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Abstract

In response to the needs of the modern information-rich society, there is an increasing demand for
multifunctional materials with novel properties to advance the development of the new-generation
electronics. To synthesize these materials, many biomaterials have been extensively studied and research
suggests that their outstanding performance is strongly related to the sophisticated hierarchical structures.
Since the development of nanotechnology, numerous nanostructured materials have been reported to exhibit
unprecedented performance by mimicking the structures of biological materials. However, there is still a
significant gap between experimental research and commercialization of the nanostructured materials, as a
result of the typical high-cost fabrication procedures involving lithography or patterning process. Thus,
developing new nanostructured materials that can be fabricated with ease can greatly advance their use in
practical applications. Inspired by the growth of the biological materials, this dissertation investigates the
facile synthesis and explores the use of two types of nanostructured materials, which are three-dimensional
hierarchical ZnO nanostructure and self-assembled Au nanoparticle chains.

3-D ZnO nanostructures are synthesized using electrochemical methods by combining 2-D
nanosheets with 1-D nanorods. These structures made in high density without any patterning process can
be easily assembled over a large area. Upon the application of pressure, the hierarchical structures lead to
a highly sensitive and dynamic modulation of the conductive pathways. The tactile sensor made of the high
density nanostructured material shows an outstanding sensitivity in the low-pressure regime with a 0.4 Pa
limit of detection and a response time of less than 2 ms. The ZnO structures can also detect temperature
changes with a non-linear response similar to skin perception in the 298-400 K range. Combining both the
pressure and temperature sensitivities, the device is able to differentiate between 20 pl and 40 ul water
droplets and also differentiate between 10 pl droplets of room temperature and 323 K. Such performance
in a single device which can be prepared by a simple fabrication procedure will bring the tactile sensor

closer to skin ability and make this type of devices easily accessible at the same time.

Combining the ferroelectric and semiconducting nature of organolead trihalide perovskite MAPDIs3,
a light harvesting, self-powered monolith tactile sensor is fabricated. ZnO nanostructure on the MAPbI3
film serve as a pressure-sensitive drain whose interfacing area modulates in response to the applied pressure.
The sensor is operational for at least 72 h with just light illumination after consuming 55 W Hh cm™ energy
during the poling process. A linear response is observed till 76 kPa with a sensitivity of 0.57 kPa* which

can be modulated by the strength of the external electric field.

Additionally, PtRu/Au catalysts for ethanol oxidation is synthesized using self-assembled Au

nanoparticle chains linked by Pt** and Ru®* cations. The facile assembly process allows the easy



optimization of the relative amounts and relative placement with respect to each other. By inter-mixing the
chains at varying stages of assembly, spatial control of distinguishable domains of Pt and Ru on the size of
5-10 nm is achieved. The electrocatalytic activity of the synthesized catalyst is 3.1 times that of commercial
Pt/C. The catalyst also shows a higher carbon monoxide-tolerance by negatively shifting the CO oxidation
peak for about 0.1 V. Compared to the homogenous mixed catalyst, a 29 % increase of current density is

observed for the catalyst with well-defined domains.

The findings of this research therefore provide insights for synthesis of nanostructured materials
with unprecedented properties using cost-effective methods instead of complex lithography or patterning
process. Such simple fabrication procedures extend our knowledge of preparing and use of similar

nanostructured materials in a wide range of applications.

Vi
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Chapter 1

Introduction

1.1 Nanostructured Materials

Multifunctional materials with novel physical and chemical properties are the essential components and they play
a critical role in the new-generation electronics, such as flexible electronic skins, energy storage devices, sensors,
catalysts, wearables, and medical devices.!'*®! Many biomaterials exist with exceptional performance and high
mechanical durability in nature.”*" Research efforts have been devoted to study biomaterials for fabrication of
manmade materials with similar properties. Evidence suggests that the growth/synthesis of the biological materials
generally occur at room temperature with limited supply of resources for living life forms, whereas their outstanding
performance is strongly related to the sophisticated hierarchical structures at micro or nanoscale.?58 However,
the fabrication of manmade multifunctional materials has been challenging using the traditional methods and
techniques. One of the main obstacles was the controlled manipulation of the microstructures with limited
preparation approaches. Since the recent development in nanotechnology, there has been a remarkable increase
interest in the fabrication and characterization of nanostructured materials, as a major area of research within the
field.l**12 While numerous papers on nanostructured materials have been published for various applications with
unprecedented performance, there are few studies that have investigated the preparation of these materials without

complex patterning or lithography process.

It is necessary here to clarify what is meant exactly by “nanostructured materials”. The term has been used
to refer to “materials with a microstructure the characteristic length scale of which is on the order of a few
nanometers”.™ Previous research has established the importance of structure on materials’ physical and chemical
properties.[513141 An extreme but well-known example is the transformation from graphite to diamond. Similar to

the structure change at the atomic scale, alteration of structure at the micrometer scale has a profound effect on the



macroscopic properties, such as the superhydrophobicity of lotus leaf, adhesion of gecko feet, and durability of

spider silk.[5517

Hundreds and thousands of nanostructured materials have been prepared via various advanced techniques.
For commercialization of these materials in industry, ease of fabrication and integration are of great significance.
Despite the rapid development in nanostructured materials for sensing and catalytic applications, preparations of
the nanostructured materials have been mostly restricted to complex processes involving patterning and
lithography.>1018-201 There has been little discussion on the facile synthesis methods, in which no patterning or
lithography is involved. Therefore, developing new nanostructured materials which can be fabricated with ease can

significantly benefit the commercialization and use of these materials in a diverse range of applications.

Inspired by the motivations presented above, the objectives for this dissertation are to investigate the facile
fabrication and explore the use of two different types of nanostructured materials — three-dimensional (3-D)
hierarchical ZnO nanostructures and self-assembled Au nanoparticle chains. The nanostructured materials are

prepared and characterized respectively for tactile sensing and catalytic applications (details in Chapter 2, 3, and 4).



1.2 Tactile Sensing

Skin, the large sensory organ of the human body, is highly sensitive to a diverse range of tactile stimuli.l?*?? As the
most sensitive touch sensor known, human skin can detect gentle touches of around 1 kPa. Additionally, a human
finger can differentiate surface roughness at a at a spatial resolution of about 40 um by moving back and forth across
the surface. Apart from detecting the normal touch (tactile), skin is also capable of sensing temperature, pain, itch,
and even pleasure, while working as the sensory transduction system at the same time. The extraordinary
performance can be attributed to the hybrid system in which the dermis transmits the mechanical contact to the
neuron imbedded in it.?2 With the capability of simulating skin to a certain extent, electronic skin (e-skin) is fast
becoming a key component in various applications, including robotics, wearable sensors, and healthcare
devices.['*2324 As the critical element in e-skins, tactile sensors with performance on par with human analogues are
in great demand. Extensive research has been done to develop tactile sensor with superior properties, such as high

sensitivity, flexibility, and the ability to distinguish static and dynamic stress.[?0:2527]

Capacitive, resistive, and transistor-based tactile sensor have been fabricated, in which the primary sensing
basis is the change in electrical response to change in pressure.”>?7 Since the development of nanotechnology,
most research in tactile sensor has emphasized the use of nanostructured materials with unique properties. Structural
interlocking and multi-contact pathways as a result of the complex structures are the predominant advantages. 283!
Typical nanomaterials used for tactile sensors includes conductive polymer nanofibers, carbon nanotubes (CNTS),
graphene and semiconducting (Si, ZnO) materials.?"?>311 However, most nanostructured materials suffer from the

high cost and complex lithography process associated with the fabrication.

In nature, unprecedented performance is achieved by hierarchical structures made without any lithography
process.”! Biological composites typically have a gradient composition of structures from micron to nanoscale.
These sophisticated hierarchical structures maximize the structural functions in response to environmental

changes.®! Inspired by nature, extensive research have been devoted to mimic the biological morphologies for



better performance. Pang et al. demonstrated a strain sensor with interlocking nanofiber arrays mimicking the wing-
to-body locking microstructures.?® Polydimethylsiloxane (PDMS) micropillars decorated with ZnO nanowire
arrays have been developed by Ha et al.?! These bioinspired nanostructured materials show high pressure
sensitivities with fast response times which can significantly benefit the development of many tactile sensing-based

applications.
1.2.1 3-Dimensional ZnO Nanostructure

Hierarchical nanostructures are tailored and used routinely in nature to accomplish tasks with high performance.
Their formation in nature is accomplished without the use of any patterning process. Inspired by such structures,
We combined 2-D ZnO nanosheets with 1-D nanorods in high density without any patterning process, and the use

of the resulting nanostructured material for tactile and thermal sensing is examined in Chapter 2 and 3, respectively.

Zinc oxide, with a chemical formula of ZnO, is a water-insoluble white powder. ZnO is classified as a
semiconductor in the group 11-V1, with a wide band gap of =~ 3.3 eV at room temperature and an intrinsic doping of
n-type.?234 The compound ZnO does exist as a mineral zincite in nature, but most ZnO is manufactured
synthetically. Due to its wide range of properties, including the large band gap, relatively high electron mobility,
high transparency, and piezoelectricity, ZnO has attracted much academic interest.*>%¢1 The commercially
synthesized ZnO has been used as a multifunctional material in numerous applications such as: dye-sensitized solar
cells, transparent electrodes, and batteries, as a result of its unique properties.[*233381 Manufacturing of ZnO can be
accomplished through various techniques, including chemical vapor deposition, thermal evaporation, and

electrochemical deposition.?!

ZnO is one of the few semiconducting and piezoelectric materials that form self-assembled nanostructures
in specific orientations.®"-%1 Well-defined nanostructures, such as nanowires, nanorods, nanosheets, and nanorings
have been successfully synthesized using various methods, owing to its wurtzite crystal structure. In this dissertation,

3-D ZnO nanostructure is made electrochemically by hierarchical growth of 1-D nanorods on the 2-D nanosheets.



Both morphologies of ZnO are deposited by electrochemistry without using any patterning process. During the
deposition, crystal growth along the c-axis is favored. The reason for the preferentially growth is the electrostatic
deposition of zincate ion — Zn(OH)> on the (0001) plane. Consequently, the anisotropic growth leads to the
formation of 1-D nanorods. 4?1 To synthesize 2-D nanosheets, Cl- is added to the electrolyte to selectively bind to
the (0001) plane. The adsorption prevents the contact of Zn(OH),* to the top surface and results in growth of
nanosheets. Lastly, the nanorods grow predominately on the large surface side of the sheets due to its lower

resistance and crystal orientation to form 3-D nanostructures (details in Chapter 2).

The high density hierarchical structures lead to a highly sensitive and dynamic modulation of the conductive
pathways with pressure. In Chapter 2, | investigate a tactile and thermal sensor made of the 3-D ZnO nanostructures.
The sensor can detect pressure as low as 0.4 Pa, with a response time in milliseconds. A light harvesting, self-
powered tactile sensor is made by using ZnO nanosheets as pressure-sensitive drain on a MAPDI; film in Chapter
3. Organolead trihalide perovskite MAPDbI; shows a distinctive combination of properties such as being both
ferroelectric and semiconducting, with ion migration effects under poling by electric fields. Once poled, the sensor
is operational for at least 72 h with just light illumination. The sensor is monolithic in structure and has a linear

response till 76 kPa. These tactile sensors are discussed in detail in Part A (Chapter 2 and 3).



1.3 Ethanol Oxidation

Energy conversion/storage has become one of the most popular topic in the past decades, to meet the increasing
need of energy of the information-rich society.[*** Fuel cells have drawn much research efforts as a prominent
energy conversion device for sustainably converting chemical energy to electrical energy. They are known to have
sustained operation at high current density, electrical efficiencies, and fuel utilization, along with the heat and power

generation capability at end-use sites.[6:47]

Hydrogen is the most widely used fuel in proton-exchange membrane fuel cells (PEMFCs), as a result of
its low operating temperature, light weight and no greenhouse gas emissions.[“! However, the commercialization
of PEMFCs is hindered by the lack of hydrogen storage and transport technologies. As a good alternative to
hydrogen, small organic molecules (methanol, ethanol, formic acid), which are in liquid forms, can be transported
much more easily through the existing infrastructure.*® Among various types of small organic molecules, ethanol
draws a significant amount of research attention because of its low toxicity and wide availability. Nevertheless, the
utilization of ethanol in fuel cells is not fully developed for commercialization, owing to the low power densities
and lifetimes of direct-ethanol fuel cells (DEFCs).[*1 The lack in performance can be attributed to the kinetics of
ethanol oxidation reaction (EOR), which is a complex process that requires relocating of 12 electrons per ethanol

molecule and breaking of the C-C bond“**°l: C,H;OH + 3H,0 - 2C0, + 12H* + 12e~ (1.1)

In contrast, electrooxidation of hydrogen and methanol involve only 2 and 6 electrons. Consequently, intense
research efforts have been devoted to developing new anode catalysts to improve the electrode kinetics of EOR.1-
511 Noble metals have been used widely as catalytic materials at the anode of DEFCs owing to their excellent ability
to adsorb and desorb target molecules. Specifically, Pt exhibited a unique ability in breaking the C-C bond in acidic
solutions despite the high cost related to its rarity. Nevertheless, instead of the complete oxidation of ethanol to
COg, typically acetaldehyde (two-electron oxidation) or acetic acid (four-electron oxidation) are formed during the

process.0525% The intermediates will preferably bind to available sites on Pt surface and consequently hinder the



adsorption of more ethanol molecules. The process was reported as the “poisoning effect”, and it has been shown
to significantly decrease Pt’s performance over time. To overcome the challenges, binary or ternary Pt-based
catalysts have been studied by many research groups. Ru, Rh, Au, Sn, and Ni have been reported for exhibiting
outstanding catalytic performance as co-catalyst with metallic Pt.5*54 Predominantly, PtRu catalysts demonstrated
the exceptional ability for the electrooxidation of CO compared to other bimetallic catalysts by promptly oxidizing

the surface adsorbed CO and CHx-type adsorbates. 55561

Fabrication of Pt-based nanostructures has attracted much research attention for enhancing the catalytic
properties during the past decades. Many papers have focused on developing nanostructured materials based on Pt
and shown outstanding performance by providing more available active sites compared to macroscopic Pt
materials.®%8 Additionally, another successful approach to reduce the cost while maintaining the high surface area
is depositing a thin layer of Pt-based materials on nanoscale structures. Graphene, CNTSs, and TiO, matrices have

been used as supporting materials for effectively catalyze ethanol oxidation reactions. 575859
1.3.1 Self-Assembled Nanoparticle Chains

The second approach that we took towards the nanostructured materials is the self-assembled nanoparticle chains.
Nanoparticles have been used as building blocks for developing nanostructured materials.[%%-¢2 Instead of using a
single nanoparticle, | report a facile fabrication of PtRu catalysts for EOR using nanoparticle chains assembled with
Pt** and Ru®". The chain-like catalyst shows well-defined domains of Pt and Ru, which notably increase the catalytic

performance (details in Chapter 4).

Gold (Au) have been investigated as one of the most ancient topics owing to its stability. As the most stable
metal nanoparticles, Au nanoparticles possess fascinating properties including self-assembly, size-related electronic,
optical, and magnetic characteristics.[%*64 Because of its compelling properties, Au nanoparticles have been used
as building blocks in the bottom-up design for applications in biochemistry and catalysis.[6%1 Apart from single

nanoparticles, various types of assembled structures of Au have been reported for use in nanostructured



materials.[%661 With no complex patterning process, self-assembly has been reported to be an easy and cost-effective
method to organize nanoparticles into chains. Nanoparticles are usually stabilized with capping agents to form stable
colloidal suspensions. The functionality of the capping agent has been used to self-assemble the particles into
distributed chains (branched 1-D arrays). Typically, the citrate-capped Au nanoparticles suspended in aqueous
medium have a negative zeta potential and can be brought into close physical proximity through controlled addition
of ionic linkers. As a result of the electrostatic force, the nanoparticles and linkers self-assemble to form chains.
Ultraviolet-visible spectrophotometry have been used to monitor the assembly of 0-D nanoparticle into higher
ordered nanostructures. The wavelength for peak absorbance associated with the surface plasmon of the

nanoparticle undergoes a redshift because of its delocalization over adjacent nanoparticles upon self-assembly.

We have previously reported a hybrid nanostructure combining Au chains with ZnO nanorods.[®® Similarly,
starting with self-assembled chains, | explored the utilization of PtRu catalyst on these chains for EOR in Part B
(Chapter 4). The self-assembly process of Au nanoparticle chains enables the control over the spatial distribution
of multiple catalysts. Additionally, the chain-like structures work as a template to assure effective dispersion of
catalysts. The spatially confined growth on Au nanoparticle chains maximizes the exposing surface area for
effective catalytic process. The catalyst shows good performance in both EOR and stability, and it is 29 % higher
in specific activity compared to samples that are homogeneously dispersed with no spatial control. Compared to

commercial Pt/C catalyst, a 207% increase in specific activity is observed. (details in Chapter 4).



1.4 Thesis Organization

This dissertation is organized into two parts with five chapters.

Part A of this dissertation contains Chapter 2 to 3. In this part, the three-dimensional ZnO nanostructures is
studied for tactile sensing applications. Chapter 2 specifically discusses use of the interlocking random ZnO 3-D
structures for tactile and thermal sensing. In Chapter 3, a self-powered tactile sensor is fabricated by combining the

MAPDI; perovskite with ZnO nanostructures.

Part B of this dissertation includes Chapter 4, and this part explores the use of self-assembled nanoparticle
chains for catalysts preparation. PtRu nanocomposites with spatial distribution is fabricated and shows good specific

activity for EOR.

Chapter 5 concludes this dissertation with summarized findings and proposed future work.



Part A

Nanostructured Materials for Tactile Sensing

Chapter 2
Bio-Inspired Interlocking Random 3-D Structures for Tactile and Thermal

Sensing

2.1 Introduction

Hierarchical structures with mechanical and functional integration of distinct nanomaterials and/or morphologies
in a cohesive manner show many remarkable features and properties.[*26%71 As a result, such structures made with
multiple micron and nano scale components are being actively studied for use in diverse devices ranging from high
surface area current collectors in batteries,[’>7 solar cellst™ and supercapacitors,t’"® to biomimetic
adhesives!*67°80 and as surface coatings.!*>#82] In nature such hierarchical structures, made without the use of any
lithography or pattering processes, are ubiquitously present and are used to accomplish specific tasks with great
efficiency and unparalleled performance.-#1 The ongoing expansion of robotic and humanoid platforms requires
the development of sensory interfaces such as electronic skin (or tactile sensors), with performance on par with
human analogues.®-88 This will also impact other areas of tactile sensing application such as wearable sensors and
medical devices.?*3489-9 Electronic skin (or tactile) devices that sense pressure have been made using hair-like
patterned polymer nanofibers,!*%1 CNT and graphene networks,?*°2-%I hollow sphere microstructures®! and ZnO
rods on patterned PDMS micro pillars,?? among others. Structural interlocking and multi-contact conductive
pathways that lead to inherent piezo-resistive and percolation effects are the primary basis of pressure sensing in
these devices.33%71 Lithography and/or patterning process are typically involved during the fabrication of similar
devices with such complex structures. Being a large area device (human skin has an area of ~ 2 m?, and specifically

the palm and fingers have an area of ~ 120 cm?), the translation of non-patterned hierarchical structures as tactile
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sensors (or electronic skin) will lead to significant benefits due to ease of fabrication and integration. This has to be
coupled with high sensitivity and rapid response time for sensing of pressure and a robust integrity.[27:31:32.%1 Besides
pressure, integrated temperature sensing will significantly enhance the capabilities of such electronic skin devices
bringing them closer to the multi-functional capabilities of human skin.?.259.101 By ysing a rationally designed

hierarchical structure we address these requirements as reported below.

The electronic skin sensor is made by rationally combining 1-D ZnO nanorods (length scale 400 nm) onto
2-D ZnO sheets (length scale of micron) as a hierarchical structure, using simple electrochemical synthesis and
without any patterning process. Compared to similar hierarchical structures made using lithography process, this
sensor has, an exceptional sensitivity (greater than 10° times change in resistance) in the low-pressure regime, a
minimum pressure sensing threshold of at least 0.4 Pa with a response time of less than 2 ms and also the ability to
sense temperature. We show that the sensor is able to differentiate between 20 i and 40 | water droplets and also
differentiate between 10 i droplets of room temperature and 50 °C. The temperature and pressure stimuli can be
differentiated based on their response time scales, which are in seconds and milliseconds respectively. By
comparing the response characteristics of sensors with different structuring elements, the exceptional performance
of the hierarchical sensor is attributed to its inter-locking structure and the formation of multi-contact pathways due
to the rational combination of nanorods with sheets. The number of pathways increases rapidly with pressure leading
to the pressure sensing ability. Further, the hierarchical template is used as a pseudocapacitor by conformal
electrochemical deposition of a MnO; layer, and compared to planar counter parts it shows an order of magnitude
improvement in energy density. The increase in energy density indicates the high surface area of the ZnO

nanostructured template which will be advantageous for application in supercapacitors.
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2.2 Materials and Methods
2.2.1 Synthesis

Hierarchical Electrochemical Deposition of ZnO Nanostructures and MnO:. Indium tin oxide (ITO) coated glasses
with a surface resistivity of 10 Q/sq obtained from Delta Technologies were used as substrates for the hierarchical
growth of ZnO nanostructures. The electrochemical deposition was carried out by using an Ivium CompactStat
Electrochemical Analyser with a standard three-electrode setup. A Ag/AgCl electrode was used as the reference
electrode, with a platinum wire as the counter electrode for all depositions. Different substrates were connected to
the working electrode during each step of the deposition. For the ZnO nanosheets, a clean ITO substrate was used
as the working electrode. A constant electric potential of -1.0 VV was applied for one hour. 0.028 M ZnCl, with 0.1
M KCI aqueous solution was used as the electrolyte. A beaker filled with the electrolyte solution was immersed in
a silicon oil bath, which was heated on a hot plate, to maintain a steady temperature of 75 < during the deposition.
Substrates were washed thoroughly with Millipore water after the deposition and dried under a nitrogen stream.
The substrates were then heated at 350 <C for one hour for the annealing of ZnO nanosheets. A thin layer of gold
(~15 nm) was coated on ZnO nanosheets using magnetron sputtering to improve the surface conductivity. For
deposition of nanorods, the substrate was again used as the working electrode. Same voltage of -1.0 V was applied
for the same amount of time at the same temperature as in the first step. A lower concentration of 1.25 mM ZnCl;
with 0.1 M KCl aqueous solution was used as the electrolyte.[“? Same cleaning and annealing process was followed.
To electrochemically deposit a film of MnO; on the ZnO nanostructured template, a thin layer of gold was sputtered
again for improving the surface conductivity on the substrate with the pre-deposited ZnO nanostructures. The
substrate was then immersed in a plating solution of 20 mM Mn(NO3z), with 100 mM NaNOs. A constant current
density of 100 pA cm? was applied for 5 minutes. The substrate was washed with Millipore water after the

deposition to remove excessive electrolyte and then annealed on a hot plate at 60 <C for one hour.
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2.2.2 Characterizations

A Zeiss Ultraplus Field-emission Scanning Electron Microscope (FE-SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS) was used to examine the morphologies of the hierarchical ZnO structure and MnO;
nanoparticles. The crystal structures were characterized by glancing incidence X-ray diffraction (GIXRD) using a
PANalytical X Pert Pro MRD diffractometer with Cu Ko radiation (A = 1.54 A) at an incidence angle of 0.4°. A
Keysight 3458A Digital Multimeter and a Keysight 6614C 50 Watt Power Supply were used for measuring current
responses and applying the potential bias, respectively. Our samples were connected in series with the multimeter
and power supply to form a circuit. A two-probe method was used by connecting one probe to the ITO layer on the
bottom substrate directly and connecting the other probe to the ITO substrate on the top sample through a very small
amount of Gallium-Indium eutectic. By using the highly conductive liquid metal alloy, we could maintain a good
electric contact with minimum pressure. An MFA Motorized Miniature Linear Stage was used to apply the load to
the samples. A Honeywell Model 31 Miniature Load Cell was connected to the stage for measuring the load.
Combined with a Micro-pro series digital panel meter, we were able to read out the measurements and record the
data. Pressure values were determined by dividing the weight by the contact area between the top and bottom
samples. For the temperature sensitivity test, the temperature of the samples was controlled by changing the
temperature setting on a hot plate on which the samples were placed. Accurate temperature readings on the sample
surface were measured by an infrared thermometer. Electrochemical characterizations were done again by using
the Ivium CompactStat Electrochemical Analyser. For cyclic voltammetry and galvanostatic charge/discharge
testing, two symmetric samples were separated by a porous ion-permeable membrane (separator) as the working

and counter electrodes, with a Ag/AgCl electrode as the reference electrode.
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2.3 Results and Discussion

Conductive substrate ZnO nanosheets
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Figure 2.1. (a) Schematic showing the formation of the device structure. (b) FESEM images showing the ZnO
sheets that form the first layer of the device. The higher resolution image on the right shows that the sheets are
microns in size with a thickness on the scale of 50-200 nm. (¢) FESEM images of the sheet-rod nanostructure. The
image on the left shows the high density of the structure. The higher resolution images on right clearly show the
sheet outline and the rods growing primarily on the larger area plane of the sheets. The length of the rods is 200-
400 nm. (d) The cross section of the final device structure shows the interlocking between the sheet-rod

nanostructure of the top and bottom electrodes. This has been highlighted in blue. The scale bars are 1 pm.

The schematic of the sensor is presented in Fig. 2.1a. The sensor is made by first forming 2-D ZnO nanosheets (Fig.
2.1b) on a planar conductive substrate, followed by formation of ZnO nanorods (Fig. 2.1c). Both morphologies of
ZnO are made electrochemically and are controlled by varying the composition of the electrolyte solution.[#2101
The 1-D rods grow predominately on the large surface area side of the sheets due to its lower resistance and crystal

orientation, as can be seen in the field emission scanning electron microscopy (FESEM) images of Fig. 2.1c and X-
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ray diffraction data (XRD details in Appendix). The final ZnO sheet-rod nanostructure is a dense array of these 2-
D-1-D units. Two such substrates are placed together and sealed with PDMS. A cross section of the device showing

the interlocking contacts is presented in Fig. 2.1d.

The response of the device to typical pressure cycles is shown in Fig. 2.2a and an over 10° order change in
current is observed on increasing the pressure to 6.5 kPa. The response is consistent over repeated fast pressure
cycling (100 cycles of 10 kPa) as observed in the inset of Fig. 2.2a. The response time of the sensor is measured as
1.38 ms, on subjecting it to a step change of 10 Pa in pressure that occurs within 20 ms and is illustrated by Fig.
2.2b. The current accurately tracks the change in pressure, signifying the rapid response from the device. The fast
response time in pressure is indicative of the rapid change in the density of conductive pathways in the device.
Further as the device structure is made with ZnO this limits viscoelastic effects in the response. The correspondence
between the current and pressure is more clearly illustrated in Fig. 2.2c, the response of the device is in step with
the pressure profile tracking both negative and positive derivatives in the pressure-time profile (inset of Fig. 2.2c).
The sensitivity of the device to pressure is illustrated in Fig. 2.2d, the current changes by 2.2 and 9 times respectively
on placing 20 i (~ 0.8 Pa) and 40 i (1.6 Pa) water droplets in succession, and it reverts to the original level on
removing 40 A the droplet. As illustrated below, the formation of the sheet-rod structure is the key to achieving

this performance.
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Figure 2.2. Tactile sensing characteristics of the device. (a) The relative current in the sensor increases more than
5 orders of magnitude on increasing the base pressure to ~ 6.5 kPa. The response from the device is robust as seen
in the inset, where over 100 pressure cycles of 10 kPa are applied. (b) The device responds in less than 2 ms on
being subjected to a 0.01 kPa step increase in load. (c) The device responds in step to both positive and negative
changes in the pressure stimuli. The inset shows that the derivative of the response tracks that of the applied stimuli.
(d) The device is sensitive to pressure changes due to placement of small water droplets. Both the initial placement

of the droplet and subsequently another one were detected. The device also tracks the removal of one of the droplets.

To develop a better understanding of the hierarchical structure, its response is modelled as a power law

given by:[7 I, = I, +AXP* (2.1)

where P is the applied pressure in kPa above the base pressure (arising from the weight of the device), I, is the

relative current, lo is the relative current at the base pressure (is hence equal to ~ 1). A is a measure of the
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conductance of the structures which is affected by both, their inherent conductivity based on composition (in this
case Zn0) and their morphology which will affect the change in the density of conduction pathways with pressure.
a is dependent on the structure of the template. The product AXa is a measure of overall tactile sensing performance

of the device and a also affects the dynamic range of response. A higher o will lead to a greater dynamic range.

We observe that the power law model accurately fits the response from the sheet-rod device as seen in Fig.
2.3a. The basis for the power law can be described similar to the percolation effects in which the conductance scales
with the power of the concentration of the conductive filler (in the insulating matrix), as this increases the
conduction pathways.[1% |n this tactile sensor, the increase in pressure leads to greater interpenetration (and
bending) between the nanostructures which increases the density of the pathways available for electrical conduction.
There are two distinct effects in this structured device compared to a flat configuration that result in the observed
performance, First, the structuring by the ZnO sheets provides discreet contact points between the two electrode
surfaces. This concentrates the applied pressure and with increasing pressure will lead to a greater overlap between
the sheets (both due to interpenetration and bending) making the structure dynamic with pressure. Second, the rods
serve to increase the overlap volume for the sheets to make electrical contacts. This is shown in Fig. 2.3b, with just
sheets there has to be direct contact between them for conduction. However in presence of rods (~ 400 nm in length),
even sheets separated by 800 nm can serve as conduction channels due to contacts between the rods. Increasing
pressure will lead to greater interpenetration and bending of the sheets and rods. This will increase the number of
rods in contact between adjacent sheets that serve as conduction pathways. The combined effect of the hierarchical

structuring leads to the observed high sensitivity and low detection threshold in the device.

To develop a more comprehensive understanding of the relationship between the device structure and its
performance, tactile sensors with different morphologies were characterized and their response was fit to the power
law model, Fig. 2.3c-g. The parameters, A, a, and the measure of the overall performance (A>a), at P =1 kPa for

the samples are reported in Table 2.1. The complete plots of sensitivity for all the device structures, as calculated
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from their response are shown in Fig. 2.3h. Four distinct ranges of behaviors are observed. The device consisting
of an ITO coated flat top electrode with a sheet-rod structure as the bottom electrode has the least sensitivity and
the smallest A (~ 17). The next set of devices consisting of only a single type of structuring on both the electrodes,
either nanosheets or rods, show very similar behaviours with an increase in A and sensitivity (by 3-10 times)
compared to the flat electrode configuration. The next sets of devices consist of hierarchical structures (nanosheet-
rods) on one electrode and a single type of structuring (nanosheets or rods) on the other electrode. The presence of
the hierarchically structured electrode further increases the sensitivity (by ~ 2-8 times) and A (by ~ 5 times) in these
devices. The highest sensitivity and A are achieved with the device that has hierarchically structuring on both
electrodes. The results in A and the sensitivity show that structuring leads to a significant enhancement in tactile
sensing due to formation of specific contact points and dynamic modulation of the conduction pathways due to
interpenetration and bending of the structures (both sheets and rods). Similar to the ridges on the finger, the presence
of structuring will intensify the applied pressure at the contact points, as has been shown with other micro
structures.[?61%%1 Based on the density of sheets in hierarchical structures, the contact area between the two electrodes
is reduced by ~ 85-90 % (see Appendix) increasing the pressure experienced by the sheets edges by 7-9 times. A
significant improvement also results from the fact that the sheet structures are randomly oriented, as a result when
the two substrates are placed in contact only a small fraction of sheet edges will make contact, significantly
increasing the effective pressure (see Appendix). The formation of hierarchical structures further improves the
device characteristics, as the effective volume for making contacts is increased due to the presence of rods on the
sheets. Further in these structures, a single rod on one sheet can also form multi-point contacts (that change with
applied pressure) with rods on adjacent sheets, significantly increasing the density of conduction pathways

compared to single point contacts.
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Figure 2.3. The effect of the structure morphology on the response and sensitivity of the sensor is illustrated for 6
different cases. The response from all the structures can be accurately modelled by a power law relation. The lines
are the fit from the power law to the data points. (a) The SR-SR (hierarchical nanostructure-hierarchical
nanostructure) structure has the highest sensitivity due to its hierarchical nature. (b) The higher sensitivity in this
hierarchical structure results from its greater interaction volume and its variation with pressure compared to just the
sheet structure. The response from devices made with the following morphology: (c) SR-ITO (hierarchical
nanostructure-flat), (d) SR-R (hierarchical nanostructure-nanorods), (e) SR-S (hierarchical nanostructure-
nanosheets), (f) S-S (nanosheets-nanosheets) and (g) R-R (nanorods-nanorods). (h) The sensitivity of all the devices,

as calculated from their pressure response, shows a progressive increase with greater structuring.
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Table 2.1. The value of the parameters for the power law in equation 2.1 used for modelling the response from all

the different morphologies of the sensors. The model illustrates that increase in the level of structuring leads to

higher sensitivity and also improves the dynamic range of the device.

Sensing materials A (Pa%) o AXa
3-D ZnO nanostructure and ITO (SR-1TO) 17.67 0.155 2.74
2-D ZnO nanosheets and 2-D ZnO nanosheets (S-S) 1362.35 | 0.172 234.32
1-D ZnO nanorods and 1-D ZnO nanorods (R-R) 1564.65 | 0.219 342.66
3-D ZnO nanostructure and 2-D ZnO nanosheets (SR-S) 6970 0.247 | 1721.60
3-D ZnO nanostructure and 1-D ZnO nanorods (SR-R) 5002 0.459 | 2295.92
3-D ZnO nanostructure and 3-D ZnO nanostructure (SR-SR) 150545 | 0.595 | 89574.28
Table 2.2. Comparison of reported tactile sensors with various structures.
Sensitivit Limit of
Structure Materials Methods 1 Y| detection Ref.
(kPa)
(Pa)
Hierarchical Zn0 Electrochemistry 1200-0.5 0.4 This
nanostructures work
Non- CNTs/Ecoflex/ . 3
hierarchical PDMS Spray coating 0.23x10 50000 [95]
Non- Microstructured .
hierarchical PDMS Photolithography 0.15-0.55 - [103]
_ Non- Laser-scribed Laser scribing 0.005-0.96 5000 [104]
hierarchical graphene
Non- .
hierarchical SWNT/PDMS Lithography 1.8 0.6 [90]
. . ZnO .
Hierarchical nanowires/PDMS Photolithography 6.8 0.6 [20]
: . CNT microyarn/ 3
Hierarchical Ecoflex/PDMS Dry CVD 0.5%10 0.4 [105]

Combining pressure sensing with the ability to also detect temperature changes will bring electronic skin

devices closer to functional capabilities of human skin. Two stimuli can be deciphered in a single sensor based on

its differential sensitivity, as has been reported for decoupling shear and normal stresses in tactile sensor.* ZnO

has a temperature sensitive response in conductivity due to its semiconducting properties and adsorption of gas

molecules on surface.[*81%.107 The basis of temperature sensing is hence based on the material characteristics of the

device rather than its hierarchical structure. The human perception of temperature is highly non-linear and is based
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on the surface being perceived as cool, warm, hot and cold.®*1% As a result varying degree of ease, from comfort
to slight discomfort and to even pain, is perceived due to the magnitude of the temperature stimuli. The response of
the hierarchical sensor to temperature is shown in Fig. 2.4a. A non-linear response is observed and the sensitivity
increases with temperature, this will aid the rapid sensing of hot surfaces. Such a response similar to skin is better
suited to decipher between varying degrees of temperature stimuli. As seen in Fig. 2.4b, the sensor is able to
differentiate between water droplets (10 i each) of room temperature and 50 <C. The pressure response to the two
droplets is similar and can be observed in the initial spike (within 1 s) that results from dropping of the droplet on
the sensor. For the droplet at 50 <C, a subsequent slow increase (~ 4-5 s) in current is observed due to the propagation
of the temperature stimulus. After reaching a peak in current, a prolonged period of slow decrease in current is
observed due to the cooling of the droplet to ambient temperature. To further confirm the proposed heat/energy
transfer between the 50 <C water droplet and the tactie sensor, the energy required for the amplifying the current is
compared with the energy release of the water droplet when cooling to ambient temperature. Under a constant power
supply of 0.5 V, the absolute current change of 10 nA for a period of 10 s requires a minimum energy of 50 nJ,
while the 10 i water droplet could release approxiamte 1 mJ in energy with a temperature change of 30 <C. Such
a energy difference suggests a high probability of attributing the observed current response to heat transfer between

the droplet and the tactile sensor.

The sensitivity of the device to pressure is in the range of 1200-0.5 kPa, while for temperature (298-388
K) it is in the range of 0.016-0.091 K. This significant difference combined with the difference in response time
allows the detection of both pressure and temperature stimuli. The difference in response time is also due to the
faster propagation of a stress stimuli compared to a thermal stimuli based on the velocity of elastic waves in solids

and the Fourier law of heat conduction.
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Figure 2.4. The temperature sensing ability of the device due to its ZnO structure. (a) The current across the device
at a constant bias of 0.5 V under a base pressure increases monotonically within the temperature range of 298-400
K, as relevant for human skin. (b) The device is able to differentiate between two 10 pl size droplets of 298 and 323

K that are dropped on its surface. The inset shows a magnified view of this initial response.

The hierarchical sheet-rod structures are also a high surface area template. This effect is utilized for making
a pseudo-capacitor by electro-depositing a thin conformal layer of MnO, (FESEM image of Fig. 2.5a). This pseudo
capacitor structure has a pure areal capacitance of 38.7 mF cm, which is over an order of magnitude higher than a
similar capacitor made on a flat ITO (Fig. 2.5b). The structure is not a multi-layer and hence this value is considered
as pure areal capacitance. Further if we convert this areal capacitance to volumetric capacitance the values will be
greatly increased (~ 100 F cm®). However, similar to reporting areal capacitance for multilayer structures this is
not an effective approach. The effect of the hierarchical structuring is illustrated in the cyclic voltammetry and
galvanostatic charge discharge curves of Fig. 2.5b,c. We observe that the capacitance increases progressively on
structuring with rods, sheets with the maximum being for the sheets-rods hierarchical assembly compared to a
planar substrate. The Ragone plots of Fig. 2.5d also show that the energy density of the hierarchical structure is
improved by an order of magnitude over the planar capacitor. The complete structure of the capacitor is made by

electrochemical deposition without the use of any patterning process or the use of metal foam.
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Figure 2.5. The hierarchical structure leads of a more than one order of magnitude increase in the energy storage
capacity of a pseudocapacitor made with MnQOs, compared to a flat morphology. (a) In the FESEM image, the
conformal coating of the MnO- on the nanosheet-rod structure is clearly visible. (b) CV at 50 mV s scan rate, and
(c) Galvanostatic charge-discharge curves of the different structures showing the effect of morphology. (d) The

Ragone plots show the better performance of the hierarchical structure in both energy and power density.
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2.4 Summary

In summary, high density hierarchical structures without any underlying pattern are used for making an interlocked,
high surface area tactile device. The morphology of the structure consisting of interpenetrating ZnO 2-D sheets with
1-D rods on them serving as interconnects leads to a highly sensitive and dynamic modulation of the conductive
pathways with pressure. While structuring with a single nanostructure leads to improvement in device performance,
combining multiple structures in a rational way leads a significant enhancement in the device properties. The
temperature sensitivity of the device is based on the properties of ZnO. The ability to sense both pressure and
temperature in a single device structure with a simple fabrication procedure will bring the electronic tactile devices
closer to human skin ability and at the same time make them easily accessible. The hierarchical structure presented
here can also be of significance for applications in adhesives, hydrophobic surfaces and also sensing of shear stresses.
Other rational combinations of nanomaterials such as 0-D on 2-D sheets or use of other morphologies such as nano-
prisms can further lead to enhancement of specific properties such as array of electrodes with high electric fields*°l

which will be of significance for application in electrochemical devices and sensing.
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Chapter 3
A Light Harvesting, Self-Powered Monolith Tactile Sensor Based on

Electric Field Induced Effects in MAPDbIs Perovskite

3.1 Introduction

The development of material and device configurations that combine sensing and continuous energy harvesting for
self-powering in a single structure significantly simplify their use by eliminating the need to develop and wire up
external power sources for their operation. It also improves the seamless interfacing of such devices and sensors
with the environment to act as media for information collection to drive robotics and human-artificial intelligence
interactions. The challenge in such systems is to decouple the sensing of the stimuli from the energy harvesting
mechanism to ensure their continuous operation irrespective of the applied stimuli and also the ability to sense both
static and dynamic signals in the stimuli.['%1%-1181 This has to be done while keeping the device architecture simple
for ease of manufacturing and cost effectiveness. In this aspect, organolead trihalide perovskites materials,
specifically methylammonium lead iodide (MAPDI3) (and its other analogs such as MAPbBr3; and inorganic analogs
such as CsPbls), have multiple characteristics that have led to their widespread application in development of high
efficiency, cost-effective solar cells and optoelectronic devices.['***71 Recently, specifically MAPDI; has been
reported as a semiconducting ferroelectric material.**8-12%1 Using this combination of ferroelectric and
semiconducting properties in MAPbIs;, we demonstrate a solar powered tactile sensor by interfacing it with a
nanostructured ZnO layer that acts as a pressure sensitive electron extraction layer.[*?* The device has a monolith
structure 1221231 while separating the energy harvesting from sensing mechanism and hence is able to sense both
static and dynamic pressure stimuli.**2131 Once poled, the device is operable for at least 72 h with just light
illumination over the entire visible spectrum. The device has a pressure sensitivity of 0.57 kPa™* (which is better
than most of the reported transistor-based sensors), with a current density of 0.2 mA cm. The device also has a

linear response till 76 kPa, with minimum pressure sensing ability of 0.5 kPa. The linear response of the device
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combined with the ease of manufacturing and being capable of power with just ambient light presents a significant
advantage that could greatly simplify the application of the device as part of continuous monitoring systems for

information collection.

Besides being a semiconducting ferroelectric material, MAPbI; also has ion migration effects that have
been proposed to lead to the formation of reversible p-n (or p-i-n) type of structures, resulting in switchable
photovoltaic effect and the anomalous photovoltaic effects (ion migration effects).[?426] Both the ion migration
effects and the ferroelectric property of MAPbI; have been reported in literature separately as distinct features of
these materials.[*18.119.1241251 The origin of each phenomenon is distinct, but both depend on the electric field induced
changes to the material, and understanding their combined dynamics is critical to the application of these MAPbI;
materials (and its analogs) in optoelectronics and to further develop it for new and improved devices. It has been
proposed that ion migration (MA™* and I predominately) in MAPDI; leads to the formation of MA*-rich regions (n-
type) and I-rich regions (p-type), generating internal p-n junctions that aid the separation of photogenerated
electron-hole pairs and hence lead to an observed anomalous photovoltaic effect.l!251271 Similarly, the tetragonal
phase (stable at room temperature (RT) and till 327 K) of MAPbI; has been reported to be ferroelectric due to the
light-induced ordering of polar organic cations,?12%1 MA* in MAPbl;, which results in an internal electrical field
originating from electrical polarization. The internal polarization developed during poling also aids the separation
of the electron-hole pairs and enhances the photovoltaic efficiency of this material .[*?>131 Here, we show that using
planar MAPbI; device (lateral structured, Au/perovskite/Au) both of these effects are present simultaneously in
MAPDIs, and either can dominate based on the poling conditions. This is also of substantial interest for fabricating
hybrid energy harvesting devices.*32-1%41 Specifically, our results show that poling done under N atmosphere and
in dark leads to domination of the proposed ion migration effects, while poling done under illumination and in an
ambient atmosphere (with the presence of O.) leads to ferroelectric domination. The distinction between the two
effects is based on the reversal of the sign in the open-circuit voltage (Voc) and the observed short-circuit current

density (Jsc). To further ascertain the dominance of each effect, corroboration is done by studying the effect of
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polarized light and phase transition from tetragonal to cubic on the poled samples. We further observe that the
ferroelectric characteristics lead to a more sustained response. The Jsc in these devices is limited due to the high
internal DC resistance of the perovskite layer. Using this limitation and the developed understanding of the
ferroelectric-semiconducting properties of MAPbI3, our reported tactile sensor is made by interfacing a top electrode
of ZnO nanosheets with the perovskite layer. These ZnO sheets act as an electron extraction layer21.1351361 gnd
enhance the Jsc in a dynamic fashion, due to the load sensitivity of the interaction area between the sheets and the
perovskite layer. Unlike other transistor based tactile sensors,®137-149 the combination of ferroelectric and

semiconducting properties of MAPbI; allows this device to be operated with just solar/light energy.
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3.2 Materials and Methods
3.2.1 Synthesis
3.2.1.1 Preparation of CHsNHsl Precursor

Methylammonium iodide (CHsNHsl) was synthesized according to a method reported elsewhere.[#!1 Methylamine
(27.8 ml, 33 wt.% in absolute ethanol, Sigma Aldrich) was reacted with hydroiodic acid (30 ml, 57 wt.% in water,
Sigma Aldrich) at 0 T and stirred for 2 h. After stirring for 2 h, dark yellow precipitates were obtained by
evaporating the solvent at 60 <C for 1 h using a rotary evaporator. The solid product was washed with diethyl ether
and recrystallized from anhydrous ethanol. The resulting white precipitate was dried overnight under vacuum at

60 <C.
3.2.1.2 MAPbI; Film Preparation on Gold Chips

For lateral MAPbI;device, gold (Au) chips with an electrode spacing of 2 jum were fabricated on the top of 200 nm
thick SiO; layer by photolithography. Gold chips were washed with Millipore water, and then sonicated in a 1:1
mixture of acetone and isopropanol for 10 minutes, followed by another 10 minutes of sonication in Millipore water.
A Piranha solution was used to clean organic matter off the gold substrate. Gold chip was washed thoroughly with
Millipore water after being immersed in the piranha solution for 3 minutes. The MAPDI3 film was prepared on the
Au chip by using solvent engineering method in one-step spin coating. In particular, 230.5 mg of lead iodide (Pbl,),
79.5 mg of CHsNHsl, and 39 mg of Dimethyl sulfoxide (DMSO) were mixed in 300 mg of Dimethylformamide
(DMF) solution at room temperature with stirring for 1 h in order to prepare a CHsNH3I*PbI,>DMSO adduct solution.
90 M of this adduct solution was dropped onto the Au chip and was then spun at 8000 rpm for 30 s. After seven
seconds of rotation, 0.7 ml of diethyl ether was slowly dripped onto the center of the Au chip in 10 seconds. The

obtained film on the Au chip was heated at 65 <C for 2 min and 100 <C for 3 min.
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3.2.1.3 Electrochemical Deposition of ZnO nanosheets

For the growth of ZnO nanosheets, SiO; passivated Indium tin oxide (ITO) or Au coated Kapton on one surface
with a surface resistivity, Rs = 8-12 Q/sq was used. ITO was purchased from Delta Technologies was used as a
substrate. The electrochemical deposition was carried out using an Ivium CompactStat Electrochemical Analyser
with a standard three-electrode setup. A Ag/AgCl electrode was used as the reference electrode, with a platinum
wire as the counter electrode and a clean ITO substrate as the working electrode. A mixture of 28 mM ZnCl; and
0.1 M KCl aqueous solutions was used as the electrolyte. A beaker filled with the electrolyte solution was immersed
in a silicone oil bath, which was heated on a hot plate to maintain a steady temperature of 70 <C during the deposition.
A constant electric potential of -1.035 V was applied for 1 h. After the deposition, the substrate was washed with

Millipore water and then annealed at 335 <C for 1 h in air.
3.2.2 Characterizations

A Zeiss Ultraplus Field-emission Scanning Electron Microscopy (FESEM) equipped with energy dispersive X-ray
spectroscopy (EDS) was used to examine the morphologies of MAPbI; and ZnO nanosheets. The crystal structure
was characterized by glancing incidence X-ray diffraction (GIXRD) using a PANalytical X Pert Pro MRD
diffractometer with Cu Ka radiation (A = 1.54 A) at an incidence angle of 0.4°. Measurements on the symmetric
lateral structure cell configuration were conducted using a probing station. A two probe method was used by
connecting one probe to the Au pad on the Au chip and another probe connected to the ground. A Keysight 6614C
50 Watt power supply with a maximum voltage output of 100 V was used for the poling process. The MAPbI; film
was poled at different voltages for 5 min. After poling, the open circuit voltage (Voc) and the short circuit current
density (Jsc) were measured using a Keysight 3458A Digital multimeter. The film was connected in series with the
multimeter and power supply to form a circuit. Electrical poling was done under N, atmosphere and in dark
condition for the p-n effect, while for ferroelectric effect poling was done under illumination and in ambient

atmosphere (with the presence of O2). Voc and Jsc measurements were performed under simulated air mass 1.5
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global irradiation (100 mW cm); that was generated using a Xenon-lamp based solar simulator (Newport Oriel
Instrument 67005, 150 W Solar Simulator). Cyclic voltamettry (CV) measurements were done using an lvium
CompactStat Electrochemical Analyser by connecting one Au pad to working electrode and the other Au pad to
counter/reference electrode. A NREL calibrated KG5 silicon reference cell was used to calibrate light intensity in
order to minimize spectral mismatch. For nitrogen on test, the films were kept in a steady N flow during the poling
and measurements to prevent the absorption of oxygen and moisture. The light polarization measurements were
carried out at room temperature using a 633 nm laser source, a polarizer, and a wave plate purchased from Newport.
The poled MAPbI; film was illuminated with linearly polarized light to measure the variation of Jsc as a function
of the light-polarization. UV-Visible absorption spectra were recorded using Perkin Elmer Lambda 750
spectrophotometer. For solar powered tactile sensor, ZnO nanosheets on ITO/Kapton substrate was used as the top
sample and Au/MAPbIs/Au lateral structure was used as the bottom sample. First, the MAPDI; film was poled under
1.0 sun illumination in ambient atmosphere and then the ZnO nanosheets were interfaced with the perovskite layer.
Three probes system was used; first probe connected to Au pad, second probe connected to the Au ground electrode
on Au chip, and third probe was connected to the ITO/Kapton substrate. An MFA Motorized Miniature Linear
Stage was used to apply the load to the samples. A Honeywell Model 31 Miniature Load Cell was connected to the
stage for measuring the load. Combined with a micro-pro series digital panel meter, we were able to read out the

measurements and record the data.
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3.3 Results and Discussion

The schematic in Figure 3.1a shows the proposed ion-migration effects in the MAPDI; film. The resulting
internal field (due to the p-n junctions) will lead to separation of the charge carriers (electron-hole pairs) generated
on light illumination and the resulting Voc (and Jsc) will be of the same polarity as that of the poling field. Figure
3.1b shows that the observed Voc and Jsc in the MAPbI; film when poled under N in dark conditions are consistent
with the proposed ion migration effects in the perovskite layer. Poling of the MAPDI; film in air and under light
illumination (1.0 sun) leads to polarization of the MAPbIs film due to its ferroelectric nature (also shown in the
schematic of Figure 3.1a). In this case however due to the presence of metal electrode, a charge compensating layer
(due to the free electrons in the metal) is formed and the resulting Voc and Jsc are of opposite polarity compared to
the poling field direction.[*3%%32 Figure 3.1c¢ shows the observed Voc and Jsc are indeed of reverse polarity as
compared to the ion migration effects. In case of ion migration, the internal electric field results from the formation
of a depletion region in the material. It has been proposed that O is adsorbed at the grain boundaries and the defects
in MAPbI; which suppresses the formation of p-n junctions.*?! More detailed studies are required to ascertain the
exact behavior based on the charge compensating layer in the metals electrodes and the observed Voc and Jsc are
consistent with reported experiments using ferroelectric polymers in solar cells.!*3142 Fyrther, the domination of
the ferroelectric behavior under poling with illumination is consistent with the observation that orientation of the
MA* ions, which plays a critical role in ferroelectricity, is significantly enhanced under illumination (due to
photoexcitation).[?® The reversal of the polarity of the Voc and Jsc depending on the poling conditions is critical to

the functioning of MAPDI3 (and other similar materials)-based optoelectronic devices.
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Figure 3.1. lon migration and ferroelectric effects in AwWMAPbI;/Au device. (a) Schematic showing the proposed
ion migration effects (leading to p-n junctions) and ferroelectric polarization in Au/MAPbIs/Audevice with reversal
of the internal electric field between the two cases. (b) The observed Foc and Jsc in the MAPbI; films poled at 1.5
V um electric field for 5 min under N in dark conditions show the ion migration effects, which is consistent with
the model in a. (c) When poled at 1.5 V um! electric field for 5 min in air under light illumination (1.0 sun) results
in ferroelectric polarization and the observed Voc and Jsc in the MAPDI; film are reversed. OFF refers to Foc and

Jsc measured under dark and ON refers to Voc and Jsc measured under 1.0 sun illumination.

The ion migration effect in MAPbI; films is characterized by poling under an N, atmosphere in dark. Figure
3.2 shows the effect of poling field on the Voc and Jsc generated in these films due to the ion migration effects. In
Figure 3.2a, b, both Voc and Jsc show a sustained effect on illumination with 1.0 sun. The effect, however, gradually
decreases over the cycles, which is consistent with the rehomogenization of the ions that were diffused due to the

poling fields.*? It should be noted that the poling field strength and time are kept limited to prevent complete
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segregation of the ions, which will lead to the formation of Pbl,,!*4? and the observed ion migration and ferroelectric
behavior disappear (Figures A3.1a-c and A3.2a,b, Appendix). There is no electrode reaction observed during the
poling process as confirmed by elemental analysis, in which no migration of element was observed (Figure A3.3,
Appendix). Multiple current-voltage (I-V) scans done within the voltage range based on the electric field limit and
at room temperature show a consistent response from the perovskite layer, which indicates that no degradation of
the material is occurring (Figure A3.4, detailed discussion in Appendix). From the FESEM image, we do not
observe any change in the material during the controlled poling process under N (Figure A3.1d, Appendix). The
Voc increases monotonically with the poling field strength (Figure 3.2c¢), due to greater ion migration, which
increases the strength of the observed effects. However, Jsc reaches a maximum and then reduces with poling
indicative of higher film resistance. The nonferroelectric nature of this response is further confirmed by illuminating
the poled MAPDI3 film with linearly polarized light (using a 17 mW laser of 633 nm). As seen in Figure 3.2d, Jsc
does not show any appreciable dependence on the relative direction of polarization of the electric field of the
incident light and the film’s sample plane. It is also known that MAPbI3 undergoes a phase transition from tetragonal
(which is ferroelectric) to cubic (which is not ferroelectric) above 327 K (also confirmed by UV-Vis absorption
spectroscopy, see Figure A3.5 in Appendix).}#4145 On heating these films to 330 K and poling them, we observe
that the both Voc and Jsc rather than disappearing increase in magnitude (Figure 3.2¢,f). This is consistent with
increased ion migration (due to greater mobility) at higher temperatures.[*?6:143.146] The contribution from ion back-
diffusion currents is negligible in these samples under applied conditions. This has been characterized by cyclic
voltammetry (CV) using a potentiostat (see Appendix). We observe that the ion diffusion currents, which would
lead to a capacitive behavior, are negligible compared to normal electronic currents.*4” Further, no Jsc is observed
in dark (after poling; Figure A3.6, Appendix) indicating that there is no significant ion back-diffusion occurring.
However, with light illumination Jsc is observed, attesting to the presence of internal electric filed that leads to
separation of the photogenerated electron-hole pairs. Unpoled perovskite samples do not show any Jsc in the

presence or absence of light illumination (Figure 3.2f). We believe that the absence of any ion back-diffusion
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currents can be attributed to a very slow back-diffusion process, which leads to insignificant magnitude of these
currents, as indicated by the presence of the Jsc (under illumination) even more than 6 h after the poling process in
N2. The stability of the perovskite layer against redox reaction and decomposition to products such as Pbl, (an
insulator) within the voltage and temperatures used in these experiments is also characterized (see details in
Appendix). We do not observe any oxidation or reduction evidence from CV scans at room temperatures within the
applied voltage magnitudes, rather a consistent current response is observed confirming that the perovskite layer is
stable (Figure A3.4a and A3.7, Appendix). At higher temperatures (325 K and 350 K), we observe the evidence of
redox reaction occurring from CV scans (Figure A3.7, Appendix). Following this, there is a steep drop in the current
response from the sample (more than 80 time; Figure A3.8, Appendix). We believe this is due to redox
decomposition of the perovskite to Pbl,, which being an insulator leads to the observed current drop. The FESEM
images further confirm this, as a change in morphology and composition is observed only in the elevated
temperature samples (Figure A3.9a-c and Table A3.1, Appendix). Following this change, consistent with the

decomposition of the perovskite layer, the poling of the device does not lead to any observable Voc or Jsc.

34



600 a ——0.5 V/um ——1 V/um 1b —— 0.5 Vlum ——1 V/um
1 —— 1.5 V/ym —— 2.5 V/um . —— 1.5 Vium —— 2.5 Vipm
500 - ]
i 007 . KE‘EIT \\EL-\ ON
400 - 0067 N‘_ﬁ
SE‘ ] € 0.054
£ 3004 < 1
8300 < 5,04 H
> =
200 ~70.03- \‘
. ON 0.02 - \‘
100 - :
OFF| ON 0.01-
1 OFF Lt
OFF OFF| DOFF FF F OFF|
0- 0.00 -
v T v T v T v T v T v T 8 T 8 T 8 T 8 T 8 T e T & T
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
Time (s) Time (s)
T T T T+ r r r - T 7 0.0035
1000{ € L 0.08 |d
0.0030
800 -
F006 1
- 1 /-"-I\. I g "‘.‘E 0.0025 4
= 600 - T E © —E—a— _a—n
E L0.04> < —— R
g ] o Eo0.0020-
> 400 i 3 3
N 1
002 0.0015 -
200 I
-0.00 0.0010 -
04
L] v 1 M L] v ] M Ll M 1 v L v L] v ] v ] v ) v 1 v L] . L) . 1
0 2 4 6 8 10 12 14 0 60 120 180 240 300 360
Poling electric field (V/pum) Light polarization angle, ® (degree)
8004 @ [——Before poling ——1 Vium at RT 0081 ¢ [—Before poling ——1 Vium atRT
=1 V/pm at 330 K ——1 V/um after cooling 0.07 - [=———1 V/um at 330 K——1 V/um after cooling
| ON ON r\ ON
0.06 - — \
s | ' 0.05-
€ Q 1 r—/_’—"
E .04 < 0.044 r’
8 =
> 0.03 -
~
200 - 0.02
0.01-
10FF OFF
04— 0.00
- - - . - . - e —
0 20 40 60 80 0 10 20 30 40 50
Time (s) Time (s)

Figure 3.2. lon migration effect in lateral MAPbI; device after poling under N in dark condition. (a) Voc and (b)
Jsc cycles after 0.5, 1, 1.5, and 2.5 V um™ poling for 5 min. (¢) Voc and Jsc dependence on strength of the poling
electric fields, under 1.0 sun illumination. (d) Jsc measured as a function of polarization angle (0) of the linearly
polarized light with respect to the film plane after poling the device at 1.5 V um™! for 5 min. (e) Voc and (f) Jsc of
the MAPDbI; device before poling at RT and after 1 V um™ poling for 5 min at RT, 330 K, and after cooling to RT.

OFF refers to VFoc and Jsc measured under dark and ON refers to Voc and Jsc measured under 1.0 sun illumination.
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The proposed ferroelectric properties of the MAPbDI3 films and their effect on generating Voc and Jsc were
investigated by poling under 1.0 sun illumination and in ambient air conditions. These conditions reflect that light-
stimulated ordering of MA™ ions enhances the ferroelectric behavior of MAPbI3, while the presence of O, will
subdue the p-n junction behavior.*?5128 Fyrther, the optical photography shows the transformation of the MAPbI;
films during the controlled poling process (Photo A3.1 and A3.2, Appendix).[**31 On reversing the field direction,
the observed transformation also reverses its spatial orientation (Photo A3.3, Appendix). Such an effect is not
observed optically when poling is conducted under the N, atmosphere (Photo A3.4, Appendix). Again here also we
limit the poling field strength to prevent material decomposition. The Voc and Jsc due to ferroelectric polarization
are shown in Figure 3.3a and b. We observe that both are reversed in direction compared to the proposed ion
migration effects, consistent with the model of Figure 3.1a; further, the response is stable with no observable decay
in their magnitude. This is crucial as it infers that unlike the diffusion of ions, the polarization due to orientation of
the MA* ions is sustained over longer time. We further confirm the ferroelectric nature of this process by observing
(Figure 3.3c) that unlike the ion migration effects Jsc has a sinusoidal-like dependence on the angle (0) between the
electric field of the incident polarized light and the sample plane (the in-plane ferroelectric polarization) due to
second-order optical effects.[*4314% This dependence has a periodicity of 180° with maximum response observed at
0 = 0, when the electric field of the incident light is along the in-plane ferroelectric polarization. By heating the
films to 330 K, which leads to phase transition from tetragonal to cubic structure, we observe that both Voc and Jsc
effects disappear (Figure 3.4a,b), further confirming the proposed ferroelectric characteristic.[*2%1%°] The effects are

restored on cooling the film back to room temperatures (= 296 K).
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Figure 3.3. Ferroelectric effect in lateral MAPbI; device after poling in air under light illumination. (a) Voc and (b)

Jsc cycles after 0.5, 1, 1.5, and 2.5 V um™! poling for 5 min. (c) Jsc measured as a function of polarization angle (0)

of the linearly polarized light with respect to the film plane after poling the device at 1.5 V pm™ for 5 min. OFF

refers to Voc and Jsc measured under dark and ON refers to Voc and Jsc measured under 1.0 sun illumination.
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illumination.

Knowing the conditions for domination by the ferroelectric behavior, we now demonstrate a light/solar-
powered tactile sensor. The MAPbI; films are poled at 0.5-1.5 V pm™ in air for 5 min in these studies. The basic
schematic of the sensor is presented in Figure 3.5a. Specifically we interface the MAPbI; film with microstructured
ZnO sheets acting as a dynamic drain electrode for electron extraction. The inset of Figure 3.5a shows a FESEM
image of the cross section of the device, where ZnO sheets are in direct contact with the perovskite in Figure A3.10
in Appendix). Such an electron extraction layer is required for MAPbI; films to improve their photocurrent
efficiency since holes are extracted efficiently from them compared to electrons.*®Y) The Voc generated due to
ferroelectric polarization is on the order of hundreds of mV, but Jsc is limited to very small values of = 0.1 mA cnmr
2 due to large DC resistance of these materials*!314%l and also the large path lengths that the charge carries must
diffuse to reach the electrodes (on the scale of 2 - 20 pm). By interfacing ZnO sheets across the surface of the
MAPDI; film, the generated charge carries (due to illumination) will separate under the polarization field and the
photoelectrons should be easily collected by these sheets leading to increased Jsc. The band structure of the ZnO is

suited for acting as an electron collector from the perovskite layer (Figure A3.11, Appendix). The ZnO sheets are
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vertically oriented and hence have a limited area of interaction with the perovskite layer (inset of Figure 3.5a). On
application of a pressure, the ZnO sheets will easily bend compared to the MAPDI; film, which is planar.[2°521 The
bending of the ZnO sheets will effectively increase their interfacing area with the MAPDI; film leading to a higher
charge collection and hence a pressure sensitive modulation in Jsc will be observed. Figure 3.5b shows that the
device does indeed works as a pressure sensor and the observed Jsc is in step with the modulation of the applied
pressure. A clear correspondence is seen in the plot of Figure 3.5¢, which plots the derivative of the pressure and
Jsc responses with respect to time. A more controlled response is shown in Figure 3.5d to pressure cycles of different
magnitude and in Figure 3.5e to pressure cycles at different speeds. Both these responses show that the Jsc is
critically dependent on bending of the ZnO sheets due to the applied pressure and the sheets are effective in their
role as a dynamic drain. In the linear response range, the maximum load sensing ability of the device is 76 kPa with
minimum detection of 0.5 kPa, as seen in the inset of Figure 3.5f. The linearity in response is a critical advantage
for sensors to relate their measured signal to the applied stimuli. The device also shows a consistent response over
100 load cycles signifying a reliable response (Figure 3.5g). We also observe (Figure 3.5f) that the sensitivity of
the device increases with the strength of the electric field used to pole the MAPDbI; films. This is in line with a more
effective charge separation at higher polarization of the MAPDIs films, which will improve their collection
efficiency by the ZnO films making the device more sensitive to pressure modulations. The sensitivity of 0.57 kPa
! observed at poling fields of 1.5 V pm™ is higher than those of other tactile sensors that have been reported with a
linear response as shown in Table 3.1.[26.90.91.95.105.137-138,153-155] Thg device also, however, does not require an active
power source for operation and once poled can easily function for more than 72 h. (see Figure 3.5h) by using
light/solar illumination. This limit is based on 30% decrease in the base Jsc (at base pressure), which relates to loss
of poling (Figure A3.12, Appendix). The failure of the device occurs at pressures exceeding 500 kPa, at which the
ZnO0 sheets fracture (Figure A3.13, Appendix). The perovskite/ZnO device is stable for more than 5 days and shows

no degradation of the MAPDI; layer, which bare exposed MAPbDI3; degrades within a day (Figure A3.14, Appendix).
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The presence of the top ZnO layer, which is also hydrophobic, minimizes direct contact of the MAPDI; layer to

ambient oxygen and moisture enhancing its stability (Figure A3.15, Appendix).
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Figure 3.5A. Characterization of a solar powered tactile sensor. (a) Schematic of the solar-powered tactile sensor
where ZnO sheets are interfaced with the MAPbI; channel/film. (b) Jsc is in step with the modulation of the applied
pressure after 0.5 V um™! poling for 5 min in air under 1.0 sun illumination. (¢) The derivative of the response tracks

that of the applied pressure stimuli with accuracy.
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Figure 3.5B. (d) Jsc cycles as a function of different pressures show the reproducibility of the device. (e) Jsc cycles

as a function of different speeds with a maximum 37 kPa pressure show that the sensor responds with little delay to
the stimuli. (f) The sensitivity of the device increases with the strength of the poling electric fields. Inset shows the
device has a linear response with a maximum load detection of 76 kPa and minimum detection limit is 0.5 kPa. (g)
Consistent response is observed over 100 load cycles of 37 kPa. (h) Jsc response to load cycles of 37 kPa is

maintained over 72 h in the device after initial poling at 1.5 V um™! for 5 min.
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Table 3.1. Summary of materials used, operating voltage, power density, sensitivity, limit of detection, and linearity
of different tactile sensors.

Sensor type Materials Operating Pressure Limitof = Linearity = Ref.
voltage /Power Sensitivity Detection
density (kPa)
. ZnO nanosheets/ . 1 Linear This
Transistor MAPbI Solar driven 0.57 kPa 0.5 (0-76 kPa)  work
. Graphene/ion <2V/ 4 Linear
Transistor gel 0.015 mWem:2 0.12 kPa 5 (0-40 kPa) [105]
Transistor Cu/PVDF_-TrFE 15/ 10'_215 0.67 <1072 kPa! 200 Linear [153]
matrix mwcm
ITOIAU Non-linear
Transistor micropatterned 100 V 0.38-8.4 kPa - (0-55 kPa) [154]
PDMS/Pil2T-Si
. . 3V/0.022 1 - Linear
Transistor Ge/Si NW-array mWorn?2 11.5 1S kPa =2 (0-15 kPa) [137]
Carbon
. nanotube TFT 5V/125 2 Loa-l Linear
Transistor active-matrix mWem-2 42.7 Cdm™ kPa 5 (0-98 kPa) [138]
backplane
. CNTs/Ecoflex/ ) 3 LDal Linear
Capacitance PDMS 0.23 <107 kPa 50 (0-900 kPa) [139]
. CNT microyarn/ ) 3 Load Linear
Capacitance Ecoflex/PDMS 0.5 %10~ kPa 0.0004 (10-25 kPa) [91]
. Microstructured 80 V/0.75 1 Non-linear
Capacitance PDMS mWem-2 0.15-0.55 kPa - (0-7 kPa) [26]
. Single-layer ) 4 Linear
Capacitance graphene 0.01 kPa 0.11 (0-20 kPa) [155]
Graphene— .
Piezoresistance Polyurethane <1 Vl‘_lz 0.03-0.26 kPa* 0.009 Non-linear [94]
mWcm (0-10 kPa)
Sponge
. . Laser-scribed 4 Non-linear
Piezoresistance graphene - 0.005-0.96 kPa 5 (0-113 kPa) [104]
2 VI0.007 Non-linear
; ; 2 -1 -
Piezoresistance SWNT/PDMS mwcm 1.8 kPa 0.0006 (0-1.2 kPa) [90]
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Figure 3.6. Effect of filters and confirmation of ZnO sheets on MAPbI; film. (a) The device response in.Jsc to load
cycles of 37 kPa gradually decreases but is sustained on progressively placing long pass filters of increasing
wavelengths in the light path. The device was poled at 1 V um' field for 5 min. (b) FESEM image of MAPDI; film
shows the presence of the ZnO sheet that was used to press on it as a dynamic drain. (¢) EDX spectrum and elemental

composition confirm the sheet fragment to be ZnO.

To ascertain that the device can function under illumination from light of different wavelengths, we
modulated the light of the solar illuminator by placing longpass filters of 400, 495, and 570 nm in its path. As seen
in Figure 3.6a, the 400 nm filter that eliminates UV light leads to a less than 10% reduction in the Jsc response.
This also illustrates that the photoexcitation of the ZnO sheets (which have a bandgap of 3.4 eV) does not play any
significant role in the functioning of the device. Placing the 495 nm filter reduced the Jsc response by 30% and 570

nm filter reduces it by more than 50%, which is consistent with the broad absorbance spectrum of MAPbI; from
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300 nm to 780 nm.46l The FESEM image of the MAPbI; film taken after multiple days of pressure measurements
and removal of the ZnO electrode show the presence of the residual sheets on the MAPbI; film (Figure 3.6b). The
energy dispersive X-ray spectrum of Figure 3.6¢ confirms the elemental composition of the sheet fragment to be

ZnO0. This observation further confirms the device structure and the model presented in Figure 3.6a.
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3.4 Summary

Both ferroelectric and ion migration behaviors are observed in MAPbI; films based on the conditions used for poling
the films. The effects are the result of the materials response to applied poling fields, with each dominating under
particular conditions. Further, the ion-back diffusion effects and redox-based degradation are minimal in these
devices under the operating conditions. These effects are, however, critical and can become dominating at other
conditions that might be used in perovskite-based devices and need to be carefully considered. The two proposed
effects are also distinguished based on the observed reversal of the polarity of the Voc and Jsc. We also believe that
more experiments need to be performed to ascertain the proposed mechanism for the observed effects and especially
the role of O, adsorption and defects in MAPbIs. The ferroelectric response combined with the semiconducting
nature of these MAPbDI; films leads to a sustained Voc on the order of few hundreds of mV and a small Jsc. Using
this ferroelectric-semiconducting nature of the MAPDI3 films, we have then demonstrated a solar (light) powered
tactile sensor that functions for more than 72 h after poling for just 5 min at 1.5 V pm™. The device functions by
using a dynamic drain made from ZnO nanosheets whose interfacing area with the MAPbI; channel modulates in
response to the applied pressure. The only electrical energy required to operate the device is during the poling
process, which is = 55 W h cm™. Such low energy cost and solar driven devices are highly relevant for remote
sensing, wearable sensors, and continuous monitoring applications. The use of ferroelectric-semiconducting nature
of the MAPDIz films opens the avenue to explore these effects in other similar materials and use them for

development of new low cost solar-light driven devices and sensors.
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Part B

Nanostructured Materials for Catalytic Applications

Chapter 4
Gold Nanoparticle Chains Supported Platinum-Ruthenium Catalysts for

Ethanol Oxidation

4.1 Introduction

With the increasing need for energy and severe ecological effects generated by the combustion of fossil fuels, energy
conversion devices which can convert chemical energy to electric power in a much more environmentally favorable
way, are in great demand.[*#43-451%1 Direct-ethanol fuel cell (DEFC) is an attractive system among various types of
fuel cells, considering ethanol’s low toxicity and wide availability compared to methanol. However, the
performance of DEFC is limited by the lack of highly reactive and durable catalysts.34%52 Numerous studies have
been done on developing new catalysts to improve the kinetics by increasing the overall rate and peak current
density, lowering the onset potential, and extending the life-time.[#85250:535% Depositing a thin layer of bimetallic
Pt-Ru catalyst on nanoscale structures has been shown to be a successful approach to reduce the cost while
maintaining the catalytic performance.[81571%81 Additionally, the structure at nanoscale, such as spatial composition
and elemental percentage of the bimetallic catalyst, play important roles in determining the catalytic
performance. 1581591 By combining Au nanoparticles with metal cations, we report a facile and straightforward
fabrication method of nanoscale PtRu catalysts. In our study, binary or ternary nanocomposite can be easily
synthesized by adding one or multiple cations. Specifically, spatial elemental compositions of the nanocomposite

can further be tuned by controlling the self-assembly process, owing to the facile synthesis method.

As a result of the dimethyl nature, ethanol oxidation reaction (EOR) is much more complex compared to

that of a monomethyl alcohol.[**0.5357] Research suggests that the complete oxidation process of ethanol to carbon
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dioxide to be a complex multistep reaction with a commonly accepted dual-pathway mechanism, as shown in

equation 4.1 and 4.2.5°

2e” 12 e~

CHyCH,0H — CHy + CO — CO, C1 pathway (4.1)
2e” 2e”

CHsCH,0H — CH1CHO —> CH,COOH  C2 pathway (4.2)

The C1 pathway represents the complete oxidation by allocating 12 electrons, while the C2 pathway is only partial
oxidation to acetaldehyde or acetate by delivering 2 or 4 electrons respectively. A nhumber of adsorbed intermediates
and byproducts have been identified to form in both pathways, such as adsorbed CO, acetaldehyde and acetic acid. !
Metallic platinum (Pt) and other noble metals have been used widely as catalytic materials owing to the distinct
properties in adsorption and desorption of target molecules on these metals.[5358.160.161 Nevertheless, bare Pt suffers
from strong interactions with intermediates including CO-type species.®%3 The intermediates will preferably bind
to available sites on the Pt surface and consequently hinder the adsorption of more ethanol molecules, which in turn
significantly decrease performance of Pt over time.*%1621 Research efforts have been devoted to develop binary or
ternary Pt-based co-catalysts to overcome these challenges. Ru, Rh, Au, Sn, and Ni have been reported for exhibiting
outstanding catalytic performance as co-catalysts with metallic Pt.[5*5616%1 Apart from minimizing the use of the
precious material, bimetallic catalysts have one major benefit over the metallic Pt: a bifunctional effect that
increases the amount of oxygen species supplied for oxidation of adsorbed CO.312 During the past decades,
fabrication of Pt-based nanostructures has attracted much research attention for enhancing the catalytic properties
by changing the nanoscale structure and providing more available active sites.[*531641 Accordingly, depositing a thin
layer of Pt-based materials on nanoscale structures appears to be a successful approach to reduce the cost while
maintaining the high surface area. Graphene, carbon nanotubes (CNTSs), and TiO, matrices have been used as

supporting materials for effectively dispersing the nanomaterial layers.[5859165]

In this study, we demonstrate a facile fabrication method of ternary Pt-Ru-Au catalysts in bulk quantities

for ethanol oxidation. Pt** and Ru®* ions are used as linkers to assemble the negatively charged citrate-capped Au
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nanoparticles into chains through electrostatic force. A layer of Pt-Ru nanocomposite is further deposited on the
nanoscale chains as shells by chemically reducing the metal cations covering on the nanoparticle surface. The
atomic composition of the nanocomposite can be easily altered by varying the ratio of the cations. By controlling
the self-assembly process, spatial compositions of the nanocomposite could be tailored for desirable structures. The
use of chain-like Au nanostructure can be beneficial in multiple aspects. In the first place, the structure works as a
supporting template to ensure the dispersion of the Pt-Ru catalysts by diminishing the agglomeration. Secondly, the
Au nanoparticle chains provide sites for spatially confined fabrication of the Pt-Ru nanocomposites, which is crucial
for maximizing the surface area. We find that chains with well-defined domains of Pt-Au and Ru-Au on the size of
5-10 nm show the best performance in stability and ethanol oxidation. In comparison, a homogenous mixture of Pt-
Au and Ru-Au domains is 29 % less effective in performance. We also compare the performance of these systems
with commercial Pt/C catalyst. The process of fabricating chain-like structure opens the use of such nanoparticle

chains for many applications in which the spatial composition needs to be tuned.
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4.2 Material and Methods
4.2.1 Synthesis of Gold Nanoparticle Chains

10 nm citrate capped gold nanoparticle solutions were purchased from BBI solutions. 500 L of 5 mg mi* PtCl,
was added to a glass vial which contains 3.0 ml of the 10 nm Au nanoparticle solution. Similarly, 150 A of 2 mg
mL* RuCl; was added to assemble 3.0 ml of the Au nanoparticle solution. Metal cations used for the assembly
process can vary from monovalent to tetravalent. The variations in cations will lead to different amount and time
required for assembly. The difference is expected to be a combined effect of the valency, electronegativity, and
hydrodynamic radius of the different cations. The solutions were put on a vortex mixer for assembling of Au-
nanoparticles. Assembling time varies from 8 to 24 h for different metal cations. By inter-mixing these solutions
after the formation of assembled chains at varying stages, spatial control of different cations is achieved. Samples
with different Pt:Ru elemental compositions: 100:0 (pure Pt), 95:5, 90:10, and 80:20 were synthesized by varying
the volume of each assembled solution in the mixture solution. The final solution is well mixed for enough time to
allow the assembly of the final structures, in which there are two cations adsorbed onto the Au surface with a spatial
distribution. Sodium borohydride (NaBH,) was then added after the assembly as a reducing agent to the solution

for reduction of the metal cations to nanoparticles.

4.2.2 Characterizations

The self-assembled Au nanoparticle chains were characterized by ultraviolet-visible spectroscopy (UV-Vis), and
dynamic light scattering (DLS) was used for confirming the size increase in assembled chain-like structures. X-ray
photoelectron spectroscopy (XPS) technique was used to characterize the surface composition of the synthesized
materials. The crystal structure was characterized by glancing incidence X-ray diffraction (GIXRD) using a
PANalytical X’Pert Pro MRD diffractometer with Cu Ko radiation (A = 1.54 A) at an incidence angle of 0.4°.

Transmission electron microscopy (TEM) was carried out to examine the morphologies and sizes of the catalysts.
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4.2.3 Electrochemical Measurements

Electrochemical measurements were carried out using a CompactStat electrochemical interface & impedance
analyzer at room temperature. A standard three-electrode set up has been used for all experiments. In all cases, a
Ag/AgCl/Saturated KCI electrode was used as the reference electrode, and a Pt wire was used as the counter
electrode. A 3 mm (diameter) glassy carbon electrode (GCE) was used as the substrate for depositing the catalyst
solutions. Before each measurement, the GCE was polished using 0.05 um alumina powder. The catalyst solutions
were sonicated for 1 h, followed by immediate deposition of 5 pl of the catalyst solution onto the GCE. The working

electrodes were then left for 2 h for the evaporation of electrolytes and complete deposition of catalysts.

Prior to all experiments, the GCEs were rinsed with DI water. As the pretreatment step for all samples,
conditioning cycles in an acidic solution of 0.1 M HCIO, for 100 cycles from -0.05 V to 0.6 V with a scan rate of
200 mV/s were done. The electrochemically active surface area measurements were then determined by integrating
the hydrogen adsorption charge on the cyclic voltammetry (CV) at room temperature in nitrogen saturated 0.1 M
HCIO, solution with a scan rate of 50 mV/s. Electrooxidation of ethanol was performed in 0.1 M HCIO; and 1 M
ethanol with a scan rate of 50 mV/s. ChronoAmperometry (CA) measurements were performed at a constant voltage
of 0.5 V for 45 min in the same solution, to determine the stability/life-time of the catalysts. For comparison,
commercial Pt/C (20 wt. % loading, Sigma-Aldrich) was used as the baseline/control catalyst, and same procedures
were conducted for all experiments.CO adsorption was done by keeping the potential at -0.20 V for 20 mins while
bubbling CO through the acidic solution of 0.1 M HCIO4. Nitrogen was bubbled again for 10 mins to remove any
of the residual CO in the electrolyte. CO stripping was then carried out by doing CV cycles in 0.1 M HCIO4 solution

from -0.2 Vto 1.2 V at 20 mV/s.
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4.3 Results and Discussion
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Figure 4.1. (a) Schematic of the assembly-reduction process of fabricating the nanocatalysts. TEM images of (b)
Pt*" assembled Au nanoparticle chains, (¢) Ru®' assembled Au nanoparticle chains, (d) Reduced Pt-Au
nanocomposite, (¢) Reduced Ru-Au nanocomposite, (f) and (g) Reduced Pt-Ru-Au nanocomposite (Pt-Au circled

in blue and Ru-Au circled in red).
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The schematic in Figure 4.1a shows the self-assembly process of Au nanoparticles, and subsequently the
formation of the Pt-Ru layer by chemical reduction of the metal cations. We start by having Pt** and Ru®* assisted
nanoparticle assembly processes simultaneously going in two separate vessels. Ru®* are used in order to overcome
the poisoning effect associated with bare Pt catalysts, forming a ternary Pt-Ru-Au nanocomposite. The positive
charge on the metal cations bring the negatively charge citrate-capped Au nanoparticles into close physical
proximity. The UV-Vis (see Appendix) shows a shift in the absorbance peak from 525 to above 600 hm when
particles assemble into chains. The peak at 525 nm corresponds to the surface plasmon resonance of the isolated
nanoparticles, while the shift to 600 nm is primarily due to the plasmon coupling between adjacent nanoparticles,
which further confirms formation of the chain-like structure in the solution phase. The solutions are put together
following the formation of the chains linked by Pt** and Ru®" cations. The bimetallic Pt-Ru layer on Au
nanoparticles is fabricated upon the addition of the reducing agent lastly, with the atomic composition of Pt:Ru

varying from 100:0 (pure Pt) to 80:20.

The self-assembled chains linked by Pt** and Ru®* can be seen in the TEM images (Figure 4.1b and 4.1c).
It can be seen that the assembled chains have an average size of 500 nm in length with 1-2 nm spacing between
particles before the reduction of metal cations. The spacing is believed to be occupied by the citrate capping and
the metal cations. The assembly is also monitored by dynamic light scattering (DLS), with a hydrodynamic radius

of 220 nm in hydrodynamic radius and a zeta potential of —36 mV after assembly.(see Appendix)

It can be expected that, the metal cations in the system are either adsorbed onto the surface of the Au
nanoparticles because of the electrostatic force, or diffused in the solution. To better understand the distribution of
the cations, the solution is centrifuged at 14000 rpm to precipitate all nanoparticle chains after assembly. After
measuring the absorbance peak of the top solution using UV-Vis, the calibration curve plot shows that 51% of the
metal cations are found to suspend in solution, while the remaining cations are expected to be adsorbed onto the Au

surface. In order to validate the reducing mechanism of the metal cations on nanoparticle surfaces, an approximate
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ion concentration of 3.5 mM was calculated based on the ionic conductivity of 1185 S in the Au solution.

Accordingly, the Debye length, which is proportional to the square root of the ion concentration, is expected to be

039%) in a typical NaCl solution.%8 Furthermore, the concentration of the

around 5 nm using the assumption (% = Tion
cations adsorbed on Au surface is calculated to be 5000 times higher than that of the diffusion layer and the bulk
solution, as a result of the adsorption/accumulation on the nanoparticle surfaces. Following the assembly of
nanoparticle chains, NaBHj, is added to the system as a reducing agent to chemically reduce the metal cations into
their neutral metallic forms. Because of the concentration difference, the proposed chemical reduction of metal

cations occurs predominantly on Au surface. This is based on the thermodynamics that favors the nucleation of the

metals at regions of higher concentration. Rate of nucleation has been described by:

Ry = {(3?:;)} exp (_If;“; ) (4.3)
where Cy is the concentration, A is the diameter of the growth species, 1 is the viscosity of the solution, and the
exponential part describes the thermodynamic fluctuation of critical free energy. 1 It can be seen from the equation
that the nucleation is favored with higher concentration, thus the subsequent growth of the metal forms hence occurs
preferentially on the Au chains. Additionally, the underlying Au nanoparticles work as seeds for nucleation of the
metal nanoparticles, which further boosts the growth of the nanocomposite layer. The TEM image in Figure 4.1d
confirms the confined the growth the only Pt layer on the Au nanoparticle chains, in which only Pt** cations are the
linkers for self-assembly. The spacing between nanoparticles can no longer be seen after reduction. Instead, the
separated nanoparticles are fused together to form a chain-like network. The average width of the structure is around
5 nm and the small size increases the exposed surface active sites of the Pt. Interestingly, Au nanoparticle chains
do not fuse and connect each other to form continuous structures when Ru®* cations are reduced, as seen in Figure
4.1e. However, it can be observed that there are small Ru nanoparticles on the scale of 1-2 nm surrounding all Au
nanoparticles, which has not been seen for other samples. We believe this phenomenon can be explained by the

molar ratio difference between Ru and Au: 7.4 pmol of Pt is present in the case where Pt** is the linker and the
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amount is believed to be enough for covering the 0.87 pimol of Au nanoparticles; whereas the relatively low amount
of 0.71 pmol Ru could not fully cover Au surfaces and the gaps. More experiments to study the complete assembly-

reduction mechanism are being conducted by my colleagues in the Maheshwari Lab.

After mixing and chemical reduction of the two solutions, the chain-like structure shows distinct spatial
distribution of two nanocomposites (Pt-Au and Ru-Au). Figure 4.1f shows a TEM image of the Pt-Ru-Au
nanocomposite with an elemental composition of 90 to 10 after the chemical reduction at a low magnification. It
can be observed that the chain-like structures are highly porous, which is crucial for improving the catalytic activity.
Furthermore, the image shows well defined domains of Pt-Au (circled in blue) and Ru-Au (circled in red) with
distinct spatial distribution. From the high magnification TEM image (Figure 4.1g), we can clearly see the

distinguishable regions of Pt-Au and Ru-Au by their individual morphologies.

To better study the assembly-reduction process, X-ray photoelectron spectroscopy (XPS) was carried out
to examine the surface composition for the assembled chains before and after adding the reducing agent. Figure
4.2a shows the XPS spectra for the Pt 4f region for the samples, in which 4f7, and 4fs;, are the main peaks to study.
Without adding NaBH,, peaks located at 72.9 and 76 eV indicate the existence of Pt**. The binding energies of Pt
4f7p, for the reduced Pt-Au and Pt-Ru-Au samples both locate at 71.1 eV, whereas the 4fs;; binding energies show
at 74.4 eV. The peak separation of 3.3 eV and the doublet positions are consistent with Pt being in a metallic state,
which indicates the unaltered chemical state of metallic Pt in the composites. A peak shift is not observed for Au
compared to the metallic Au peaks (see Appendix), which further demonstrates that there is no alloy forming in all
samples. The peak for the binding energy of Ru 3ds;, located at 281.8 eV indicates the existence of Ru®*" in the
ruthenium assembled chains, as shown in Figure 4.2b. The peak is strongly reduced in Ru-Au and Pt-Ru-Au samples,
while the peak at 285 eV confirms the formation of metallic ruthenium after the chemical reduction. As shown in
Figure 4.2c, the diffraction peaks at 38.1< 64.5< and 77.7can be assigned, respectively, to the Au (111), (220),

and (311) planes. Similarly, (011), (002), and (200) planes for Ru are observed in the Ru-Au nanocomposite, while
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(111), (200), (220), and (311) planes can be seen in the Pt-Au sample. These XRD features are consistent with the

XPS results, which reveals no alteration in the crystal structures of each component element.
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Figure 4.2. XPS (a and b) and XRD (c) spectra of plain Au nanoparticles, Pt*" and Ru’* assembled Au chains, Pt-

Au and Ru-Au nanocomposite, and Pt-Ru-Au nanocomposite (with an Pt:Ru elemental composition of 90:10).
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The nanocomposite solutions are loaded onto the surface of freshly cleaned glassy carbon electrodes (GCEs)
to evaluate the EOR electrocatalytic activity of the as-prepared Pt-Ru-Au nanocomposites, with varying elemental
composition. To compare, the binary Pt-Au and commercial Pt/C (20 wt. % loading) samples are tested under same
conditions. Prior to all testing, the samples are activated for 100 cycles in 0.1 M HCIO4 to clean the catalyst surface
of any surface impurities for activation of the catalysts. All electrochemical tests are reported with a normalized 1.0
g Pt mass loading on the GCEs. The electrochemical active surface area (ECSA) is then measured in same solution
of 0.1 M HCIO,. The values are estimated based on the underpotentionally deposited hydrogen (Hypg) in HCIO.

with a standard conversion factor of 210 pC cm using the equation:
Q —
ECSA = > uC cmp;? (4.4)

Where Q is the charge associated with the adsorption of a hydrogen atom monolayer, which can be determined
experimentally by integrating the charges.[*® The specific value of 210 uC cm? is used as the standard conversion

factor, which can be derived by e xdn (charge of an electron xsurface metal atom density of Pt: 1.3x<10%° cm™).

As shown in Figure 4.3a and 4.3b, the synthesized Pt-Au nanocomposite exhibits a value of 26.2 m? get?, whereas
the commercial Pt/C has a highest ECSA of 36 m? ge L. The difference can be explained by the small Pt nanoparticles
(< 5 nm) loading on graphitized carbon in the commercial sample, which is beneficial for dispersion and exposing
Pt. However, the comparable values of Pt-Au and Pt-Ru-Au samples indicate the effective dispersion of Pt materials
on the Au nanoparticle chains. As can be seen, the ECSA decreases from 26.2 to 15.7 m? get* as the elemental
composition of Pt decreases from 100 to 80%. The decline in surface area is in good agreement with the reported

mechanism in which hydrogen molecules are mostly adsorbed on the Pt surface.

CV measurements are carried out in 0.1 M HCIO,4 and 1 M ethanol to address the catalytic performance of
the nanocomposites towards EOR. In our study, the specific activity on a mass basis, which is more economically
relevant, is reported for all samples. The EOR curves of the binary Pt-Au and ternary Pt-Ru-Au with varied

elemental ratios are compared to commercial Pt/C in Figure 4.3c. The onset oxidation potential and the peak current
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density are two major parameters to evaluate the electrocatalytic activity of the catalysts. Typically, in a diffusion-
limited reaction, a peak of electrical current appears in a CV cycle when the rate of reaction is limited by the mass
transfer process. As a result of the diffusion process, the peak current increases with the square root of the scan
rate.*5%1 Nevertheless, the electrooxidation of ethanol in acidic medium at Pt surface is believed to be a complex
process with multiple steps. It is commonly accepted that, acetaldehyde (CHsCHO) is the primary intermediate
during the forward scan of EOR at Pt catalysts, instead of the complete oxidation to CO,.[5%1 Therefore, instead of
reaching the bottleneck of mass transfer, the oxidation peak during the forward scan occurs owing to the formation
of intermediates that hinder the adsorption of ethanol molecules. The anodic peak during the reverse scan is
generally considered the oxidation of multiple species, including the adsorbed intermediate formed during forward
scan, and other carbonaceous species (-CHx).®? As a result, a low oxidation peak for the reverse scan is an evidence
of less adsorbates accumulation during the forward scan. The ratio of the current peak value during forward scan to
reverse scan li/l; can be used to describe the catalyst’s tolerance to CO-like species. As seen in Figure 4.3c, the
forward current peak of the Pteo-Ruio-Au sample at ~ 0.65 V is about 1.1 mA, which is 3.07 times that of commercial
Pt/C (0.36 mA) and 1.68 times that of the binary Pt-Au (0.63 mA). The onset potential of the Ptgo-Rui0-Au catalyst
is 0.39 V, which is much lower than that of Pt-Au and commercial Pt/C. Among all catalysts, Ptso-Ruz-Au showed
the most negative onset potential of 0.31 V. However, the catalytic activity is strongly reduced compared to Ptgo-
Ruio-Au as Ru content increases. It has been reported that atomic ratio of Ru higher than 20% in Pt-Ru catalysts
significantly decreases the electrocatalytic activity. This phenomenon can be explained by not having enough Pt
active sites, which is capable of breaking the C-C bond in ethanol, while Ru itself is not suitable for EOR.®I Figure
4.3d shows the bar diagram of the peak current density of each sample, with error bars denoted in grey. In addition
to the highest current density and second lowest onset potential of the Ptg-Ruio-Au, it also shows a higher 141, ratio
of 1.17 compared to commercial Pt/C (0.99), and Pt-Au (1.05). The higher value is expected as the Ptg-Rui0-Au
nanocomposite is more intermediate-tolerated by Ru inducing the oxidative removal of the species, and eventually

leading to a more complete EOR to CO,. The surface Ru atoms are believed to readily form Ru-OXO or Ru-OH
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species, which will enhance the oxidative removal of adsorbates by donating the hydroxyl groups.%7° Similarly,
it is observed that higher amount of Ru in Pts-Ruzo-Au increases the I#/l; ratio to 1.25. Control samples are also
tested to verify the importance of underlying Au nanoparticle chains, as well as the EOR activity of plain Au
nanoparticles and Ru-Au nanocomposites. As expected, Au nanoparticle itself the shows no ethanol oxidation
behavior in the CV cycles. It has been also confirmed that, without the presence of Au nanoparticles, no chain-like
structure is formed and the catalytic activity of reduced Pt** is relatively low (83 mA mge?) compared to the
commercial Pt/C catalyst (see Appendix). Accordingly, the observed high activity in Pt-Ru-Au sample can be

attributed to the porous chain-like Pt-Au composites.
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Figure 4.3. Electrochemical characterizations of the Pt-Ru-Au catalysts with a varying elemental composition of
Pt:Ru. Commercial Pt/C (20 wt. % loading on graphitized carbon) is tested under same conditions for reference. (a)
CVs of ECSA measurements in 0.1 M HCIO4 at 50 mV s™'. (b) Bar diagram showing the calculated ECSA for each
catalyst. (c) CVs of EOR measurements in 0.1 M HCIO4 and 1 M ethanol at 50 mV s’'. (d) Bar diagram showing

the current density and I/I; ratio of each catalyst.

For fuel cells based on small organic molecule, CO-tolerance of the catalyst is an important criterion as CO
is the main poisoning intermediate formed during oxidation. Therefore, CO stripping has been done as a diagnostic
tool to provide insights about the CO poisoning tolerance. CO adsorption is done by polarizing the GCEs at -0.20
V for 20 mins while bubbling CO through a 0.1 M HCIO, solution. Nitrogen is bubbled again to make sure that
there is no CO is adsorbed in the electrolyte. Figure 4.3f shows the CO stripping CVs of the catalysts, in which the
oxidation current exhibits the oxidative detachment of monolayer adsorbed CO on the catalyst surface. Compared
to the CO oxidation peak of commercial Pt/C (0.47 V), the peak potential shifted to a low value of 0.43 V for Pt-
Au. The potential further shifts to 0.38 V when the elemental composition of Ru increases to 10%, which is a result
of the hydroxyl groups on Ru promoting the oxidation of CO to CO; on the Pt surface.l!” A lowest onset potential
of 0.28 V is achieved with a 20% Ru composition, indicating an increase in CO-tolerance. However, high amount

of Ru in the Ptgo-Ru2o-Au sample does not necessarily improve the activity towards CO oxidation.

The durability/stability of the catalysts is another critical factor for their practical applications. In this regard,
5000 consecutive CV cycles are carried out as an effective method to evaluate both the stability of the
nanocomposites. Figure 4.4b shows the peak current densities of the catalysts in 1 M HCIO4 and 1 M ethanol with
a scan rate of 50 mV. As shown in figure, the decay in current density in all samples is believed to be the formation
of reactive intermediates such as CO, acetate, and acetaldehyde during the EOR. It is noteworthy that the Ptgo-Ru10-
Au catalyst shows the highest initial value and attains a peak current value of 397 mA mg* after three days (5000
cycles). Ru has been reported to improve Pt’s stability against deactivation by providing oxygenated surface species
without compromising the adsorption of ethanol on Pt sites. Compared to the Pt-Au catalyst, which maintains a 9.5%

activity, the Ptgo-Ruio-Au catalyst shows a much less attenuation after 5000 CV cycles. Activity of the commercial
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Pt/C The results further demonstrate that Ptgo-Ru10-Au exhibit higher electrocatalytic activity and stability towards
EOR, which are consistent with the CV results. Table 4.1 summarizes the key electrocatalytic parameters for each

synthesized catalyst and multiple reported Pt-based catalysts.
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Figure 4.4. (a) CO oxidation/stripping CVs of each catalyst in 0.1 M HCIlOs solution. (b) Peak current density of
5000 cycles of three catalysts in 0.1 M HCIO4 and 1 M ethanol.

Table 4.1. Comparison of the performance of the catalysts with varied elemental compositions of Pt:Ru.

Catalyst Pgak current EOR onset Cco oxidaﬁon Activity after 5000 Ref.
density (mA mgec?) | potential (V) | onset potential (V) cycles (%)
Ptgo-RUlo-AU 1120.1 0.39 0.38 35.2 This
Ptes-Rus-Au 800.1 0.43 0.43 - work
Ptso-Ru-Au 899.7 0.31 0.28 -
Pt-Au 625.6 0.45 0.43 9.5
Pt-NiO/C 644 0.49 0.32 - 171
PtRU/FLG 970 0.48 - 75 after 2000 s 172
PtRh/TiO,-C 1039 0.62 0.35 76 after 3600 s 173
PRu/ C 811 0.45 . 50 after 1800s | ¢
core-shell
PtRh 85 after 2000 175
NW/GNs 1000 0.30 j cycles
Pt/C 364.6 0.49 0.47 0.27 -
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In addition to varying the elemental composition of Pt:Ru, the timing of mixing the two Pt**-Au and Ru®*-
Au solutions is also studied to see its effect on the electrocatalytic activity while keeping the atomic ratio of Pt:Ru
at 90:10. Instead of mixing the fully assembled solutions, new samples are made by mixing at halfway of the
assembly process (denoted by Pt-Ru-Auiner) and at the beginning without formation of the assembled chains
(denoted by Pt-Ru-Auseg ). As seen in the TEM images in Figure 4.5a and b, Pt-Au and Ru-Au nanoparticles are
well mixed together to form a relatively homogenous structure without clear boundaries of each domain. It can be
observed in Figure 4.5b that there are Pt-Au between/surrounding Ru-Au nanoparticles, and vice versa. Similar
phenomenon has been observed previously by mixing assembled 10 nm and 100 nm Au nanoparticles at different
stages. The distinct morphology difference clearly exhibits the impact of mixing time, as seen in Appendix.

2
.

3

L e
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Z

Figure 4.5. TEM images of Pt-Ru-Auy., catalyst at different magnifications.
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Figure 4.6. Electrochemical characterizations of the Pt-Ru-Au catalysts with varying mixing timing of Pt**-Au and
Ru’*-Au solutions. Commercial Pt/C (20 wt. % loading on graphitized carbon) is tested under same conditions for
reference. a) CVs of ECSA measurements in 0.1 M HCIO; at 50 mV s™\. b) Bar diagram showing the calculated
ECSA for each catalyst. ¢) CVs of EOR measurements in 0.1 M HCIO4 and 1 M ethanol at 50 mV s'. d) Bar
diagram showing the current density and I¢/I; ratio of each catalyst. ) CA measurements of each catalyst at 0.5 V

in 0.1 M HCI1O4 and 1 M ethanol. f) CO oxidation/stripping CVs of each catalyst in 0.1 M HCIO4 solution.

It has been reported that the electrocatalytic activity is also governed by the relative placement of their
constituting elements with respect to each other.!5®176-1781 Thjs is based on the fact that the reactants, their
intermediates and products will be adsorbed on the catalyst surface and the diffusion of these species on the surface
with transfer between the catalyst and co-catalyst sites is required for effective reaction.[5°5¢1 Therefore, more
experiments are conducted to investigate the difference in electrocatalytic activities due to the difference in
morphologies of the Pt-Ru-Au catalysts. The catalysts are tested and compared to Pt-Au and commercial Pt/C under
same conditions for all electrochemical characterizations. As shown in Figure 4.6a and b, there is a gradual increase
in ECSA with the delay in mixing timing. Pt-Ru-Au catalyst mixed at the end of assembly shows a 7.4 % increase
of the ECSA compared to the sample mixed in the absence of assembled chains, yet the two catalysts have the same
amount of Pt and Pt:Ru elemental composition. The Pt-Ru-Au catalyst mixed after assembly of chains also exhibited
a higher electrocatalytic activity for EOR. It can be seen in Figure 4.6c¢ that the peak current density of Pt-Ru-Auend
is 29 % higher than the homogenous Pt-Ru-Auseg,, While Pt-Ru-Auiner. Shows a current density value in between of
the two extremes. The mixing timing also shifts the EOR onset potential from 0.43 to 0.38 V, with a corresponding
I#/1; value from 1.04 to 1.17. The catalyst mixed after assembly of chains also exhibits the best CO-tolerance by
having the lowest CO oxidation peak of 0.38 V (Figure 4.6e). In CA tests shown in Figure 4.6f, Pt-Ru-Aupeg and
Pt-Ru-Auiner. catalysts both show a higher attenuation of 25 %, whereas the current density of Pt-Ru-Aueng reduces
for only 20 % after 2700 s at 0.5 V. The lowest onset potentials and attenuation, highest I¢/I, value and current
density indicate the best electrocatalytic activity of Pt-Ru-Auend catalyst among all samples owing to its morphology
with well-defined domains of Pt and Ru. The difference in the performance as a result of the morphology difference

can be explained by the previously reported dilution of catalytic Pt surface sites.[*57] It has been proposed that several
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neighboring Pt sites are required in order to effectively oxidize molecules, while isolated surface Pt clusters are less
capable to decompose the target molecules.[*”*1%1 Table 4.2 summarizes the key electrocatalytic parameters for

each catalyst with varying mixing stages.

Table 4.2. Comparison of the performance of the Ptg-Ru1o-Au catalysts with varied mixing stages.

Catalyst ECSA Peak current density EOR onset CO oxidation Reduction in
(M2 gec?) (mA mgeit) potential (V) | onset potential (V) | activity after
2700s
Pt-Ru-AUend 20.4 1120.1 0.39 0.38 20
Pt-Ru-AUinter. 19.9 994.1 0.43 0.41 25
Pt-Ru-Aubeg. 19 864.1 0.45 0.43 25
Pt-Au 26.2 625.6 0.45 0.43 24
Pt/C 36 364.6 0.49 0.47 52
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4.4 Summary

We have developed a facile approach to synthesis of highly porous, high surface area chain-like nanostructured
materials using self-assembled Au nanoparticle chains linked by Pt** and Ru®* cations. The easy fabrication process
allows the optimization of the relative amounts and placement of each component with respect to each other in the
catalyst. By inter-mixing the chains at different stages of assembly, spatial control of distinguishable domains of
Pt-Au and Ru-Au on the size of 5-10 nm is achieved. The prepared Pt-Ru-Au catalyst with well-defined domains
shows an electrocatalytic activity which is 3.1 times that of commercial Pt/C. Apart from the high current density,
the Pt-Ru-Au catalyst also exhibits a much less attenuation and a higher CO-tolerance. Furthermore, in contrast to
the homogenous structure, the morphology with distinct domains significantly enhance the EOR performance (29 %
increase in current density) of the catalyst by providing neighboring Pt sites. Yet more research needs to be done to
fully understand the proposed mechanism, the simple fabrication procedures provide insight for synthesis of similar

materials with outstanding properties which can be used in various new-generation electronics.
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Chapter 5

Conclusions and Future Work

5.1 Summary of Contributions

Synthesis of nanostructured materials with novel performance has been essential for developing a wide range of
new-generation electronics. However, complex lithography or patterning processes are involved in fabrication of
nanostructured materials, which hinder the commercialization and use of these materials in practical applications.
Inspired by many biological materials, the research is undertaken to design facile fabrication methods for

nanostructured material and evaluate their use for various applications.

The study has identified that without using lithography or patterning process, 3-D ZnO nanostructures can
be prepared using a cost-effective electrochemical method. In Chapter 2, this high density hierarchical structures
are used for making an interlocked, high surface area tactile sensor which can sense pressures as low as 0.4 Pa with
a response time in milliseconds. Further, the nanostructures can also detect temperature changes with a non-linear
response in the 298-400 K range, which is similar to skins perception of thermal stimuli. Combining both the
temperature and pressure sensitivities, the nanostructured material synthesized with a simple procedure can be of
significance for applications in e-skin, adhesive and hydrophobic surfaces. Similarly, other rational combinations
of nanomaterials of different morphologies can lead to enhancement of specific properties which will be of

importance for applications in electrochemical devices and sensing.

In Chapter 3, the ZnO nanosheets are used as a dynamic drain of a MAPbI; film that changes its interfacing
area in response to applied pressure. By studying both the ferroelectric and semiconducting properties in MAPDI;,
a solar-powered tactile sensor is made by interfacing ZnO nanostructure on the perovskite film. The sensor is able
to operate continuously for more than 72 h after consuming 55 pW h cm™ energy as the energy harvesting

mechanism is decoupled from its pressure sensing mechanism. It exhibits a sensitivity of 0.57 kPa, which can be
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modulated by the strength of the poling field. The use of the ferroelectric-semiconducting nature of the MAPDI;

film provides insights for development of low-cost solar-driven sensors with other similar materials.

This research has also shown that highly porous chain-like structures can be fabricated using self-assembled
Au nanoparticle chains in Chapter 4. By simply adding metal cations (Pt** and Ru®") to Au nanoparticle solutions
and inter-mixing the solutions at different stages of assembly, catalysts with a peak current density of 1.1 A mge*
for EOR are synthesized. Compared to commercial Pt/C, the catalyst shows a much higher current density (3.1
times) with a less attenuation at a constant voltage and a higher CO-tolerance. Furthermore, the facile assembly
process enables the control over the spatial distribution of multiple catalysts. Distinguishable domains of Pt and Ru

notably increase the current density by 29 % in contrast to the homogenously mixed structure.

Overall, the research provides insights for synthesis of similar materials and contributes to existing
knowledge of nanostructured materials fabrication. The findings of this research support the idea that nanostructured
materials with novel properties can be synthesized using facile methods without lithography or patterning process.
The ease of fabrication greatly benefits the commercialization of the nanostructured materials while keeping the

unprecedented performance associated with these materials.
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5.2 Future Work

As discussed in Chapter 2, more experiments need to be done to for evaluate the ability of the interlocked
nanostructure to detect shear and torsion forces. In context with the practical application of tactile sensors in e-skins,
shear and torsion detections are the crucial criteria and challenges for mimicking the performance of human skin.
For the hierarchical ZnO structures, various responses will be generated as a result of the different changes in the
current pathways under various external stimuli. Therefore, more research on differentiation between stimuli,
including dynamic/static press, shear and torsion, will significantly advance the application of the electrochemically
synthesized ZnO nanostructures. Furthermore, transferring the nanostructures onto or growing them directly on
flexible substrates is also beneficial for the development of future wearable devices. Additionally, the temperature
response of the tactile sensor needs to be further studied and modelled using known laws in order to better
differentiate between pressure and temperature changes. Using similar fabrication methods, higher-order
hierarchical structures of ZnO can be explored for providing more surface area which is crucial for many

applications.

Regarding the self-powered tactile sensor, more research is needed to better understand the proposed
mechanism for the observed ion migration effect and especially the role of O, adsorption and defects in perovskite
materials. The phenomena of ion-migration and ferroelectric dominating were observed, but the origin of such a
difference under different conditions remains unclear. 3-D ZnO nanostructures can also be interfaced on the
perovskite material for higher sensitivity as complex structure induces more contact area changes upon applied

pressure.

In regards to the self-assembled chains, it is suggested that further experimental investigations be undertaken
for complete understanding of the cation-induced Au nanoparticle assembly. A design of experiments (DOE) is
being conducting currently in the Maheshwari Lab, in which the electron density, dissociation constant, and

hydrated radius of the cation linkers are altered by using different metal ions. Temperature, pH, and the extent of
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agitation of the assembly process are also being studied as external parameters which will affect the assembly.
Placement dependence of the bimetallic nanocomposite catalyst should also be studied systematically to understand
the effect of the size and dispersion of each component. Lastly, research on the electron transfer and mass transfer
on the catalyst surface using a rotating disk electrode would significantly enhance our understanding of the overall

ethanol oxidation reaction mechanism.
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Appendix

Figure A2.1. A schematic of how the ZnO structure intensifies the applied pressure at the contact points (contact

area is noted by the red line).

Figure A2.2. FESEM images of ZnO nanostructure at different magnifications (5 um by 5 um areas are denoted in

blue squares).

By analyzing the FESEM images, the average diameter of ZnO nanosheets was measured to be around 3
M with an average thickness of around 100 nm. In a typical 5 pm by 5 um area, there are approximately 9-12
nanosheets which cover 10.8-14.4% of the total area. The decrease in contact area will increase the pressure
experienced by the sheets edges by 7-9 times. The random orientation of nanosheets also plays an important role
by further decreasing the contact area to a very small fraction on the edge, eventually increasing the effective

pressure.
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Figure A2.3. GIXRD patterns of ZnO nanorods, nanosheets, and nanosheets-nanorods, along with the standard ITO

glass substrate and a powder ZnO reference sample.

Figure A2.3 shows the intense XRD peaks from the ZnO and the weaker diffraction features due to the ITO
substrate. These XRD features are consistent with the hexagonal wurzite structure in the reference pattern for ZnO
powder (JCPDS 01-076-0704). In particular, the features at 31.7< 34.4< and 36.2are assigned, respectively, to
the ZnO (100), (002), and (101) planes, consistent with the most prominent XRD features in the reference powder
spectrum. Among the three aforementioned ZnO features, the diffraction in (002) [or (0001)] plane is strongest for
the nanorods, while the (101) [or (1010)] plane is dominating for the nanosheets. The diffraction features from the

(100), (002), and (101) planes indicating the preferential growth directions of ZnO nanosheets-nanorods.
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Figure A2.4. Current-voltage curves of ZnO hierarchical sensor at different temperatures.
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Figure A2.5. EDX spectrum and elemental composition of electrochemically deposited MnO; layer on ZnO

structure,

EDX spectrum shows the presence of Zn, O, Mn, Au, and Si elements, the Si peak is due to the silicon
detector. The sample possesses good stoichiometry in agreement with the chemical composition of the respective

elements.
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Figure A3.1. FESEM images of MAPbI: film after high poling field. (a-c) After poling at 5 V um™ for 5 min in air
under light illumination showing the segregation of the ions which leads to formation of Pbl, and the observed

ferroelectric behavior disappears. (d) After poling at 5 V pm™ for 5 min under N; in dark condition showing no

change in the material.
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Figure A3.2. Effect of high poling field on the ferroelectric behavior. (a) Voc and (b) Jsc disappeared after poling

at 5V um! for 5 min in air under light illumination due to the complete separation of the ions which will lead to

formation of Pbl..
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Figure A3.3. (a) FESEM image of MAPDI; film after the poling process. (b) EDX spectrum and elemental

composition of the selected area showing no electrode migration.

The characterization of the device is conducted in FESEM after multiple cycles of measurements. From the
elemental analysis, we can see that no Au migration is observed in the perovskite layer. This is consistent with the
reports that the presence of a Cr adhesion layer with Au electrodes and restricting the device operation to room

temperature limits Au migration.
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Figure A3.4. Current-voltage (/-V) scans from 0-5 V at (a) room temperature (RT), (b) 325 K and (c¢) 350 K.

The stability of the perovskite layer against any redox reactions within the voltage ranges used in the device
operation is characterized in multiple ways. First multiple cycles of |-V are conducted by going up and down in
voltage. Degradation of the perovskite due to a redox reaction leads to the possible formation of Pbl;, an insulator,
with oxidation of iodide ions to I. (g), reaction detailed below. As seen in Figure A3.4a, the current voltage
characteristics remain consistent which shows that no degradation of the perovskite layer is occurring. Further, we
do not observe any hysteresis between going up and down in voltage which indicative of the capacitive behavior

due to the ion diffusion current and corresponding electric field, illustrates that these effects are minimal at the
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applied conditions in this device. The hysteresis in current voltage characteristics is observed only at higher
temperatures (325 and 350 K), as seen in Figure A3.4b,c. This ion separation leads to the development of an
opposing internal field and a charge compensating layer in the material similar to a capacitive response. The CV
analysis present in the next section further shows that the capacitive response from the device is minimal at room

temperature and redox reaction are not observed at these conditions.
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Figure A3.5. UV-Visible absorption spectrum of MAPbI; film at room temperature (RT), 330 K, and after cooling
to RT.

It is known that tetragonal phase of MAPbDI; is stable at room temperature (~ 296 K) and it undergoes
transformation from tetragonal to the cubic phase at 327 K. The UV-Vis absorption spectrum of a tetragonal
MAPDI; presents a steep absorption edge at 794 nm. The optical band gap energy (Ey) was calculated by Planck
relation, E = hc/Z where h is Planck constant (6.626>10 34 J.s), ¢ is speed of light (3108 m s%), and / is the cut off
wavelength. The extrapolation gives band gap value of 1.562 eV for a tetragonal MAPbI3. After heating the MAPbI;
film at 330 K, the cubic MAPbI; shows an absorption edge at 800 nm with a band gap of 1.55 eV. Further, the band
gap is restored on cooling the film back to room temperature. This confirms that there is a phase transition from

tetragonal to cubic, when the MAPDI; film is heated at 330 K.
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Figure A3.6. Jsc response showing no observable ion back diffusion current in dark. OFF refers to Jsc measured

under dark and ON refers to Jsc measured under 1.0 sun illumination.

The short circuit current density (Jsc) response is shown for a typical device poled under the p-n conditions.

As seen in Figure A3.6, we note that under dark no observable Jsc is recorded, which illustrates the absence of any

ion back diffusion current, hence correspondingly there cannot be any internal electric field due to ion separation.

On illuminating the sample, a significant Jsc is observed which indicates that the photo generated electron-hole

pairs are being separated in the poled sample hence there is an internal electric field present in the sample and should

be the result of the formation of internal p-n junction from electric field induced poling. It should be noted that an

unpoled perovskite film does not show any Jsc on illumination.
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Redox reaction in the perovskite layer

Anode process:

2 (PbL)* I~ = 2Pbly+1,+2e" (A3.1)
Cathode process:

2 (CH;NH,)*H* + 2 e~ - H, + 2 CH;NH, (A3.2)
Overall reaction:

electrolysis

2 CH;NH3Pbl; ————— I, + H, + 2 Pbl, + 2 CH;NH, (A3.3)
The degradation of the perovskite layer as illustrated by the equations above has been reported. As with any
redox active species such oxidation and/or reduction reactions occurs only above an energy threshold that will
enable an electron transfer between the redox active species and the electrode. The occurrence of the redox reaction
is hence dependent on the applied bias to the electrode where the reaction occurs (working electrode in

electrochemical terms) and also the temperature.

94



a b |[——RT(50 mVis)
10 - —— 325 K (50 mV/s)
2] L 0.6 — 350 K (50 mV/s)
8 4
—_14 L 03 o =~
< £ < 64
£ 3 £
= S B4
€ 0+ 00 3 &
= T 5>
= > = b
O 4] L .03 ©
- 0 -
o —— RT (50 mV/s) e 2.
—— 325 K (50 mV/s)
——— 350 K (50 mV/s) 4
-3 L] T L] L] T -0'9 T L] L} T L} T T L}
0.6 0.4 0.2 0.0 0.2 0.4 0.6 4 3 2 A 0 1 2 3 4
Voltage (V) Voltage (V)
30 300 10
c RT (50 mVIs) . d ——325K (50 mVis)
561 325K (50 mVis) s —— 350 K (50 mV/s)
350 K (50 mV/s) 6 +
4 4
10 - - 100 ~ —
< £q ,
= 3£ 27
[1]
‘g 0- Lo S ‘q:'; 0
= S E
= > 3 -2
O .10 4 L 100~ ©
4 4
-20 - L 200 ah
8
'30 T T T T T T T '300 '10 T T T T T T T T T
g g g nR g g g 5 4 3 2 4 0 1 2 3 4 5
Voltage (V) Voltage (V)

Figure A3.7. Cyclic voltammetry (CV) scans of (a) £0.5, (b) =4, ¢) £7 V at room temperature, 325, and 350 K. (d)
Magnified CV scans at 325 and 350 K.

Under the conditions used in these devices for poling and operation we do not observe any redox based
degradation of the perovskite occurring. The repeated current voltage measurements shown above show that the
perovskite layer is not changing in performance. To further corroborate this result, CV was done on the device with
a two-electrode setup. The CVs were done for different voltage ranges and at different temperatures. At room
temperature the CVs for voltage ranges of £0.5V, £4V and £7 V at scan speeds of 50 mV sec* do not show any
observable redox associated peak or a sudden increase in current indicating the start of a redox process. Further we

do not observe any significant capacitive currents that would indicate the presence of ion diffusion and back

95



diffusion currents. On increasing the temperature to 325 K, we observe that the currents in the CV’s increase and
the capacitive nature of the device, as illustrated by increased hysteresis, is also amplified due to increased mobility
of the ions. We start to observe redox signature in the scans. At 350 K at lower voltages (+0.5V) a much higher
capacitive behavior is observed from the greater hysteresis in the current response. At higher voltages (x4, £7) we

start to see the appearance of maxima’s and minima’s in the current indicating the start of redox processes.
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Figure A3.8. /-V/ scans (a) before and (b) after redox CV cycles at 350 K.

The current decreases substantially following these redox processes indicating the formation of Pbl,. We
confirm this by conducting a I-V scan on the device following the observation of the redox peak, compared to a
device exposed to only room temperature processing we observe that the current has decreased substantially. On

poling this device under the p-n conditions we do not observed any Jsc or Voc.
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Figure A3.9. FESEM images of the device at (a) room temperature (RT), (b) 350 K after 8 CV cycles and (c) 350
K after processing at 70 V.
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Table A3.1. Summary of atomic percentage ratio of the device under three different conditions.

I/Pb (Atomic percentage ratio) Region 1 Region 2 Region 3

After processing at 7 V (RT) 3.12 3.04 3.07
After 8 CV cycles at 7 V (350 K) 2.23 3.10 2.83
After processing at 70 V (350 K) 2.04 1.46 2.55

FESEM images of the devices after CV scans at room temperature does not shown any change but at 350
K (after 8 CV cycles and after processing at 70 V) we observe that the morphology of the perovskite layer has
changed. The elemental analysis (EDX) (Table A3.1) also shows that the ratio of I:Pb is close to 3:1 in the device
processed at room temperature (corresponding to MAPDI3), while in the 350 K devices it progressively changes to
closer to 2:1, indicating the formation of Pbl,. These results confirm that redox processes do lead to degradation of
the perovskite layer to Pbl; at higher temperature and applied bias. The conditions used for our device operation do

not lead to any observable degradation of the perovskite layer and any appreciable ion diffusion current.
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Figure A3.10. Indexed X-ray diffraction patterns of (a) MAPDbI; film with tetragonal structure and (b) ZnO

nanosheets on ITO substrate. Both XRD patterns are measured at room temperature.

The sharp intense peak in Figure A3.10a reveals the crystalline nature of MAPbIs. The MAPbI; film gives
diffraction peaks at 14.22, 28.66, 32.13, 40.59 and 43.21< which can be assigned to the (110), (220), (310), (224)
and (314) planes of the tetragonal perovskite structure with a= 8.874 A and ¢ = 12.671 A. It exhibits tetragonal
symmetry with 14/mcm space group. The XRD pattern of the ZnO sheets (Figure A3.10b) shows that they are

oriented along the (101) [or (1010)] plane and highly crystalline.

e e
a r\ e
-3.m b -3.9eV r\
-4.2 eV
4.7 eV
MAPbDI, MAPBL, 0 ™o
5.1eV 5.1ev lev
Au
Au AU -5.4 eV
5.4eV \J
KJ h+

Figure A3.11. Energy level diagram of the (a) Au/MAPDbI3/Au and (b) Au/MAPDbI;/ZnO devices.
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Figure A3.12. Optical image showing the hydrophobicity of ZnO nanostructure.

The degradation of the perovskite layer due to interaction with ambient oxygen and moisture is well known.
In these devices since the perovskite layer is interfaced with ZnO sheets we observe no degradation even after 5
days. This is attributed to the fact that the ZnO layer limits the direct interaction between the perovskite and ambient
species. Also ZnO sheets are hydrophobic in nature and hence repel moisture, further limiting the degradation of
the perovskite layer. The optical images below (Figure A3.13) show that the perovskite region covered with ZnO
(Figure A3.13a) shows no color change even after 5 days while exposed perovskite has changed to yellow color

within 1 day signifying its degradation to Pbl,. The device after 5 days is still operable though there is some loss in

Jsc, which is recovered by repoling.

Figure A3.13. Optical images of (a) ZnO covered MAPbI; on Au chip and (b) exposed region showing degradation
after 5 days.
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Figure A3.14. FESEM image showing the broken ZnO sheet fragments on perovskite layer after applying high

pressure (500 kPa).

The device failure occurs at pressures exceeding 500 kPa due to the breakage of the ZnO sheets. FESEM

images of such as device clearly show multiple ZnO sheet fragments on the perovskite layer indicating the failure

of the ZnO sheets.
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Figure A3.15. Loss in base Jsc of the device after 72 hours.

The time-based mode of failure is due to the loss of poling effect. The base Jsc (at base pressure) as seen

decreases by 30% which we consider as the limit for stable operation. On repoling the device though the

performance is recovered.
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Figure A3.16. Jsc cycles of the tactile sensor (ZnO sheets and ferroelectric-semiconducting nature of MAPbI3) for

different poling electric fields in air under 1.0 sun illumination with a maximum 37 kPa pressure.

It is observed that the Jsc response is dependent on the poling field strength and is increasing with the
increase in the poling field strength. With the increase in the pressure from 0 to 37 kPa, the interfacing area between
the ZnO sheets and MAPDI; film will effectively increase which will lead to a higher charge collection resulting in

increased Jsc.
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Photo A3.1. Constant poling voltage at 2.5 V pm™ in air (images taken every 3 s).
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Photo A3.2. Increasing poling voltage from 0 to 7.5 V pm™ in air (images taken every 10 s).
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Photo A3.3. Reversing poling field direction (images taken every 1s).
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Photo A3.4. Increasing poling voltage from 0 to 7.5 V pm™ in N (images taken every 10 's).
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Figure A4.1. UV-Vis spectrum of metal cations assembled chains.

Table A4.1. Average size and zeta potential value measured using DLS.

T v
700 800

Sample number Size (nm) Zeta potential (mV)
1 198.4 -38.5
2 223.8 -37.2
3 226.4 -33.4
4 190.8 -41
5 188.6 -33.3
6 245.5 -36.1
7 229.5 -33.6
8 277.7 -34.5
Average 222.6 -35.6
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Figure A4.2. XPS spectra of plain Au nanoparticles, Ru-Au, Pt-Au, and Pt-Ru-Au nanocomposites.
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Figure A4.3. CVs of EOR measurements in 0.1 M HCIO4 and 1 M ethanol at 50 mV s™' of plain Au nanoparticles,

Ru-Au nanocomposite, and reduced Pt*" in water without the Au nanoparticle chains.
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Figure A4.4. FESEM images of assembled 10 nm and 100 nm Au nanoparticles mixed at different stages: (a) two

solutions mixed after self-assembly, (b) mixed at the beginning before the self-assembly.
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