer with Cu
Ka at 3°/min, step size 0.02°; lattice constant refinements from Jade soft-
ware (Materials Data Inc.)) and compared with JCPDS [19] data. Particle
size distributions were also measured with dynamic light scattering (DLS;
Malvern Nano S Zetasizer, measurement range: 0.3 nm to 10.0 pm). Parti-
cles shapes were determined from scanning electron microscopy images (SEM,
FEI Quanta 400). The surface areas of the samples were evaluated by the
Brunauer-Emmet-Teller (BET) method at a relative pressure ratio of 0.1-
0.35. The band gaps of the samples were examined with Diffuse Reflectance
Spectroscopy (DRS) using a Model DT 1000 CE UV-Visible light source
(200-800 nm, Analytical Instrument Systems), joining with an Ocean Optics
SD2000 system.

Surface compositions for fresh samples were investigated with X-ray Pho-
toelectron Spectra (XPS) data collected with a VG Microtech MultiLab
ESCA 2000. Zeta potentials were measured in aqueous solutions: 5% v /v
of freshly made ZnO samples were immersed in ultrapure water that had
been prepared at either an initial pH 5 (using HCI) or initial pH 11 (us-
ing NaOH). The suspensions were sealed and then magnetically stirred for

24 h and sonicated for 1 h prior to measurements (Malvern Nano S Zeta-
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Approach (label) Size (nm) Surface area (m?g~!) mean size change (%)

Molten-salt-assisted (MS-ZnO)  1000+£500 4.240.3 -10 £ 2
Annealed metathesis (MA-ZnO) 400100 2.840.3 -15+5
Metathesis (M-ZnO) 100450 3.4+0.3 -90 £ 20
Solvothermal (ST-ZnO) 20+£10 9.440.3 -50 £ 10

Table 3.1: Comparisons of ZnO sizes (from DLS data) and surface areas
(from BET measurements), and changes to mean particle size after exposure
to acidic solution (pH 5).

sizer). The pH of solution changes immediately after the addition of ZnO
particles, and stabilizes at a new value after a few hours. We refer to this
stabilized value as the aged pH. The aged pH values of the suspensions were
also recorded. Qualitative assessments of sample dissolution were compared
through the hydrodynamic diameters of particles equilibrated under acidic

conditions and alkaline conditions.

3.4 Results and Discussion

3.4.1 Bulk characterization

XRD data (Fig. 3.2) show that all of the different synthesis methods yield
Zn0O as the only crystalline product. In each case, all diffraction peaks can
be indexed to wurtzite-type ZnO (JCPDS 36-1451) and no secondary phase
is present. However, the particle sizes and morphologies are quite different
among the four different products, as shown in Fig. 3.3 and summarized in
Table 3.1.

The molten-salt-assisted growth (MS-ZnO) produced the largest particles,
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Figure 3.2: Representative XRD data for ZnO prepared by four different
synthesis methods. In each case, all diffraction peaks can be indexed to
wurtzite-type ZnO (JCPDS 36-1451).
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Figure 3.3: Representative SEM images of freshly made (a) M-ZnO (b) MA-
ZnO and (c¢) MS-ZnO with distinct shapes. In each image, the scale bar
represents 200 nm.
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exhibiting hexagonal pyramid shapes that were often twinned at the base
(Fig. 3.3c). Others have suggested that the excess Li* present in the molten
salt during crystallite growth can electrostatically passivate the polar 1011
faces to slow their growth rate, since heating in the absence of molten LiNO4
yields a conventional rod shape.

The metathesis-produced M-ZnO has irregular crystallite shapes (Fig.
3.3a), which is not surprising in light of its extraordinarily fast crystallization
time (~ 1 min). Others have attributed irregular particle shapes to the lack
of solvent in this solid-state method that would promote diffusion-related
crystal ripening [20]. After annealing, the MA-ZnO particle size increases
relative to M-ZnO, and it also transforms into a rod-like shape (Fig. 3.3b).

Solvothermal methods (ST-ZnO) produce the smallest particles (20 +
10 nm), based on DLS data and Scherrer analyzes of XRD peak widths
(Table 3.1). This method of refluxing zinc salts and OH ™ in an alcoholic
medium is one of the most commonly employed methods for making ZnO
nanocrystals [18, 21-24]. The lower solubility of the precursor salts (such as
ZnCl, or Zn(O,CCH,;), - 2H,0) in alcohol relative to aqueous media would
presumably lead to both faster nucleation and slower ripening, but this has

not yet been studied in detail [14].

3.4.2 Surface characterization: short-term degradation

XPS reveals information of the surface compositions of freshly made samples

(Fig. 3.4). Gaussian fits to the O 1s spectra (Fig. 3.4a) yield up to three

66



(a)

g

530.7 53).2
1.0 MA-ZnO 1.0
_ 0.8 - _ ST-ZnO
3 0.8 § 0.8 5335
506+ A g 06-
g 0.4 1 g 0.4 -
2 0.2+ 2 0.2
c %,,., o S
§ 0.0 8 0.0 &
T T T T T f T T T
528 530 532 534 536 530 532 534 536
Binding Energy (eV) Binding Energy (eV)
(c) " (d) e
584.4 1
1.0 532.4 MS-ZnO
80 8 i ) 1 .0 - 53p. M-ZnO
g 0.8
‘506 - g 0.6 -
20.44 0.4
£0.2 0.2
30.0 \\‘ 8 0.0+ S
T /I T T T T /| T \I T
530 532 534 536 538 530 532 534 536 538
Binding Energy (eV) Binding Energy (eV)
(e)

I I I I I |
© 1016 1018 1020 1022 1024 1026 1028
Binding Energy (eV)

Figure 3.4: XPS data for (a,b,c,d) O 1s, and (e) Zn 2p,/3 for fresh ZnO
synthesized by different methods.
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Figure 3.5: Zeta potentials of ZnO samples with respect to solution final
pHs drifted from preset value at pH=5.0 and pH=11.0, the arrows indicate
direction of pH drift.
peaks: 530.7 eV corresponds to lattice O in ZnO, 533 eV is due to O from
surface hydroxides (OH), and the peak at 534 eV is from O from carbonate
species [25]. No evidence of carbonates was present for either MA-ZnO or
ST-ZnO. The Zn 2p,/3 peak was centered on 1021.7 eV to correspond with
the usual 2+ oxidation state for Zn [26]. There were slight variations in the
peak width for Zn 2p, 3, with M-ZnO the largest and ZnO-MA the narrowest.
To probe surface differences in an aqueous environment, the zeta potential
for each kind of ZnO preparation was measured as a function of aged pH of

the suspensions (Fig. 3.5). There are two distinct groupings. Suspensions
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that started with pH 11 showed only slight increases in acidity with aging
(pH > 10) and had large negative zeta potentials (-40 to -60 mV). These
large zeta potentials are consistent with earlier reports that have shown that
ZnO displays good colloidal stability at alkaline pH values [8]. However,
suspensions with an initial pH =5 aged to considerably more alkaline values
(6.5-7.5) and displayed positive zeta potentials with smaller magnitudes (410
for most, with M-ZnO at +22 mV). The lone exception to this trend is MS-
Zn0O, which shows a negative zeta potential that is uncharacteristic for ZnO
(whose isoelectric point ranges from 8.5 to 10.5). This anomaly is likely due
to surface carbonation: XPS data (Fig. 3.4) shows clear evidence of this in
MS-ZnQO, and carbonates such as ZHC have been reported to have a negative
zeta potential in this pH range [27].

The pH shifts in aged suspensions are a result of different degrees of sur-
face dissolution to equilibrate with the aqueous environment. A qualitative
comparison of the relative dissolution tendencies emerges by comparing the
mean hydrodynamic particle sizes after equilibrating in either the acidic (ini-
tial pH 5) or basic (initial pH 11) water (Table 3.1). In all cases, the mean
particle size from more alkaline suspensions is consistent with the particle
sizes extracted from XRD peak widths. Also true in all cases is that the
more acidic suspensions show smaller particle sizes, as expected. However,
there is considerable variability in the extent of the size reduction, with the

most severe dissolution occurring for M-ZnO.
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3.4.3 Long-term atmospheric carbonation

To investigate the long-term ambient carbonation of ZnO, 200 mg of each
sample was placed in a sealed chamber (500 mL volume) with opaque walls
to prevent photolysis [5]. The relative humidity (RH) inside the chamber
was maintained at 93 + 2% at 22 °C with the equilibrium vapor pressure
of a saturated KNO, solution [28]. High CO, concentrations were achieved
by sublimating 50 mg of dry ice in the chamber. All samples were stored
under high humidity and CO, conditions for 2 weeks prior to the degra-
dation assessments. The degradation products were assessed with Fourier
transform infrared spectroscopy (FTIR; Alpha spectrometer (Bruker, Biller-
ica, MA, U.S.A.) at 4 cm™! resolution on powdered samples dispersed in a 7
mm diameter KBr pellet). FTIR is an effective method to assess the extent
of ZnO carbonation because it identifies both crystalline and poorly crys-
talline phases, without introducing heating effects that could alter the atmo-
spheric carbonation product. Separate thermal decomposition experiments
were conducted with a Q500 thermogravimetric analyzer (TA Instruments,
New Castle, DE, U.S.A.) using a Pt pan to 600 °C at 20.00 °C/min under
40.0 mL/min N, gas flow).

The differences in short-term carbonation and dissolution that appear in
XPS data (Fig. 3.4 and DLS data (Table 3.1)) are amplified when long-
term degradation changes are monitored. Fig. 3.6a shows representative
FTIR spectra for freshly made samples. With all four syntheses, only the

7Zn-0 lattice modes (a broad peak near 450 cm™!) are apparent, which is
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Figure 3.6: Representative FTIR spectra for (a) fresh samples and (b) sam-
ples aged for 30 days in a high CO, and high humidity environment.
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consistent with the XRD data shown in Fig. 3.5. In contrast, after 30 days
of exposure to CO, and high humidity, there are many new spectral features
(Fig. 3.6b). Carbonate vibration modes due to ZHC appear between 1380
and 1510 cm ™!, while the peak near 950 cm~! has been attributed to a Zn-OH
distortion [29, 30]. ST-ZnO and MA-ZnO show exclusively ZnO, MS-ZnO
shows moderate ZHC formation with substantial ZnO remaining, while M-
ZnO shows complete conversion to ZHC. We note that the trends for higher
amounts of the ZHC decomposition product in the FTIR spectra correlate
well with wider Zn 2p, /3 peaks in the XPS data.

To confirm the transformation from ZnO to ZHC, product from the most
degradation prone preparation method (M-ZnO) was confirmed with addi-
tional FTIR measurements to monitor relative intensity changes of the Zn-O
lattice mode and carbonate modes (Fig. 3.7a), and with TGA weight loss
data (Fig. 3.7b). After 30 days of exposure, TGA data on the degradation
product compare well with the expected theoretical weight loss of 25.5% for

complete ZnO conversion to ZHC [31].

3.5 Discussion: controlling factors for surface
reactivity

It is clear that different preparations of ZnO lead not only to distinct particle
morphologies, but also to different carbonation tendencies in the ambient

and when exposed to wet and CO,-rich conditions. For reasons explained
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below, polar surfaces alone cannot be sufficient to explain the differences in
the time evolution of the atmospheric degradation. We propose that surface
dissolution, influence by surface polarity, is a key factor that affects the extent
of carbonation in these materials.

We observe that on only two of the freshly made types (M-ZnO (irregu-
larly shaped) and MS-ZnO (polar faceted)), a thin layer of ZHC forms soon
after synthesis. This layer can be detected with XPS (5-10 nm depth probe)
but is not present in a large enough quantity for FTIR detection (sensitive
to < 1% of bulk). Interestingly, it is the zeta potential measurements that
highlight an important difference in the way the carbonate layer behaves on
these two different ZnO preparations. On the polar MS-ZnO, the carbonate
appears to be preserved under mildly acidic pH conditions, as suggested by
the negative zeta potential of MS-ZnO from initially acidic aged suspensions
and the small decrease in mean size. On the other hand, M-ZnO has a zeta
potential consistent with pure ZnO and shows a very dramatic size decrease.

The differences in the extent of size decrease do not correlate well with
original particle size, but they do match the trend in relative tendency to
convert to ZHC (Fig. 3.6 and 3.7). For example, our FTIR data indicate
that the ZHC layer on the irregularly shaped M-ZnO continues to grow over
time at the expense of ZnO (Fig. 3.7a), while the ZHC layer on the polar
MS-ZnO does not evolve as rapidly.

Based on these comparison, it seems that the carbonate layer on polar

surfaces can act as a protective layer. This idea has been explored by others in
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the context of passivating film formation on Zn metal [27]. In general, polar
surfaces are expected to have higher surface energies [32], which would be
consistent with an increased tendency toward humidity-related degradation.
This is in line with our XPS results for surface composition, with the least
surface carbonation present on the samples with a higher proportion of non-
polar (low-energy) surfaces, namely the rod-like MA-ZnO.

Some have suggested that the hydrophobic nature of ZHC can substan-
tially retard the rate of further ZnO carbonation [33]. However, more recent
studies on thermally produced ZnO nanowires concluded that the formation
of a ZHC layer inhibits ZnO attack initially, but degradation of the ZnO
core is not completely suppressed because the ZHC film is less compact than
the underlying ZnO [12, 13]. These observation by others, along with the
suppressed degradation we see after annealing our ZnO, suggests that the
persistent atmospheric degradation of M-ZnO is likely due to a higher con-
centration of defects (plausibly due to its fast crystallization process) that
make the particle surface more prone to humidity-assisted dissolution [31].

It is worthy of note that the extent of the carbonation differences shown in
Figs. 3.6 and 3.7 do not correlate directly with surface area (Table 3.1). For
example, the most reactive samples are M-ZnO (BET surface area 3.6 m?g=1),
while the synthesis method that produces the highest surface area product
(ST-ZnO, with BET surface area of 9.4 m?*g~!) shows the least evidence of
carbonation. Taken together, our analyses show that other factors related to

the surface composition have a larger effect on the relative tendency of ZnO
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toward atmospheric carbonation.

3.6 Conclusions

Surface polarity impacts the carbonation rates among the differently syn-
thesized ZnO samples, but it is not necessarily the dominant factor. In
particular, ZnO produced in rapid reactions can be more susceptible to am-
bient carbonation; we demonstrate an extreme case wherein exposure to
high ambient humidity and CO, levels leads to complete conversion of ZnO
to Zng(OH)4(CO,), in less than one month. This transformation from a
semiconducting metal oxide material to an insulating carbonate phase would
have profound impacts on the electrical and optical properties of the product,
and could have devastating effects in device applications. While others have
have shown that ZnO nanowire degradation can be mitigated by applying a
protective coating of compact alumina or titania using atomic layer deposi-
tion, [5, 12, 13] our work shows that synthesis and annealing conditions alone
can have a dramatic effect on the tendency for ZnO powders to degrade in
ambient environments.

Extending beyond the specific case of ZnO, these results are generally
important for metathesis reactions and other rapid syntheses for producing
nano-crystalline materials [17, 20, 31, 34-38]. Since nanostructured materials
made by solid-state metathesis have been utilized for solar cell [36], cathode

material [39], UV-detector [37] and gas sensor [35, 40, 41] applications, it is
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important to recognize the tradeoffs between rapid production and long-term

stability against atmospheric degradation.
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3.8 X-ray Photoelectron spectrum: C 1s for
Zn0O samples

XPS C' 1s spectra for freshly made ZnO samples are shown in Fig. 3.8. This

figure is not part of the published paper on which this chapter is based [1], but

7



it was added because the C 1s spectra provide direct evidence for the presence

of surface carbonates on some ZnQO samples.
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Figure 3.8: Raw XPS data for C 1s for fresh ZnO synthesized by different
methods. The peak at 287.8 eV corresponds to carbonates. The peak at
lower binding energy (285.5 €V) is likely due to the presence of hydrocarbon
on the surfaces because the samples were washed with ethanol prior to XPS
measurement. (This figure is relevant for Chapter 3, but is not part of the
published paper on which that chapter is based [1].)
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Chapter 4

Exploiting Water-Mediated
Ethanol Sensing by
Polycrystalline ZnO at Room

Temperature

Reproduced with permission from The Electrochemical Society [1].

4.1 Abstract

We demonstrate that ambient moisture can dramatically promote the re-
sponses of ZnO to ethanol vapor, a hydrophilic gas. By comparing sensor

responses in a broad range of humidities, we show that there is a consis-
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tent enhancement in ethanol adsorption on ZnO when physisorbed water,
detected by capacitance measurements, is present. The time constants re-
lated to the capacitive signal recovery during desorption are consistent with
the formation of C,H,OH—(H,O)n clusters that have a different desorption
rate than water alone. These room temperature results indicate that sur-
face water mediates the dynamic adsorption/re-evaporation equilibrium of
solvated ethanol molecules. Thus, attention to interactions between the tar-
get gas molecules and their environment is important for understanding the

mechanisms behind selective gas sensing.

4.2 Introduction

Moisture is always present in ambient environments, so an understanding of
water-solid interactions is important in many applied fields such as corrosion,
catalysis, and sensor development [2]. The surface structure and reactivity
of semiconducting metal oxides (MOX) such as ZnO, SnO, and WO, have
been studied extensively for electrical gas sensing applications. These mate-
rials have highly sensitive electrical conductivity and capacitance responses
to many gaseous species including CO, NH;, and volatile organic compounds
(VOCs) while having low production costs and high thermal durability [3].
However, the presence of environmental H,O can effectively alter the re-
activities of MOX surfaces, which leads to difficulties in obtaining reliable

and selective sensing signals for different target gases in real-world environ-
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ments [4-7].

Most investigations on the gas sensing performance of MOX materials
have focused on analyte gas detection at relatively high operating tempera-
tures (500-800 K), where optimal sensing responses are normally reached [8].
This is because the formation of surface hydroxyls from chemisorptive wa-
ter dissociation tends to dominate at these high temperatures, and the net
conductivity changes are determined by surface characteristics such as oxy-
gen species density, surface defects and hydroxyl coverage [2]. At these high
temperatures, target gas molecules undergo a combustive type of reaction
that yields oxidized or reduced species on the MOX surface [9]. In contrast,
at low temperatures (< 400 K), physisorbed water in its molecular form can
increase the surface conductivity by donating lone pair electrons to the ox-
ide’s space charge region. There is surprisingly little work that focuses on
water effects on gas-sensing of MOX at room temperature, despite the urgent
need for room temperature gas sensors [10]. Polymeric sensors are typically
preferred at ambient temperatures, but they can also be adversely affected
by the presence of moisture, and they exhibit similar selectivity challenges
to those encountered in MOX sensors.

In this study, we show that ambient moisture can dramatically promote
the response of ZnO to ethanol (EtOH) vapor, a hydrophilic gas. By compar-
ing sensor recovery times in a broad range of humidities, we show that there
is an enhancement of ethanol adsorption on ZnO when it is covered with a

physisorbed water layer, whose thickness depends on the relative humidity

90



(RH) of the atmosphere around it. Capacitance data allow us to infer the
formation of ethanol-water critical clusters, and we demonstrate that there
is discrimination of sensing events between ethanol vapor and background
humidity. Our results show that paying more attention to interactions be-
tween the target gas molecules and their environment could offer benefits for

developing more selective gas sensing materials.

4.3 Experimental

4.3.1 Synthesis

ZnQ particles were synthesized using a room temperature solid-state metathe-
sis reaction [11]. All reagents were analytical grade (99%) and used without
further purification. ZnCl, (Caledon) and NaOH (EM Science) were ground
separately to fine powders, then mixed together in a beaker with a molar

ratio of 1:2 to react in the following way:

2NaOH + ZnCl, — Zn(OH), + 2 NaCl (1)
Zn(OH), — Zn0 + H,0 (2)

Within 2 min of stirring the solid mixture, there was heat release and
generation of water vapor, as well as a color change from white to yellow,
and then back to white within tens of seconds after the reaction finished. The
product was washed with ultrapure water (Barnstead Nanopure 18.2 Q-cm)

several times to remove the NaCl by-product, and then dried in an oven at
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350 K before further characterization.

4.3.2 Material characterization

X-Ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR)
were used to assess the crystallinity and phase composition of the dried prod-
uct. XRD data were collected with a Rigaku Ultima IV X-ray diffractometer
(Cu Ka, 3°/min, step size 0.02° 26), and lattice constant refinements were
performed with Jade software (Materials Data Inc.). FTIR data were col-

I resolution on

lected in transmission mode with a Bruker Alpha at 4 cm™
specimens dispersed in a 7 mm diameter KBr pellet. Representative XRD
data, shown in Fig. 4.1a, indicate that the product is highly crystalline with
lattice constants of a = (3.5252 4 0.001) A and ¢ = (5.210 & 0.001) A, which
are appropriate for wurtzite-type ZnO (JCPDS 36-1451, with a = 3.250 A
and ¢ = 5.207 A). No evidence of secondary phases was detected, either in
XRD data or in FTIR spectra (Fig. 4.1b). Estimates of particle sizes were
obtained by dynamic light scattering methods (Malvern Zetasizer Nano ZS)
and confirmed qualitatively from scanning electron microscopy (SEM) im-
ages (FEI Quanta 400) of dispersed ZnO particles coated with a conductive
carbon layer. Fig. 4.1c shows typical particle aggregates with poorly devel-
oped facets and diameters ~ 100 nm. These sizes are consistent with the
particle size estimates obtained from light scattering measurements (110 +

30 nm). Brunauer-Emment-Teller (BET) analyses yield an average surface

area of 3.6 + 0.3 m?g~!. X-ray Photoelectron Spectra (XPS) data collected
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with a VG Microtech MultiLab ESCA 2000 indicate O atom binding energies

that are consistent with ZnO that has surface hydroxyl groups present [12].

4.3.3 Gas sensing measurement

Thick films (120 £ 30 um) of ZnO particles served as sensor materials for
subsequent study. A slurry of the as-prepared ZnO powder (0.10 g dispersed
in 2 mL of acetone and sonicated for 30 s) was slowly poured onto, and
spread evenly over, a mechanically polished stainless steel strip. The steel
strip served as one electrode for subsequent electrical measurements, and the
second electrode was a stainless steel pressure contact on the top of the film.
For films with 1 ecm X 7 cm area, typical resistance and capacitance values
were ~ 20 M and ~ 100 pF, respectively, at 45% ambient RH.

Prior to use, each sensor film was equilibrated in a sealed chamber (25
cm X 25 cm x 25 cm), and Ohmic electrical contacts were made with me-
chanically polished steel (0.5 cm?). RH levels inside the test chamber were
controlled and modified using different saturated salts solutions. At 295 K,
150 mL of one of the following saturated salt solutions yields a distinct and
characteristic relative humidity: CH;CO,K (20 £+ 2%), K,CO4 (45 +2%),
or KNO; (90 £2%) [13]. Before initiating gas detection measurements, one
of the aforementioned salt solutions was kept in the chamber for two hours
to reach the intended equilibrium RH. Our experiments utilized independent
control of the RH of the target gas as well. For clarity of presentation in

the rest of this manuscript, the humidity levels of the target gases — ethanol-
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Figure 4.1: (a) Representative XRD data with all peaks indexed to wurtzite-
type ZnO. (b) Representative FTIR data show a characteristic ZnO lattice
mode peak near 450 cm™!. (c) SEM image of ZnO particles.
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water vapor mixtures — are categorized as "dry" (20% RH), "medium" (45%
RH), or "wet" (90% RH).

Gas sensing experiments were initiated by injecting 20 mL of the target
gas into the chamber in close proximity to the sensing film. Given the large
chamber volume relative to that of the injected gas, multiple injections could
be executed without interference from one injection to the next. EtOH con-
centrations were calculated using the standard vapor pressure of anhydrous
ethanol (ACS grade) under atmospheric pressure at 294 K. We note that this
method of determining gas concentration is more realistic, and more conser-
vative, than some other reports of ethanol sensing by ZnO [14]. All of our
experiments used EtOH vapor at 5000 ppm unless otherwise noted.

Sensing responses for the ZnO films were assessed by measuring capaci-
tance changes at 3 kHz with an applied AC RMS voltage of 50 mV (National
Instruments LCR meter with PXI-1033 interface). We interpret the response

assuming that our films function as parallel plate capacitors such that

Aege

“="

(4.1)

where C'is the effective capacitance, € is the permittivity of free space, A is
the total contact area of the plate, € is the effective dielectric constant of the
thin film [15]. Since e changes with humidity, and with exposure to target

gases such as ethanol, the resulting change in capacitance yields a measurable

95



response. We report the response

(4.2)

where Cy is the maximum capacitance response after exposure to the tar-
get gas, and C, is the baseline capacitance value. The recovery time 7 is
extracted from an exponential fit of the sensor’s return to baseline (after
exposure to the target gas) and corresponds to the time required to return
within 95% of the original (baseline) capacitance. All sensing studies were

conducted at room temperature (295 + 2 K).

4.4 Results and Discussion

4.4.1 Response enhancement with humidity

Increasing ambient humidity causes a significant increase in the ZnO response
to ethanol vapor. A representative example of this effect is shown Fig. 4.2a,
which compares sensor capacitance responses triggered by a series of four
identical ethanol vapor injections (5000 ppm in a 45% RH target gas) at
ambient (test chamber) RH values of 20%, 45% and 90%. The dotted lines
indicate the time at which the target gas was introduced to the sensor. Both
the baseline (resting) capacitance values and the magnitudes of the sensing
responses increase with increasing ambient humidity. The arrows indicate

the below-baseline recovery that occurs when the target gas has a RH that
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is much lower than the ambient RH. Fig. 4.2b shows that ZnO response
to EtOH increases with both increasing ambient RH and increasing target
gas RH over the full range of ambient and target gas RH combinations. We
note that the poor response of ZnO to ethanol vapor in a dry environment
is consistent with previous investigations [7, 14, 16-18].

It is well known that at room temperature, a hydrophilic solid surface in
air will adsorb many layers of water, leading to formation of a thin condensed
water layer on the surface whose thickness equilibrates with ambient RH
[19]. Since water has dielectric constant of 80, while that for ZnO is 10, an
absorbed water layer will increase the effective film capacitance.

Our experiments show evidence of this changing water layer thickness
in the capacitance baseline of the sensor, since at resting value (with no
target gas present), the capacitance increases with increasing ambient RH.
For example, Fig. 4.2a shows that an ambient RH value of 20% registers a
baseline capacitance near 70 pF, while an ambient RH of 90% increases the

baseline above 300 pF.

4.4.2 Desorption of water and ethanol hydrates

Despite the synergistic effect of water and EtOH in the ZnO response, it
is also possible to discriminate between EtOH and H,O sensing events by
analyzing the time required for the measured capacitance to return to its
baseline value after exposure to a pulse of the target gas. We compared

representative sensing signals of four target gases (dry ethanol (20% RH),
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Figure 4.2: (a) A representative comparison of sensor capacitance responses
triggered by ethanol vapor injections (5000 ppm in a 45% RH target gas) at
ambient (test chamber) RH values of 20%, 45% and 90%. (b) ZnO response
to EtOH increases with both increasing ambient RH and increasing target
gas RH. The lines connecting the data points serve as guides to the eye, and
uncertainty estimates are displayed for each data point.
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wet ethanol (90% RH), dry air (20% RH) and water vapor (100% RH))
in humid (90% RH) ambient conditions where there will be a high level of
surface water on ZnO. Fig. 4.3a shows that, under these conditions, ethanol
vapor and water vapor target gases behave in qualitatively different ways.
EtOH (whether dry or wet) always gives a capacitance increase. On the
other hand, the response in the absence of ethanol (RH-controlled air only)
appears to depend on the fugitive build-up (or removal) of the condensed
thin water layer on the ZnO surface. Thus, an increase in capacitance occurs
when the RH of the target gas is higher than ambient, while a decrease
occurs when the target gas that is drier than ambient. An extreme example
of this effect is the "over-recovery' that occurs when a relatively dry target
gas is directed on the ZnO film, as indicated with arrows in Fig. 4.2a. We
infer from this behavior that the dry EtOH removes water molecules from
the ZnO surface in order to form EtOH-H,O clusters, and then atmospheric
water vapor must be reabsorbed to equilibrate the ZnO surface water.
Solvation of EtOH has been heavily investigated for its fundamental non-
ideal behavior of mixing that is caused by a hydrogen-bonded H,O-EtOH
network. Many studies have shown that when ethanol vapor interacts with
surface water, a cluster of C,H;OH—(H,O)n with a critical size (1<n<3) will
form at the gas-liquid interfaces [20]. For example, Katrib et al. investigated
the composition and geometry of ethanol-water clusters during the ethanol
vapor uptake process by water, and their experimental and theoretical results

show that the interaction of one water molecule with ethanol (n=1) is favored
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21].

At this stage, we are not able to confirm the exact structure of the ethanol
hydrate that desorbs from our ZnO surfaces. However, evidence for the exis-
tence of ethanol hydrates was derived from the signal recovery time constant.
Assuming first-order desorption kinetics [22], we fitted the signal recovery
curves of all sensing data with a single exponential function to extract the
recovery constant. What is surprising in the data trend shown in Fig. 4.3b is
that the recovery constant for EtOH — for any combination of target gas and
ambient RH value — is identical, despite the fact that the sensor response is
strongly affected by ambient RH (as shown in Fig. 4.3b). This again suggests
that ethanol-water association on the ZnO surface leads to the formation of
a cluster whose desorption rate is independent of the ambient water pressure.

In contrast, for water vapor alone, the recovery time constant increases
with an increasing ambient RH (Fig. 4.3b). We believe this is due to slower
desorption of water from ZnO surface with higher water vapor pressure in
the surrounding environment [23].

A schematic overview of the ethanol-hydrate-based sensing mechanism
for ZnO at room temperature is depicted schematically in Fig. 4.4. Limited
response to ethanol at low RH is due to the low adsorption affinity between
ethanol and a dry ZnO surface (Fig. 4.4a). For high ambient RH, however,
the adsorption efficiency of ethanol onto ZnO surface can be enhanced by
solvation by a surface water layer to form ethanol-water clusters (Fig. 4.4b).

When desorption occurs, surface water molecules that have become part
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Figure 4.3: (a) Comparison of representative capacitive signals of ZnO when
sensing dry air (20% RH), wet air (100% RH), dry ethanol vapor (5000 ppm
at 20%), or wet ethanol vapor (5000 ppm at 90% RH) in a test chamber held
at 90% ambient RH. (b) Comparison of sensor recovery times after exposure
to target gases with different humidities in test chamber environments with
a range of different ambient humidities.
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of the EtOH-water clusters are removed, thereby thinning the water layer
which results in a drop of sensor capacitance below the original starting
(baseline) value (Fig. 4.4c). (The experimental observation of this water
removal appears as a capacitance decrease below the original baseline level,
as indicated by the arrows in Fig. 4.2a). We note that this below-baseline
recovery effect is less predominant when the humidity level of the incident
ethanol vapor is comparable to that of the surrounding environment.

To confirm the validity of this water-mediated room temperature sensing
mechanism, we executed control experiments by testing different hydrophobic
vapors, including hexane, and benzene. Each of these gases has been reported
as detectable by ZnO-based gas sensors at higher temperatures (500-800 K)
[24-26], but no sensing data are reported at room temperature. In our room
temperature experiments, none of these vapors show a discernible capacitance
response for any level of ambient or target gas humidity. This suggests that
room temperature response depends critically on the solubility of the target
gas in water. We also executed other control experiments wherein, using
other synthetic methods [27, 28], we made several types of ZnO particles
with different size distributions ranging from ~ 5 nm to ~ 2 ym. Regardless
of the ZnO synthesis method, we observed similar trends in RH effects at
room temperature, including increased response to EtOH for higher ambient

RH as well as RH-independent recovery time constants for EtOH sensing.
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4.5 Conclusions

Lack of selectivity is a common drawback of metal oxide gas sensors, but
our data show that the response of dry air is qualitative different, and there
are quantitative differences in the recovery times between wet air and the
ethanol-containing test gases. The recovery time for EtOH sensing is similar
for all target gas and ambient humidities. However, more humid environ-
ments show a slower sensor recovery after exposure to either 20% or 100%
RH air alone, due to drying and subsequent rehydration of the ZnO surface.
Thus, tailoring the interaction between the target gas and ambient water va-
por can simultaneously help improve sensor response and promote selectivity

to hydrophilic ethanol gas at room temperature.
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4.7 Discussion of the ethanol sensing mecha-
nism

This section is not part of the original published paper on which this chapter
is based (J. Cheng, M. A. Rasheed, K. M. Poduska, ECS J. Solid State Sci.
Technol., 2, 23, 2013 [1]).

Our results clearly show enhanced EtOH sensing responses at RT when
more water is present in the environment. Also, the recovery behavior of
EtOH sensing responses under various humidity conditions reveals a syn-
ergistic EtOH-water interaction at the sensor surface, which shows a clear
distinction from water response alone. In regard to the recovery time anal-
ysis, an additional point—which was not addressed in the publication—is
that the "over-recovery" feature in dry EtOH sensing curve also shows the
distinction between water and EtOH adsorption/desorption kinetics. We
demonstrate this by fitting the "re-hydration" portion of the curve, i.e. the
portion between the minimum of the curve below the baseline after "over-
recovery" and the baseline at which the equilibrium fully restores to the state
prior to gas exposure, with a single exponential function (see Fig. 4.5), and
the time constant extracted from this portion is consistent with that from a
water response under the same ambient humidity level.

In this section, we also provide further discussion and analysis on the data
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in order to support our assumption that the capacitive response of our ZnO
film during the RT sensing event is solely a consequence of physisorption of
gas molecules with larger dielectric constant than ZnO.

As described above, the capacitance of our sensor with the sandwich
geometry can be approximated by a parallel plate capacitor, as shown in
Fig. 4.6.

Eeffective€0
C=—— 4.3
d (4.3)

where C' is the effective measured capacitance, ¢ is the permittivity of free
space, A is the total contact area of the plate, d is the distance between the
plates and €qgective 1S the effective dielectric constant of the polycrystalline

film and the environment around it.
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Figure 4.6: Scheme of our model capacitor illustrating €qgective by viewing the
substances between the metal plates as a homogenous medium.

Although it is difficult to calculate the true dielectric constant of the
polycrystalline ZnO film directly from the corresponding capacitance values,
we can, however, evaluate the change of €qgective after gas exposure using the
changes in the film’s capacitance (We made an assumption that A and d
do not change with humidity or gas exposure). In Fig. 4.2a, the measured
(baseline) capacitance has increased from 75 pF to 345 pF with increasing
ambient humidity level from 20% to 90%. The ratio of capacitance between

the two baseline can be calculated by:

C(O0%RH) _ e(90%RH) _ 345pF _ (4.4)
C(20%RH) ~ e(0%RH)  T5pF |

This implies that the €qgective has increased by a factor of 4.5 from a "dry'
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to a "wet" environment. Since the dielectric constant of water (~ 80) is 10
times larger than that of ZnO (~ 8), a complete wetting of the medium could
lead to a ratio as high as 10. Viewing from this perspective, we believe that
a factor of 4.5 in €qfrective €nhancement observed by us is consistent with a
partial wetting of the ZnO film via water adsorption/condensation.

Effects of EtOH exposure on €qgective can also be estimated by dividing
the peak capacitance of the EtOH sensing responses by the baseline. In Fig.
4.2a, the corresponding ratios at various RHs are ~ 1.05 (20% RH), ~ 1.2
(45% RH) and ~ 1.4 (90% RH), respectively. Given the dielectric constant
of EtOH (~ 24), these ratios obtained for responses to 5000 ppm EtOH are
well below the upper limit we might expect that is e(EtOH)/e(Zn0O) ~ 3.

Some recent studies have paid attention to molecular level details of wa-
ter/EtOH adsorption on ZnO surfaces at room temperature. Xie et al. [29]
investigated the adsorption/desorption mechanism for different alcohols at
ZnO surfaces in a dry environment in developing quartz crystal microbal-
ance gas sensor. They concluded that EtOH molecules would first chemisorb
onto a ZnO surface via the hydroxyl group in the molecule, followed by fur-
ther physisorption/condensation. They showed that the chemisorption pro-
cess, which is associated with a larger desorption time constant, dominates
at low analyte concentrations. At high analyte concentrations, however, the
adsorption-desorption equilibrium is controlled by physisorption that is often
characterized by a smaller desorption time constant. Our data is consistent

with the physisorption model because a single time constant was observed in
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the recovery/desorption curve in the responses to EtOH.

Finally, we discuss the effects of EtOH adsorption on the electronic prop-
erty of ZnO. This is a kind reminder from Dr. Simon Garcia at Kenyon
College who suspects that the EtOH adsorption could also alter the elec-
tronic characteristics of ZnO surface because EtOH is a good Lewis base
with strong tendency to donate electrons, and such electron transfer be-
tween EtOH and ZnO—if indeed occurs —could also be a source of sensor’s
capacitance responses. Nevertheless, we exclude this possibility based on a
recent computational study published by Korir et al., in which the authors
have shown that the adsorption of EtOH molecules onto ZnO surface would

induce no change in the destiny of states plot of ZnO surface [30].
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Chapter 5

Capacitive (Gas Sensing by ZnO

at High Temperature

5.1 Abstract

This chapter presents results of capacitive gas sensing experiments conducted
at high temperatures. Various types of ZnO samples synthesized differently
were tested for their capacitance responses to organic vapors. Our results
indicate that, depending on the operating temperatures, the ZnO sensors
exhibit very different sensitivities and selectivity. On one hand, the overall
sensing responses were enhanced drastically at high 7'; on the other hand,
the gas selectivity, which at room temperature was based on hydrophilicity
of target gas, is no longer present at high 7. The trends observed at these

high temperatures do not correlate with the sensor’s responses at RT to

115



same target gas molecules, which suggests that the nature of gas-surface
interactions for these molecules tested could be altered drastically by the
temperature rise. Moreover, since differently synthesized ZnO samples show
apparently different sensing behaviors, we examined factors such as particle

sizes, shapes (surface reactivities) to assess their sensing performances.

5.2 Introduction

The surface conductivity of semiconducting MOX (ZnO, SnO,) can be modu-
lated by gas exposure. This leads to many possibilities for utilizing ultra-fine
MOX structures as gas sensing materials for detecting CO, H, and organic
vapors. However, the capacitance responses of the MOX to these gases have
long been overlooked, since there remains a lack of clear evidence showing
that capacitance, which is based on changes of effective dielectric constant,
could be a better signal transduction principle than resistance for MOX-based
gas sensors in terms of sensitivity and cost.

Nevertheless, one exception is humidity sensing, for which a capacitive
sensor has received considerable popularity. Compared to its resistive coun-
terpart, it has advantages such as high sensitivity, long term stability and
structural simplicity [1]. One of the most widely used materials for capacitive
humidity sensing is porous Al,O, [1, 2]. The success of capacitive gas sensors
in humidity sensing is largely due to an abnormally high e of water (~ 80)

compared to Al,O5 and other MOX (~ 10). However, when detecting VOCs
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with smaller e, its applicability is substantially reduced. As a consequence,
only a handful of recent studies have focused on capacitive VOC sensing
using various MOX nano-materials at room temperature [3-5].

In this chapter, I extend my investigations of ZnO capacitive gas sensors
by testing their sensing behaviors at high operating temperatures. What mo-
tivated this study is that most MOX-based resistive sensors exhibit optimal
sensitivities at high temperatures (> 250 °C) [6], and we wanted to examine
the capacitance responses of our ZnO samples to various VOCs (ethanol,
hexane, and toluene) at these elevated temperatures. In companion with
the RT sensing responses, our testing results at high 7" show drastically en-
hanced capacitive responses of ZnO nanoparticles to both hydrophilic EEOH
and hydrophobic hexane vapor. The difference in sensing behaviors among
Zn0O samples prepared by different methods has been discussed based on the

impacts of particle size/shape and surface reactivities.

5.3 Experimental

5.3.1 Synthesis and characterization

Three types of ZnO with distinct size and shape, namely MA-ZnO, ST-ZnO
and MS-ZnO, were synthesized by different methods. The details of synthesis
and characterization were included in Chapter 3. The XPS data presented in

this chapter is different from Chapter 3 as new data fitting was performed.
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5.3.2 (Gas sensing measurements

At room temperature, the gas sensing measurement setup was the same as
reported in a previous study [4] (described in Chapter 4).

Several modifications to the room temperature gas sensing setup were
made to construct a high T' gas sensor testing system. Aluminum plates were
used to make electrical contacts with the ZnO sensing layer. The sensor was
then placed in a tube furnace (Lindberg/Blue 1500 °C, Thermo Scientific).
During a typical measurement, 100 mL of target gas was injected into the
tube, and then released by opening the ends of the tube. At elevated temper-
atures, the humidity level in the environment was not deliberately controlled
(the sensing environment was assumed to be dry). The water content in the
target gases was not calibrated, but it was ~ 20% RH.

Selection of target gases was based on our previous ambient sensing ex-
periments, in which ZnO capacitive sensor selectively detected hydrophilic
EtOH [4]. Herein, we tested hydrophilic EtOH as well as hydrophobic hex-
ane and toluene vapors. In resistive sensing mode, both EtOH and hexane
reportedly can be sensed by pure ZnO at high temperature [7, 8]. However,
no sensing response was reported for the toluene vapor by ZnO, unless the
Zn0O is functionalized with Au nanoparticles [9]. In our experiments, the
typical gas concentration was 1000 ppm for VOCs unless otherwise noted.
Additionally, to assess the possible humidity impact at high 7', water vapor
(90% RH) was also tested.
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5.4 Results

5.4.1 Surface analysis

Gas sensing is triggered by gas-surface interactions [6]. Therefore, we ana-
lyzed the surface compositions of ZnO using XPS—measured in ultra high
vacuum at room temperature—on recently made samples.

O 1s raw spectra for the three ZnO samples are shown in Fig. 5.1.
Previously, we reported that ZnO polar surfaces would undergo rapid ambient
carbonation, forming a new crystal phase Zn;(CO,),(OH)4, denoted as ZHC
[10]. The binding energy of O 1s in the ZHC phase was confirmed from
synthesized ZHC, which yields a single peak at 534 eV (Fig. 5.1d).

Apart from ZHC peak, peaks between 530.0 eV and 533.5 eV are likely due
to surface oxygen of ZnO with different origins. The location and intensity
of the O 1s peaks on each ZnO surface is summarized in Table 5.2. A
literature search was conducted for peak assignments; and the results are
summarized in Table 5.1. O 1s peaks on ZnO surfaces have been attributed
to three types of surface oxygens. The first peak at 530.7 & 0.2 eV, denoted
as Oy, corresponds to bulk lattice O that is stoichiometrically bonded with
neighboring lattice Zn in the wurtzite crystal structure. The second peak
at H31.5 £+ 0.2 eV was attributed to two possible sources, depending on the
experimental setup: (1) the O in oxygen-deficient regions within the matrix
of ZnO (0O,), or (2) the surface hydroxyl (Zn-OH). The third peak at higher

binding energy 533.0 £ 0.5 eV was assigned to the chemisorbed O (O,q)
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Figure 5.1: XPS results for O 1s electrons on the surfaces of (a) MA-ZnO,
(b) ST-ZnO, (c) MS-ZnO, and the (d) Zn;(CO;),(OH)s sample. The raw

data were fitted with Gaussian functions.
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Table 5.1: Some reported assignments of O 1s peak positions (unit: eV) of
ZnO surfaces in the literature.

Zn0O types Lattice O, Lattice O, or -OH Chemisorbed O.q4
Nanoparticle [13]  529.5 N/A 532.0
Nanoparticle [14]  530.15 531.3 (Oy) 532.4
Nanoparticle [15]  530.2 531.4 (O,) 532.6
Nanoparticle [11]  530.205 531.4 (Ov) 532.725

Film O-polar [16] N/A 531.6 (Zn-OH)  533.5
Wafer(0001) [17]  530.7 532.3 (Zn-OH)  533.5
Nanoparticle [12]  529.6 531.2 (Zn-OH) 532.3

Table 5.2: Estimated percentage of surface oxygen of different nature on ZnO
surfaces based on intensities of Gaussian fits on the X-ray photoelectron O
1s spectra.

Sample Lattice O, Lattice O, Adsorbed O,y Carbonates O,
MA-ZnO 60% (530.7 ¢V) 40% (531.5eV) 0% 0%
ST-ZnO 0% 56% (531.4 eV) 44% (533.0eV) 0%
MS-ZnO 0% 0 54% (532.7 eV) 46% (534.3 eV)

from ambient O, [11]. As a result, the concentration of O, is considered as
a good indicator of the surface reactivity for ZnO particles under ambient
conditions [12].

Among the ZnO samples tested in this study, the presence of a ZHC layer
is evident on MS-ZnO (Table 5.2), indicating that the surface undergoes a
composition transformation under ambient conditions. In our previous inves-
tigation, such ambient instability was attributed to particular polar surfaces
of hexagonal bi-pyramid shaped MS-ZnO [10]. No sign of a ZHC layer was

found on the surfaces of other two ZnO samples. On the surfaces of MA-ZnO,
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which was subjected to prolonged annealing (8 h at 500 °C), the majority
of the surface O are the bulk Op. In contrast, a higher concentration of
chemisorbed oxygen was observed on the surfaces of ST-ZnO nanoparticles
prepared by a low temperature solvothermal route.

It is worthy of note that the XPS data were measured at room tem-
perature. Thus, the results cannot be directly correlated with ZnO surface
reactivities at high temperature because the surface chemistry could change
significantly at high 7". For instance, the ZHC layer which decomposes at ~
280 °C on MS-ZnO would disappear at our operating temperature (350-450
°C). Nevertheless, we still assume—based on the XPS data—that the O,
chemisorption ability of MA-ZnO is lower than that of ST-ZnO in high T
environments. The same rationale has also been adopted by others who as-

sessed high T surface activity of ZnO surface based on the room temperature

XPS data [11, 12].

5.4.2 Capacitance gas sensing responses

Capacitive responses of ZnO samples to 1000 ppm of target gases at different
temperatures are included in Table 5.3. Several trends can be summarized

based on the testing results.

5.4.2.1 Some ZnO samples show stronger responses than others

ZnQO samples prepared by different synthetic methods behave differently when

tested as capacitive gas sensors (Table 5.3). At room temperature, ST-ZnO
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Figure 5.2: Comparison of representative sensing responses of ST-ZnO to
1000 ppm of hexane vapor measured between room temperature (20 °C) and
high 7" (350 °C), dash lines indicate the moments of gas introduction and
release. At RT, the film shows negative responses to hexane pulses.
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shows the highest capacitance responses to EtOH vapor, averaging 10 times
higher than MA-ZnO and MS-ZnO. (Interestingly, MS-ZnO exhibits fastest
gas recovery (7) that is approximately one order of magnitude faster than
the other two, which is not understood).

At 350 °C, the sensing responses vary drastically among samples. For
example, when sensing EtOH, ST-ZnO shows a ~ 20 time enhancement in
capacitance responses (S increases from ~ 6 to ~ 150) as the operating
temperature is increased from room temperature to 350 °C . In contrast,
the MA-ZnO shows no capacitive response to EtOH at high T'; and as for
MS-ZnO, the responses remain low at high 7" and is comparable to that at
RT.

5.4.2.2 Temperature affects the sign and magnitude of the capac-

itance change

By comparing the responses of ST-ZnO sensor to hexane vapor at different
working temperatures (Fig. 5.2), we observe that in response to the same
hexane pulses, the sensor’s capacitance decreases (negative response) at low
T, but increases (positive response) at high 7. Moreover, for ST-ZnO, the
magnitudes of sensing responses to EtOH and hexane are greatly promoted
at high T as shown in Table 5.3.

Three temperature regions can be identified based on the sensing be-
haviors of ST-ZnO that shows the best performances: in region /I (room

temperature), the capacitive responses are relative low, and sign of change
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of capacitances is determined by the hydrophilicity of the target gas. Pos-
itive responses were observed when sensing hydrophilic EtOH gases, while
exposures to hydrophobic gases (hexane and toluene) have led to negative
responses of the sensing film. Region 11 is between 100 °C and 300 °C, for all
the testing done at this region, no apparent sensing response was observed.
Region I11 (350 to 450 °C) is the optimal sensing temperature range as

maximum sensing responses to hexane and EtOH are reached.

5.5 Discussion

At high operating temperatures, we found that ZnO can sense hexane and
EtOH capacitively with enhanced responses, compared to that at RT. Also,
the impacts of gas hydrophilicity becomes insignificant in determining the
gas selectivity at high 7. At this stage, our results cannot directly validate
any mechanism for the high 7' capacitive sensing behaviors. In Chapter 4,
we proposed a RT sensing model that attributes the positive capacitance
responses to the increases in the effective dielectric constant of the ZnO
film after adsorption gas molecules with larger dielectric constant than the
sensing layer (Section 4.7). However, this model has failed to explain the
large positive response to hexane (¢ = 1.88, much smaller than ZnO) in Fig.
5.2. Furthermore, as an exploratory study, the significance of this work—
even without a sensing mechanism—should not be underestimated because

this work has provided useful information for optimizing capacitive VOCs
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sensing performances for MOX at high 7.

5.5.1 Working temperature

In our experiment, optimal capacitive sensing responses were obtained at
temperatures above 300 °C, in agreement with the optimal operating tem-
perature reported for MOX-based resistive-type sensors [6, 18]. Activation of
the gas-surface combustive reaction is often cited as the main reason behind
the high temperature requirement for MOX sensors [6, 19]. This tempera-
ture range could imply that the large capacitance responses of ZnO is trans-
duced from the similar chemical processes that trigger the resistive sensing

responses. However, this is merely a speculation at this stage.

5.5.2 Effects of ZnO preparation methods

Zn0O samples synthesized by different methods show distinctive capacitive gas
performances at high 7. This may provide important guidance for adjusting
our synthetic strategies to make improved MOX-based capacitive sensors.
Our data indicate that ZnO with the smallest particle sizes (ST-ZnO) yields
the best capacitive gas sensing responses. Moreover, surface reactivities could
play an important role as well. For example, in our testing, the MA-ZnO
sample prepared by prolonged high temperature annealing method shows
poor sensing responses, which could be related to the lack of chemisorption

sites on the ZnO surfaces prepared by this method, according to the XPS
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results [20].

5.5.3 Target gas selectivity

At room temperature, we demonstrated that our ZnO can selectively sense
gas molecules based on its hydrophilicity [4]. However, this control is weak-
ened at high T as ZnO is responsive to both EtOH and hexane with ca-
pacitance increases. Furthermore, throughout our testing, no capacitance
response was observed for toluene vapor by any ZnO sample (Table 5.3). A
recent study reported toluene sensing in resistive mode by ZnO nanowires
functionalized with Au nanoparticles that catalyze the reaction of toluene
at ZnO surfaces [9]. As a result, we believe that the absence of capacitive
toluene sensing response for our ZnO could due to the relative high stability
of toluene against oxidation or combustion at ZnO surface. Regarding the
same point, we think that the target gas selectivity in high 7" capacitive sens-
ing could be achieved by tailoring the catalytic activity of ZnO—wvia doping
or hybridization—toward a particular class of gaseous compounds, such as

poly/mono-aromatic hydrocarbons.

5.6 Conclusions

We have explored the capacitive gas responses of polycrystalline ZnO at
high temperatures. We show that the sensing performances are strongly

influenced by several factors, including operating temperature, ZnO particle
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sizes and shapes (surface reactivities). Our data show promises of utilizing
ZnO as capacitive type gas sensor for high T gas sensing task (e.g. onsite
monitoring of VOCs emissions at a flare stack).

What causes the large positive capacitance responses of ZnO films to
VOCs (polar and non-polar) at elevated T is still a mystery. Solving it re-
quires understandings of the chemical processes occurred at high T" when gas
molecules adsorb on the ZnO surfaces, and also the correlations between the
chemical process and the resulting capacitance signal. For investigating the
gas-surface reaction, spectroscopic techniques can be used. In this thesis, I
employed XPS for studying the surface chemistry of ZnO powders in vac-
uum at RT. However, due to the dynamic nature of a gas sensing process,
it could be helpful to use the spectroscopic technique that is in situ, mean-
ing capable of characterization in real working conditions of the gas sensor
(high T, with air flow) [6]. In situ spectroscopies based on diffuse reflectance
infrared Fourier transformed (DRIFT) spectroscopy have been frequently
used to study the reaction mechanism during a catalytic reaction on MOX
surfaces [6]. For ZnO-based gas sensor, Chen et al. used this technique,
combined with conductivity measurement, to investigate the NOx sensing
mechanism at high T by ZnO in resistive mode. As for the sensing mecha-
nism, a model has been proposed for resistive sensing mode by MOX which
attributes the conductivity variation of ZnO sensing layer upon gas exposure
to the charge transfer induced changes in the band bending that sequentially

alters the potential barriers at the surface/interface of ZnO [6]. Unfortu-
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nately, there remains a lack of widely accepted model for the capacitance
responses.

Furthermore, we have demonstrated in this study that the sensing per-
formances of the ZnO capacitive sensors can be optimized by reducing the
particle size and/or altering the surface chemistry (particle shape). Another
important parameter worth investigating for capacitive sensing performance
optimization is the AC frequency. It has been reported that the dielectric
properties as well as the capacitive gas sensing responses of ZnO at RT are
heavily dependent on the AC frequency [3]. Regarding this point, I sug-
gest an interesting future experiment that could involve electrical impedance
spectroscopy (EIS), which allows us to examine various electronic properties
for ZnO gas sensor as a function of frequency in the real-world working (high

T') conditions.
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Chapter 6

UV Photoresponses of ZnO
under DC and AC Conditions:

A Preliminary Study

6.1 Abstract

In this chapter, we present preliminary results from a study of photoresponses
of ZnO polycrystalline samples to UV light. This study is motivated by
an idea that gas sensing responses of ZnO can be substantially enhanced
by UV light stimulation—an alternative to the conventional thermal activa-
tion strategy that requires heating of the sensing element [1]. Herein, using
impedance spectroscopy, we show that the sign and magnitude of UV light

responses of ZnO depend on the AC frequency.
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6.2 Introduction

Change in conductivities of some materials upon exposure to UV light has
sparked their applications in binary switches for imaging techniques, flame
sensing, and optoelectronic circuits [2]. For this UV detection, traditional
Si-based photodetectors require filters to eliminate interference from other
low energy (IR, visible) lights, due to the small band gap of Si (1.1 eV).
As a result, recent development of new UV detectors has focused on wide
band gap materials, such as SiC, diamond, GaN, and metal oxides [2-4].
Among them, ZnO attracted extensive attention because of its large room
temperature band gap (3.37 eV), high UV sensing efficiency, strong radiation
hardness, and low cost [3]. Also, the UV cut-off wavelength can easily be
adjusted by doping the ZnO with other elements, such as Mg [3].

The mechanism behind photoresponses may vary, depending on the ma-
terials or devices [5, 6]. For ZnO, it has been shown that surface states play
dominant roles [5], which led to a flourish of research activity related to ZnO
nanostructures (nanowire, nanorod) due to their large surface-volume ratios
and large response [2]. When light shines, ZnO absorbs photons with energy
greater than the band gap of ZnO, triggering the generation of electron-hole
pairs in the bulk ZnO. The holes then migrate to surface and neutralize pre-
adsorbed oxygen ions at the surface (O, can readily form surface O*  on
ZnO surfaces under ambient conditions [5, 7]). The overall process can be

expressed by the following equations:
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hy — h* +e” (6.1)

the combination of photo-generated holes (h™) with the pre-adsorbed oxygen
ions (O, ) leads to desorption of O, from ZnO (Eqn. 6.2). Subsequently,
the unpaired electrons contribute to the conductivity increase. According to
this mechanism, the photoresponse of ZnO is controlled by the O, adsorp-
tion/desorption equilibrium at surfaces.

Electrical impedance spectroscopy (EIS) has been applied explicitly by
some groups for investigating the UV light induced changes in the electrical
behaviors of polycrystalline ZnO films [8-10]. In an earlier study, Martins
et al. compared EIS spectra of nano-crystalline ZnO films taken before and
during UV exposure in vacuum at room temperature, and concluded that
under a vacuum, ZnO films with small average grain sizes, high porosity and
low level of surface oxidation would show enhanced overall responses in AC
impedance as well as DC conductivity to UV irradiation [9, 10]. In a more
recent study, Morfa et al. combined EIS with gas chromatography mass
spectrometry (GC-MS) to probe the chemical origin of the UV responses
of ZnO nano-crystalline film in an ambient environment [8]. They showed
that the changes of ZnO film’s impedance are accompanied by desorption of

O,, water and other organic byproducts from ZnO surfaces via UV induced
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photochemistry [8]. They also suggested that UV illumination could serve
as a good method to "clean" the surface contaminants that may jeopardize
performances of the ZnO-based electronics [§].

In this study, I focus on the impacts of AC frequency on UV responses
of the ZnO samples reported in this dissertation. One novelty of this work
is that I have shown that the sign of the UV responses of some ZnO samples
depends on AC frequency. Upon UV exposure, AC resistance (the real com-
ponent of the impedance) is decreased at low frequencies, consistent with its
DC behavior. However, at higher frequencies, the sign of the UV response is
reversed, and the same UV radiation causes an increase in the AC resistance
of the ZnO film. I further demonstrate that this behavior is consistent with

UV-induced changes in film’s resistance and capacitance.

6.3 Experimental

6.3.1 ZnO film preparation

I tested UV responses for various ZnO samples (MA, ST, M, MS) that were
prepared by methods described in Chapter 3 [11]. The crystal phase, particle
size and surface characterization results for these samples are included in
Chapter 3.

Preparation procedure for photo-sensing film is same as that for gas sen-
sor, except that here the conductive indium tin oxide (ITO) coated glass

slides (8-12 €2, Delta Technology, Ltd.) were used as substrates. A layer of
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(pressure contact)

v
| 4 4 v 4
N ZnO particles
(sensing layer)

ITO glass
(supporting substrate)

Figure 6.1: Schematic side view (not drawn to scale) depicting the UV mea-
surement. The circles represent individual ZnO particles in the sensing layer.
Zn0O sample was deposited on by a drop-casting method. A slurry was made
by dispersing 0.10 g of the as-prepared ZnO powder in 2 mL of ethanol /water
(1:1) mixture which was sonicated for 30 s. The slurry was then poured onto
and spread evenly over the substrate that serves as one electrode. The second
ITO electrode was pressed tightly on the top of the ZnO film by a binder

clip.
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6.3.2 Photoresponse measurements

Resistances of the ZnO films were measured with an inductance-capacitance-
resistance (LCR) meter (National Instruments). A DC test current of 0.5 A
was applied across the sample film (meter range = 10 M2, resolution = 10
Q). As illustrated in Fig. 6.1, the sample was illuminated by a 365 nm UV
lamp (Model UVGL-25, UVP Inc.) with an intensity of 1.6 mW cm™2 at a
distance of 5 cm. All measurements were conducted at room temperature (22
°C) and under steady humidity levels that were controlled using saturated
salt solutions [12]. Prior to the measurements, ZnO films were allowed to
equilibrate with the environment for 24 h. The photo-detection response S

is calculated as:

Roff
Ron

S = (6.3)

where R.g and R,, are the sample’s resistances in the dark and under UV
exposure, respectively.

On samples that have shown large photo-responses in film resistance,
further electrical impedance spectroscopy (EIS) study was performed using
a Princeton Applied Research (PAR) Potentiostat/Galvanostat (Model 273A
with Signal Recovery Model 5210 Lock-in Amplifier). The data collection was
controlled using the Power SUITE software (Princeton Applied Research).
The impedance measurement was done by applying a sinusoidal AC potential

(RMS amplitude of 10 mV) with 0 DC bias to the sample with test frequencies
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swept between 10" Hz and 10° Hz. Analysis of the impedance data (circuit
fitting) was performed using a freeware EIS Spectrum Analyser (Copyright:
Aliaksandr Bandarenka and Genady Ragoisha), the circuit fitting was done
by superimposing the simulated spectra onto the original ones and adjusting

parameters manually by trial.

6.4 Results and Discussion

6.4.1 UV responses in film’s resistance

Fig. 6.2 shows typical on/off photo-responses of four types of ZnO films when
exposed to UV light. All four ZnO films respond to UV with a decrease in
resistance, which is recovered after the UV light was turned off. Among
them, the largest off/on resistance ratio is achieved by ST-ZnO (S ~ 20).
MA-ZnO film shows the second largest response (S ~ 3.7), and both films
of MS-ZnO and M-ZnO give poor responses with comparable S ~ 1.1. Fig.
6.2f demonstrates good repeatability of the UV responses by the MA-ZnO

that is employed as test case in the following experiments.

6.4.2 Electrochemical impedance spectroscopy (EIS)

EIS spectra were taken for MA-ZnO and ST-ZnO samples that show good
DC UV response and repeatability. The measurements were done in the dark

and under UV light. Fig. 6.3 presents the representative Nyquist and Bode
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Figure 6.2: (a-d) Resistance variations of the four types of ZnO films (MA,
ST, M and MS) in response to UV light exposure. In each plot, the on
and off sequences of the UV light are indicated. (f) Demonstration of the
repeatability of the UV responses of MA-ZnO sample with 4 on/off cycles.
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Figure 6.3: EIS data plotted in different forms (Nyquist (a and d) and Bode
(b, ¢, e and f)) for the MA-ZnO film taken in the dark (a-c) and under UV
illumination (d-f). Arrows in the Nyquist plots indicate the directions of the
increasing frequency (from 0.1 Hz to 100 kHz) and raw data were fitted to
an equivalent circuit (insert). A blue fitting line (in b and e) is applied to

the portion of the spectrum to highlight the linear decreases in the log-log
plot.
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Table 6.1: Parameters extracted from the equivalent circuit fittings in Fig.
6.3 for MA-ZnO.

R C
MA-ZnO, Dark | 15045 k2 | 1.04+0.2 nF
MA-ZnO, UV | 13.240.2 k) | 1.24+0.2 nF

plots for the dark and light responses of MA-ZnO films. Equivalent circuits
were constructed to fit the raw data, and the parameters are summarized in
Table 6.1.

Both dark and UV the EIS spectra for the MA-ZnO can be fitted with a
simple parallel RC' circuit (Fig. 6.3a). From the R and C' values extracted
from the fitting parameters (Table 6.1), it appears that the UV effect on
MA-ZnO sample is resistive because no apparent change has been found in
film’s capacitance between dark and UV. However, we can not extend this
conclusion over other ZnO samples that show large DC UV response such as
ST-ZnO, since its EIS spectrum indicates a more complicated behavior than
single parallel RC'. (Circuits fitting results and parameters for ST-ZnO are
included in Fig. 6.8 and Table 6.3 in the Appendix).

In Fig. 6.3, we also present the Bode plots with the fittings because
they clearly reveal the frequency dependence of Z,. and -Z;,,. For a system
showing a simple RC' parallel circuit, the behavior of Z;,, as a function of

frequency follows a relationship [13]:

2w fr

Al = Gy

(6.4)
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where 7 is the time constant that is related to R and C of the system as well

1
T =RC o (6.5)
In log-log form, Eqn. 6.4 can be re-written as:
log(Zim) = log(f) + log(—27TR) — log(1 + (27 f7)?) (6.6)

According to this relation, f,,., corresponds to a peak in the -Z;,, Bode plot.
Similar to the imaginary component, the frequency dependence of the

real component (Z,.) for a single parallel RC' system can be expressed as:

R

Zne(f) = 1 @nfr)? (6.7)

In the log-log form:
log(Z,e) = log(R) — log(1 + (2 f7)?) (6.8)

When [ < fiaz, Zre(f) = R; as a result, Z,. is independent of f. At
high frequencies (f >> fiaz)s Zre(f) = R/(27f)?, so it decreases at a rate
of 1/(27f)?, displaying a linear drop in the log-log plot as indicated by the
straight lines in Fig. 6.3. In this case, the manifestation of f,,., is the lowest

frequency at which the roll-off in Z,. begins.
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6.4.3 Frequency-dependent photoresponses

To clearly indicate the UV effects on ZnO films as a function frequency, I
overlaid the Bode spectra of ZnO samples obtained in the dark and under
UV illumination for comparison. (Z;, spectra is shown in Fig. 6.9 in the
Appendix).

An interesting feature appears when the Z,. Bode spectra are overlaid.
Fig. 6.4 shows dark and UV Z,. spectra for MA-ZnO. The dark spectrum
intersects with the UV spectrum at 4000 Hz. This feature of intersection
(denoted as f..oss) sSuggests that opposite UV responses in Z,. could occur,
depending on the test frequency. At a frequency smaller than f...ss, the Z,..
value for dark is larger than that for UV. However, beyond f,..ss, the Z,. for
UV becomes larger, implying that the UV exposure could lead to an increase
in the Z,. in this frequency region. The same feature is observed for ST-ZnO,
which gives rise to f...ss = 540 Hz after overlaying its dark and UV spectra
(Fig. 6.5a).

To verify this assumption, I tested the real time photo-sensing response
of ST-ZnO above and below f...ss (Fig. 6.5a). Fig. 6.5b compares the UV
response of the film taken at 20 Hz and 2000 Hz, respectively. Upon UV
exposure, Z,. at 20 Hz decreases, similar to its response in DC resistance.
At 2000 Hz, however, Z,. responds to the UV light with a rise. This opposite
frequency-dependent UV response is consistent with what the Bode spectra

indicate. (UV response testing at fixed frequencies was not performed for

MA-ZnO).
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Figure 6.4: Comparison of Z,. Bode plots taken in the dark and under UV
light for MA-ZnO. Intersection (f...ss) of the spectra is indicated by the
arrow.

6.4.4 Simulating f...ss

[lumination by UV light changes the electrical behavior of our ZnO films,
and the occurrence of f...ss is a direct result of the transition between the
dark and UV behaviors. The next step of my investigation was to study
the correlations between changing R and C, and the resulting f...ss and
S. For this task, I simulated Z,.. Bode plots using freeware (EIS Spectrum
Analyser) that can generate EIS spectra in various forms from a circuit. To
model the electrical behavior before exposing to UV, I used a single parallel
RC' circuit with R = 100 k€2 and C' = 1 nF. This circuit was chosen based
on the electrical response of MA-ZnO (Table 6.1), which shows a simple RC'

behavior before and after UV exposure. The effects of UV on the film were
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Figure 6.5: (a) Z,. Bode spectra taken in the dark and under UV light for
ST-ZnO sample. f...ss is indicated by the arrow. The positions of 20 Hz and
2000 Hz on the Bode spectra are indicated. (b) compares the representative
UV responses of ST-ZnO film for its DC resistance, Z,. at 20 Hz, and Z,. at
2000 Hz. The arrows indicate the direction of the UV response in each case.
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modeled by varying the R and C' values.

My simulations clearly show that changing R and C' values result in a
shift of Z,. spectra. Fig. 6.6a presents simulation results after decreasing
C while keeping R constant. This manipulation leads to a shift of f,,..
toward higher frequencies and does not cause f...ss. Fig. 6.6b shows another
scenario: decreasing R while keeping RC' constant same by increasing C
proportionally. In this case, Z,. drops over the whole frequency range without
intersecting with the original spectrum. In Fig. 6.6c, I demonstrate that
feross would occur when R (and RC' constant) is decreased. Based on the
simulation, I concluded that the occurrence of f...ss for a photodetector with

single parallel RC' behavior must satisfy two conditions:

(1) Rgark > Ryv and,

(2) Riarke X Caark > Ryv x Cyy

Relating the simulation to the experimental results, an apparent R change
alone (without C' change) would allow f...ss to occur, and would lead to the
frequency-dependent sign change in the sensing response. This is consistent
with the resistive response of MA-ZnO (Table 6.1).

The simulation also suggests that f.,..ss in the Z,.. Bode plot could be esti-
mated directly from the DC UV responses, since the Z,. at low AC frequency
should be close to DC (equivalent to AC at 0 Hz) resistance. Following this
lead, I then compared the photoresponses (S= UV,;;/UV,,) between the

time-dependent measurements and values extracted from the Z,. Bode spec-

149



(@) (b)
10° 1 10° 7 R F o
f___decreasing C |
5 e 10°
10° === i i .
- \ B L S ARAREREEE .
o 10° | 2 10°
N 5 N
—R=100kQ, C=1nF \ 10% 1
10° -4 ---R=100ke, C=0.1nF Y — R=100kQ, C=1nF
R= 100 kQ, C= 0.01 nF . 10' 4 ---R=10ke, C=10nF
| R=1kQ, C= 100 nF
2 _| v 0 _|
100 7 T T T T T T T 1 100 7 T T T T T T 1
10" 10 10° 10° 10’ 10" 10° 10" 10° 10° 10 10° 10°
Frequency (Hz) Frequency (Hz)
C
() 10° =
10° 1 [&]
G0t A
o
N'10° -
2 AY
10° | — R=100kQ, C= 1 nF |
---R=10kQ, C=1nF .
1| *
100 7 T T T T T T |
10" 10° 10" _10° 10> 10* 10° 10°
Frequency (Hz)

Figure 6.6: Simulated Bode Z,. spectra based on the single parallel RC
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Table 6.2: Comparisons of photoresponses between the prediction (Spredict),
i.e. values extracted from Z,. Bode spectra, and time-dependent measure-
ments (Spmeqsure). The Spreqice for DC (0 Hz) is not exact, but approximated
with data at 1 Hz.

MA-ZnO || ST-ZnO
Spredict DC 122 £ 0.2 || 210 &= 30
Smeasure DC 4.0 £ 0.5 20 £ 2
Spredict (20 Hz) 122 4+ 0.2 || 50 £ 10
Shmeasure (20 HZ) N/A 9.0 £1.0
Spredict (2000 HZ) 2.6 = 0.1 0.2+0.1
Smeasure (2000 Hz) | N/A 0.5 + 0.1

tra, as shown in Table 6.2. Nevertheless, there is a discrepancy between the

photoresponse results obtained from the two measurements.

6.4.5 Humidity impact

I also attempted to study the UV responses of ZnO in a wet environment.
Fig. 6.7 compares the dark and UV Z,. spectra for ST-ZnO between dry
and wet environment (65% RH). The overall resistance of film has dropped
considerably in the wet air. Moreover, as the film becomes wet, its UV
response in R also becomes negligible. As a consequence, no intercept point
(feross) can be seen from the dark and UV Z,. spectra in the wet air. This
data indicates that the ambient humidity apparently impacts the electrical

properties as well as photoresponses of ZnO films.
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6.5 Conclusions

From the preliminary results based on ZnO powders, we observed an in-
teresting effect in the AC frequency-dependent photoresponses: upon UV
illumination, the AC resistance decreases at low frequencies. However, when
measured at higher frequencies, the resistance increases in response to the
same UV exposure. An EIS study & modeling over a range of frequencies
(from 0.1 Hz to 100 kHz) has indicated that this frequency-dependent UV re-
sponse results from a feature f,,.ss which is influenced by a resistance change
induced by the UV exposure.

My findings suggest that it could be desirable to manipulate the R and
C values of ZnO photo-detector for optimizing the frequency-dependent UV
responses (such as avoiding or controlling the position of f..ss). ZnO can
show a wide range of R values. The resistivity of undoped ZnO thin film
can vary from 107% to 10% Q-cm as a function of oxygen concentration [14]
and/or thickness of the films. Moreover, preliminary results show that the
overall UV responses of ZnO films are reduced when ambient humidity level
is high.

This study serves as an important part of my thesis theme of gas sensor
development. My EIS investigation is motivated by exploiting the possibility
of using UV stimuli as an alternative to high 7" for enhanced gas sensitivity of
Zn0O. My findings suggest that choosing an AC operating frequency based on

the electrical characteristics of ZnO could play key roles in the UV-activated
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Figure 6.7: Bode plots comparing UV-induced changes of Z,.. for ST-ZnO in
a dry (20% RH) and wet (65% RH) environment.

gas sensing.

6.6 Appendix

An ST-ZnO film (Fig. 6.8a) presents a more complicated behavior which de-
viates from the single parallel RC circuit. Thus, I need a different equivalent
circuit model. The best option I used was: a RC parallel circuit connected
in series to a second RC' in which the capacitor is replaced with a constant

phase element (CPE). The impedance of a CPE can be expressed as:

7O Qi
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Table 6.3: Parameters extracted from the equivalent circuit fittings for ST-
Zn0O (Fig. 6.8). Three UV exposure measurements were taken on the same
sample (same contact spot) at intervals of 20 min.

R1 MQ ClnF R2 MSQ QnF |«
ST-ZnO, Dark 8.34+0.2 0.75£0.15 | 16.54+0.1 | 6.0+1.0 | 0.8
ST-ZnO, UV (run 1) | 0.0924+0.002 | 0.4240.1
ST-ZnO, UV (run 2) | 0.11840.002 | 0.4040.05 N/A
ST-ZnO, UV (run 3) | 0.234+0.02 0.45+0.1

where () is the quasi-capacitance, ¢ is the complex number and w is the
angular frequency. The exponent « takes a value between 0 (for a perfect
resistor) and 1 (for a perfect capacitor). In the Nyquist plot, a manifestation
of a CPE in parallel with a resistor is a depressed semicircle. Nevertheless,
the fitting quality for dark ST-ZnO with this circuit is not great, despite
of its improvement from the single RC'. A plausible reason for this more
complicated electrical behavior of ST-ZnO might be due to the high resistance
of the film (~ 107 Q), which is comparable to the input impedance of the
instrument (10 MS2). Under UV illumination, the ST-ZnO shows a single
parallel RC' behavior.

Fig. 6.9 shows a comparison of -Z;,, spectra between dark and UV for MA
and ST-ZnO films. For both samples, f,,q. shifts to a higher frequency after
UV exposure. The reproducibility of -Z;,, Bode spectra measured under UV
exposure was also examined with different runs (three measurements were
taken on the same sample and same contact spot) while the sample was

illuminated by UV. The interval between each run was 20 min. The position
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Figure 6.8: EIS data plotted in different forms (Nyquist (a and d) and Bode
(b, ¢, e and f)) for the ST-ZnO film taken in the dark (a-c) and under UV
illumination (d-f). Arrows in the Nyquist plots indicate the directions of the
increasing frequency (from 0.1 Hz to 100 kHz) and raw data were fitted to an
equivalent circuit (insert). A blue fitting line (in e) is applied to the portion
of the spectrum to highlight the linear decrease in the log-log plot.
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Figure 6.9: Comparison of Bode plots (expressed in Z;,) of ZnO films (MA
and ST), both in the dark and under UV light.

of finae in these three spectra ranges from 1500 Hz to 4000 Hz.
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Chapter 7

A Strategy for Hydroxide
Exclusion in Nanocrystalline
Solid-State Metathesis

Products

Reproduced with permission from MDPI [1].

7.1 Abstract

We demonstrate a simple strategy to either prevent or enhance hydroxide in-
corporation in nanocrystalline solid-state metathesis reaction products pre-

pared in ambient environments. As an example, we show that ZnCOj; (smith-
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sonite) or Zns(CO,),(OH)s (hydrozincite) forms extremely rapidly, in less
than two minutes, to form crystalline domains of 11 + 2 nm and 6 £+ 2 nm,
respectively. The phase selectivity between these nanocrystalline products
is dominated by the alkalinity of the hydrated precursor salts, which may in
turn affect the availability of carbon dioxide during the reaction. Thus, un-
like traditional aqueous precipitation reactions, our solid-state method offers
a way to produce hydroxide-free, nanocrystalline products without active pH

control.

7.2 Introduction

Nanoparticle production via solid-state synthesis often involves metathesis
of well-mixed solid precursors that react exothermically and quickly through
a well-known class of self-sustaining reactions [2]. In comparison with tra-
ditional sol-gel or solvo-thermal routes, the absence of solvent in solid-state
metathesis (SSM) has enabled rapid formation of a wide range of materials
including metal oxides [3-6], sulfides [7], perovskites [8], and zeolites [9]. A
typical synthesis is carried out at ambient temperature, pressure, and atmo-
sphere conditions, where two powdered precursors are ground together. Once
the reaction is triggered, a self-sustained exothermic reaction proceeds: no
external heating is required. This metathesis is driven by thermodynamics
and the formation of stable crystal products. Although the mechanism for

ambient SSM is still not completely understood, some have noted that there
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is a class of SSM reactions that appears to benefit from the precursors waters
of hydration and/or from ambient water that is adsorbed at precursor grain
interfaces [7]. It is possible that this small amount of water, which is released
during the exothermic reaction to make a slurry with the starting powders,
promotes diffusion and lowers the reactions activation energies.

Although ambient SSM has opened up a new window for expedient and
solvent-free synthetic routes for many technologically and industrially rel-
evant nanomaterials, unwanted incorporation of hydroxide or CO, species
compromise the purity of the final product. These secondary products can-
not always be removed by rinsing with water or organic solvents, and they
are sometimes best removed by high temperature calcination [8]. Some re-
ports have shown that this problem can be mitigated by dosing the precursor
mixture with surfactants or other additives to control both crystal habit and
composition [5, 10]. However, these additional components can present dif-
ferent issues for product purification, and the role of additives with regard
to composition control during the metathesis process remains unclear.

Herein, we demonstrate that we can control hydroxide incorporation in
nano-crystalline products using ambient SSM with a careful selection of pre-
cursors to affect pH in the small amount of water that is present. We demon-
strate the efficacy of this approach with zinc carbonate nano-crystalline prod-
ucts: the hydroxide-free ZnCO; (ZC, smithsonite), as well as hydrozincite,
Zn;(CO,4),(OH)4 (abbreviated here as ZHC). In nano-crystalline form, zinc

carbonates have found industrial use as surface-active absorbers in respirators
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for health and safety applications [11]. Neither additives nor post-synthesis
annealing are required to regulate the composition of the metathesis product,

nor is there any active pH regulation required during the synthesis.

7.3 Experimental

Our experiments began with analytical grade reagents: 0.5 mol of Zn(NO;),-6H,0O
was mixed with 1.5 mol of NaHCO; and then mixed thoroughly by hand in
an agate mortar. The importance of this mixing is not at all related to me-
chanical pressure; instead, it is the intermingling of the powdered precursors
that triggers the reaction. The total mass of the precursors was typically ~
1 g, but scaling up the reaction by a factor of ten did not adversely affect
the results. After about 1 min of mixing, the exothermic reaction within the
mixture yielded a wet white paste, with only a small temperature increase
(~ 5 °C). Photographs of the paste-like products are shown in Fig. 7.1. This
product was transferred to anhydrous ethanol and washed several times with
ultrapure water (18.2 M{2-cm) to remove soluble ions. The remaining prod-
uct was oven dried at 80 °C for at least 24 h, prior to further characterization.
Similar experiments were repeated with different combinations of precursors,
as shown in Table 7.1. Results are highly reproducible, and were tested at
least three times for each combination, including significant variations in the
reactant ratios (0.67:1, 1:1, 1.5:1).

All samples were characterized by powder X-ray diffraction (PXRD; Ul-
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Figure 7.1: Representative photographs of the paste-like reaction products
from (a) Zn(NO;),-6H,0 and NaHCO, precursors, which yields ZnCOy; and
(b) ZnCl, + Na,CO,, which yields Zns(CO;),(OH),

Table 7.1: Products from ambient SSM using different precursor combina-
tions. Here, ZHC means Zn;(CO,),(OH)4 and ZC means ZnCO;. Gibbs free

energy data are from [12]

Precursors Product Calc. AGy(kJ/mol) at 25°C
ZC ZHC
ZnCl, + NaHCO, none -64 -278
ZnClL, + Na,CO, ZHC — -86 -391
Zn(NO,), 6,0 + Na,CO,  ZHC -7l 1483
Zn(NO,),-6H,0 + NaHCO,  ZC -85 1203
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tima IV X-ray diffractometer (Rigaku, Texas, U.S.A.) with Cu Ka 3°/min,
step size 0.02°; lattice constant refinements from Jade software, Materials
Data Inc. (Livermore, CA, U.S.A.), comparison with JCPDS [13]), Fourier
transform infrared spectroscopy (FTIR; Alpha spectrometer (Bruker, Bil-
lerica, MA, U.S.A.) at 4 cm™! resolution on specimens dispersed in a 7
mm diameter KBr pellet), and Raman spectroscopy (Renishaw inVia Ra-
man microscope, 830 nm excitation). Thermal decomposition experiments
were conducted with a Q500 thermogravimetric analyzer (TA Instruments,
New Castle, DE, U.S.A.) using a Pt pan, 600 °C (20.00 °C/min) under 40.0
mL/min N, gas flow). Crystalline domain sizes were extracted by Scherrer
analyses on PXRD peak widths using at least 11 diffraction peaks. This ap-
proach gives a truly representative average crystalline domain size, since the
data were obtained using ~ 1 g of powder. Brunauer-Emment-Teller (BET)

analyses provided surface area values.

7.4 Results and Discussion

The particles in the product are truly nanocrystalline, with crystalline do-
main sizes of 11 £+ 2 nm for ZC and 6 £+ 2 nm for ZHC, and surface areas
of 25.4 4+ 0.3 m?/g for ZHC. From PXRD data, we find that ZC has sharper
diffraction peaks (Fig. 7.2a) than ZHC (Fig. 7.2b). For this reason, we also
used FTIR and Raman spectroscopies to corroborate the phase compositions

of the products. As shown in the representative FTIR spectrum in Fig. 7.3a,
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Figure 7.2: Representative indexed X-ray diffraction (XRD) data. In (a),
all major peaks corresponding to ZnCO; (JCPDS 8-0449) are present when
starting with Zn(NO,), and NaHCO, precursors. In (b), the product matches
Zn;(OH)4(CO,), (JCPDS 19-1458) [13].
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ZC displays an intense single peak at 1430 cm™! (v3 antisymmetric carbonate
stretch). Hydroxide incorporation in ZHC lowers the symmetry of this car-
bonate vibration [14] to yield multiple peaks between 1380 and 1510 cm™!.
A low intensity peak near 1085 cm™! (v; carbonate stretch) is IR inactive,
according to ideal symmetry considerations [15], but is very intense in Ra-
man spectra (Fig. 7.3b). For ZHC, this v; mode is not observed in either
FTIR or Raman spectra, however, the presence of a peak at 950 cm™! has
been attributed to a Zn-OH distortion in previous reports [16]. The carbon-
ate vy and v, bending modes cause sharp peaks at 865 cm™! and 740 cm ™!,
respectively, in ZC; these peaks shift to lower wavenumbers and broaden in
ZHC.

We performed additional experiments to ensure the SSM reactions yield
phase-pure products. Thermal decomposition data indicate that both ZC and
ZHC undergo a one-step decomposition process, releasing their carbonate and
hydroxide ions simultaneously in the forms of CO, and H,O (Fig. 7.4). The
theoretical mass loss [17] for ZC is 35.1% when ZnCO; — ZnO + CO,; our
yield was 33.9% =+ 0.5%. For ZHC, we measured a mass loss of 25.8% =+ 0.5%,
which agrees well with the expected value [18] of 25.9% based on the reaction
Zn;(CO4),(OH)g — 5Zn0O + 2CO, + 3H,0. PXRD measurements confirmed
that the decomposition product was ZnO, consistent with decomposition
studies reported by others [19-21].

By comparing combinations of different precursors (Table 7.1), we find

that only Zn(NO,),-6H,0 + NaHCO, yields the hydroxide-free ZnCO,. Based
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on results of previous aqueous precipitation experiments [11, 14, 18, 22-25],
it appears that NaHCO, provides sufficient acidity and CO,, to produce ZC,
while Na,CO; does not. We note that other carbonate precursor salts can
also be used with similar effect. For example, K,CO; gives results that are
identical to those with a Na,CO4 precursor. It is also evident that the choice
of the Zn precursor is quite important. For example, a self-sustained reac-
tion did not occur between ZnCl, and NaHCO;. We note that the wettest
slurry occurred when using Zn(NO,),-6H,0 and NaHCO; (as shown in Fig-
ure 7.1a). This would suggest that having sufficient water, contributed by
either hydration waters or by absorption from the ambient environment, is
also important to enable a self-sustained SSM reaction in this system. To as-
sess the thermodynamics of the different precursor reactions shown in Table
7.1, we calculated the Gibbs energy of reaction based on the following four
equations, in which X is either NO5; or Cl” and n is an integer:
5ZnX,-nH,0 4 5Na,CO; —

Zn;(CO;),(OH)4 + 3CO, + 10NaX + (5n-3)H,0 (1)

ZnX,- nH,O + 2NaHCO,; — ZnCO; + CO, + (n+1)H,0 + 2NaNO, (2)

ZnX,- nH,0 4+ 2NaHCO,; — ZnCO, + CO, + H,0 + 2NaCl (3)
5ZnCl, + 5Na,CO,; — Zn;(CO,4),(OH)4 + 3CO, + 10NaCl + 3H,O (4)

In all four cases, the negative Gibbs energy of reaction values indicate
that the reactions can proceed spontaneously. Both of our zinc carbonate

products (ZC and ZHC) have a low solubility in water and, as a consequence,
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aqueous syntheses by direct precipitation have been reported for each phase
using a variety of different zinc salt precursors, including ZnCl,, Zn(NO;),,
ZnS0O,, and Zn(CHCOO),. ZHC is the most common product under stan-
dard temperature and atmosphere conditions [22-24] with ZC formation re-
ported only with acidic pH control [18] high CO, pressure [17, 25], or low
temperatures [11]. In contrast, there is only one report of phase-pure ZC
through ambient SSM, in which the authors conclude that the precursors
(NH,HCO; and ZnSO,) had to be ground in the presence of an additional
surfactant (polyethyleneglycol-octyl-phenylate) in order to yield ZC; a mech-
anism was not proposed [10].

We propose that three factors must be met for selective ZC or ZHC pro-
duction: negative Gibbs free energy of reaction, sufficient structural and/or
surface water, and crude pH control. As shown in Table 7.1, the calculated
standard Gibbs free energy of reaction for each salts combination in SSM
are all negative and thus thermodynamically possible. The Na,CO; precur-
sor, we believe, contributes to hydroxide incorporation in the product due
to CO,%™ hydrolysis. In contrast, the dissociation of NaHCO, during the
exothermic reaction provides a ready source of gaseous CO, that can be
dissolved in the reaction slurry. HCO;™ also provides a sufficiently acidic
environment in the slurry by preventing hydrolysis of CO,?~ with ambient

water.
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7.5 Conclusions

It is surprising and very widely applicable that a solid-state synthesis method
can be adjusted to provide a robust way to exclude hydroxide under ambi-
ent temperature and atmosphere conditions. Crude pH control during the
reaction is provided by acid-producing, hydrated precursor salts, and this is
sufficient to produce phase-pure ZnCO,. This is in stark contrast to reports
of aqueous-based precipitation reactions for ZnCO,, which have shown that
accurate pH control is essential as acidic pH values (<6) lead to ZC disso-
lution, while excessively alkaline conditions promote Zn(OH), formation at
the expense of ZC [11, 14, 18, 25|. Furthermore, our solid-state products
are nanocrystalline, in both the ZC and ZHC forms, due to the extremely
rapid formation process. Our strategy of using acid-producing salts to form
hydroxide-free carbonates could likely be extended to other classes of com-

pounds for which pH is a tuning parameter for phase selectivity.
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Chapter 8

Summary and Outlook

8.1 Summary

My Ph.D. research focused on gas sensing with explorations of materials
chemistry and materials electrical properties.

I explored capacitive gas sensing responses of different kinds of polycrys-
talline ZnO samples under humid and/or high temperature conditions in a
laboratory setting. Under these conditions, I tested the sensing performances
of ZnO samples to various VOCs. I discovered that at room temperature,
selective gas detection is achievable with ZnO capacitive sensors even in hu-
mid environments [1]. At high temperatures, I found large enhancements in
the capacitive gas sensing responses for sensors made of ZnO nanoparticles.

My emphasis on materials chemistry was reflected in the synthesis and

ambient instability assessments of ZnO samples. I successfully applied (and
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also developed) various techniques, including solid-state, solvothermal and
high temperature methods to prepare micro-scale and nano-scale ZnO par-
ticles with controlled crystal habit and surface characteristics (surface area
and surface polarity). Furthermore, I studied the instabilities of ZnO samples
caused by interactions between ZnO surfaces and ambient water/CO,, and
linked the different degrees of reactivity of ZnO to surface dissolution and
crystal growth conditions. This information has also proved helpful for un-
derstanding the distinctive gas sensing performances among different kinds
of ZnO.

I also investigated the electrical properties of ZnO sensing films under UV
light stimulation. Using impedance spectroscopy, I observed photoresponses
that change sign, depending on the AC frequency applied during measure-
ment; and [ demonstrated that this frequency dependence is determined by

the UV induced changes of electrical properties of the ZnO film.

8.2 Thesis contributions in a broader context

A thread running through my entire thesis—from solid-state metathesis, am-
bient instability, to the room temperature gas/UV sensing—is the impact of
surface/interface water on materials properties. In my investigations, I found
that ambient water can facilitate room temperature capacitive gas sensing [1],
can cause surface degradations of ZnO [2], and can trigger solid-state reac-

tions for synthesizing polycrystalline ZnO [3].
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For the gas sensor community, humidity interference has been a long-
standing issue. Many commercial gas sensors have to be calibrated for the
background ambient humidity levels prior to use. The conventional strategy
for solving this water problem is to reduce or avoid its presence. For instance,
a collaborator of ours at the University of London, Dr. Russell Binions, de-
veloped a method to reduce humidity interference by incorporating a water
absorbing layer (zeolites) into the sensors in order to screen the moisture
from reaching the sensing elements [4-6]. Nevertheless, I believe my findings
on ambient gas capacitive detection [1] provide a new route for resolving the
moisture issue. Instead of focusing on preventing water interference (which
is difficult), we may be able to take advantage of ambient water to promote
gas sensing performance for hydrophilic gases. This vision might also be
applicable to different sensing materials, such as SnO,. Beyond MOX mate-
rials, conductive polymers [7] (polypyrrole, polyaniline) have higher overall
gas sensitivities at room temperature than MOX, but also suffer from even
more severe humidity interference [7].

My contributions in materials chemistry and electrical properties may
also impact other fields beyond gas sensors. As a functional material with
a range of optical, piezoelectric, and sensor device applications [8], ZnO has
always been celebrated for its structural stability, despite some awarenesses
of its degradation issue under humid conditions [9-11]. My study on the
surface carbonation of ZnO [2] once again raised this important issue. It is

very likely that many electronic and optical functionalities of ZnO would fail
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in ambient environments once ZnQO is transformed to zinc carbonates. This
implies that measures for moisture and CO, prevention may be required for
ensuring the long term stability of ZnO-based devices.

Finally, the solid-state metastasis method is one of my favorite methods
for synthesizing binary nanomaterials because it contains many green chem-
istry characteristics: solvent free, high yield, no heating requirement, and
ultra-fast reaction [12]; and ambient humidity is likely involved in triggering
the reaction. I have opened up a new way to impose control over crystal
phases of the SSM products by tuning the acid/base chemistry at interfaces

of the solid grains.
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