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ABSTRACT

Exploring novel functional materials is pivotal in the advancement of science, technology, and
society. Nanomaterials often exhibit distinctive and fascinating physicochemical properties,
providing scientific solutions to various challenges that human beings are facing. Rational design
and integration of different materials at the nanoscale is an effective way to maximize the
advantages of nanomaterials and to realize real device applications. The main objectives of this
dissertation research are to synthesize novel composite nanomaterials, design and fabricate
nanostructures through nanoscale engineering for environmental sustainability including water
sensors for advanced environmental monitoring and lithium/potassium-ion batteries for energy

storage.

First, an improved method is developed for the deposition of graphene oxide (GO) onto electrodes,
which enables a reliable and high-quality fabrication of reduce graphene oxide (rGO)-based field-
effect transistor (FET) devices. Through the combination of probe modified 0D Au nanoparticles,
2D rGO, and Al>Oz thin film, an effective FET sensing platform for water contaminant monitoring
is demonstrated. Assisted by a novel pulse-driven capacitive signal transduction mechanism, this
sensing platform can achieve selective and highly sensitive detection of lead ions in water, with a
limit of detection (LOD) < 1 ppb and a sensitivity ~350% at 2.5 ppb. When employed for the
Ebola-glycoprotein (GP) detection, among those different electronic parameters driven by an AC
voltage input, the maximum sensitivity was calculated from the inflection-resonance frequency on
the phase spectrum: a sensitivity of ~36—160% corresponding to 0.001-3.401 mg/L of Ebola-GP
can be achieved from high inflection-resonance frequency. More importantly, the sensing platform

design and high-efficient signal transduction mechanism can be applied in other FET based sensing
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devices with enhanced performance. In order to reduce the fabrication cost of the 2D material-
based FET sensors, scalable micromolding-in-capillary method and inkjet printing technique were
explored for rGO and MoS,-based sensor fabrication, following the theoretical percolation
analysis using a 2D continuum model. The percolation theory analysis indicates that the 2D flake
shape dominates in forming the electrical connection, and the required mass concentration of 2D
materials for percolation can be estimated in spite of their arbitrary shapes. Using the inkjet
printing technique, robust MoS: semiconducting channels exhibiting current on/off ratio up to the
order of 10° (V4 from -38 V to 38 V) have been prepared. The semiconducting channel can be
hundreds of micrometers long, which is compatible with the inkjet printing resolution to facilitate

a fully printed FET water sensor device.

Lithium-ion batteries (LIBs) dominate in the field of portable energy storage devices. High-
capacity LIBs are highly demanded for electric vehicles. Combining the high capacity of 0D SnO>
nanoparticles with excellent mechanical and electrical properties of rGO, a SnO2/Sn-rGO
sandwiched nanocomposite has been prepared through a facile metal-organic precursor coating on
GO and in-situ transformation strategy, and applied as an anode for LIBs. Its structural robustness
and electrochemical reversibility are validated by the superior Li storage capability: a reversible
capacity of 1,307 mAh g at a current density of 80 mA g and a stable capacity of 767 mAh g
after 200 cycles when cycling at 400 mA g. Moreover, the SnO2/Sn-rGO composite delivers a
highly stable capacity of 449 mA g without obvious decay after 400 cycles at the higher current
density of 1,600 mA g*. Because of the abundance of potassium reserves, potassium-ion batteries
(PIBs) have the potential to realize large-scale applications at a low cost. In order to harness the

high-capacity of red P as anodes for PIBs, Zn-MOF-74 derived nanoporous carbon nanorods as an
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impregnation matrix have been demonstrated through facile morphology adjustment on Zn-MOF-
74 using a mixed-solvent strategy. The obtained porous carbon nanorods enable a high loading
capacity and perfect encapsulation of P while reserving free spaces to accommodate the volume
change of P in the composite anode, resulting in outstanding potassium storage performance in
terms of initial Coulombic efficiency (78.5%), reversible capacity (up to 595.8 mAh g?), rate
capability (187.5 mAh gt at5 A g?), and long-term cycling stability (retaining 150.7 mAh g at
2.5 A g* after 400 cycles). This morphology modulation of Zn-MOF-74 promotes advanced
applications of Zn-MOF-74 as well as its derived carbon materials, which potentially opens a

general pathway for the directed evolution of various carboxylate-based MOFs.

Through nanoscale engineering of advanced nanomaterials, this dissertation study demonstrates a
high-performance rGO and MoS»-based FET sensor platform and novel energy storage devices.
Highly sensitive and selective real-time water sensors are achieved through sensor structure
optimization and novel signal transduction mechanism, and can potentially enable intelligent water
systems. The rational sensor design and novel transduction mechanism are applicable to other
FET-based sensing devices for enhanced performance. Furthermore, scalable nanomanufacturing
of these sensor devices, e.g., through micromolding-in-capillary and inkjet printing, can potentially
enable low-cost, large-scale sensor deployment. LIBs and PIBs based on novel nanocomposites

with carefully tailored carbon matrix are useful for a wide range of energy storage applications.
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Environmental degradation is a prominent challenge for the sustainable development of human
society in the 21st century. The growing global population and society development inevitably
load much higher pressure on environment and energy consumption. Environmental pollution in
air, water, and soil has become a serious threat to human health. In 2015, diseases caused by
environmental pollution gave rise to an estimated 9 million premature deaths --- 16% of total
deaths worldwide.! Real-time and onsite environmental pollution monitoring is in great demand
to ensure health and environmental safety. Our energy systems also have significant environmental
impacts. Conventional and current fossil fuels (coal, oil and gas) dominating energy supplies
produce greenhouse gases like carbon dioxide (CO2), which causes global climate change, and
various environmental pollutants (e.g., NOx from automobile exhaust). Developing clean,
renewable energy techniques and transforming energy structure are necessary to overcome the

limited sources of fossil fuels and maintain a sustainable development.

Nanomaterials, exhibiting fascinating physicochemical properties distinct from bulk materials,
continue to show great potential to meet the challenges that human beings are facing in
environment and energy fields. In the past few decades, nanomaterials have been explored
explosively and contributed significantly to these areas, such as secondary batteries, solar cells,

fuel cells, supercapacitors, CO, conversion, sensors, air and water purification.>”” Nanomaterials



and nanotechnology promise the scientific solutions to environmental safety and clean energy

challenges.

Water, serving as the pivotal link between the human society and the natural world, is at the core
of sustainable development. Water safety, especially drinking water safety, is directly related to
human health, so it is very important to monitor the water containments in real time. Although
conventional standard detection methods, such as inductively coupled plasma mass spectrometry
(ICP-MS), atomic emission spectrometry (AES), and atomic absorption spectroscopy (AAS), are
capable of accurate and specific chemical determination, it is almost impossible to use these
methods for a point-of-care, real-time and popularized detection, due to the specialized instruments,
professional operations, tedious sample pretreatments, and relative high cost.® Nanomaterials-
enabled sensors are promising to provide potentially low-cost and widespread drinking water
monitoring, and thus have attracted increasing levels of attention from the worldwide scientific
community.® Nanosensors based on field-effect transistors (FETs) are especially compelling

because of their low-cost, high sensitivity, rapid, real-time and in situ detection.’

Global energy consumption has increased at an exponential rate in the past decades, and this
increasing tendency is still ongoing. Specifically, the world consumed 153,595 terawatt-hours
(TWh) of primary energy in 2017.2° At present, more than 85% of the consumed energy is still
derived from fossil fuels, resulting in a potential severe energy crisis and relevant environmental
issues. Research efforts are demanded to reduce our dependence on fossil fuels by exploiting

environment-friendly, alternative energy sources, including fuel cell, solar, wind, hydro, and



geothermal energy.? ' To make full use of the renewable energy sources that are intermittent (e.g.,
solar and wind energy), efficient energy storage systems are indispensable to balance the
fluctuations in power production, and accommodate intermittent spikes or instant availability in
their output. Battery, as an electrochemical energy storage system, exhibits high energy density
and becomes a favorite choice. Despite the great success of lithium (Li)-ion battery (LIB) in
portable electronics (e.g., cell phones and laptops) for the past decades, it is still a great challenge
to develop a cheap and high-performance (e.g., high energy density, good rate capability) battery
system to further meet the requirements from large-scale applications, like electrical vehicles and
electrical grids.*® Nanomaterials engineering has emerged as a very efficient approach to solve the

fundamental problems in traditional battery materials and boost battery performance.™

In this dissertation, various nanomaterials and their composite structures are designed and explored

for environmental sustainability including water sensor and battery applications.

1.2 Literature review
1.2.1 0D nanoparticles: Au and SnO2

Nanomaterials are defined as low dimensional materials with building blocks of nanoscale, usually
ranging from 1 nm to 100 nm, at least in one dimension, and have size effects.}* Based on their
nanoscale dimensions, nanomaterials can be classified into zero-dimensional (0D) nanoparticles
and clusters; one-dimensional (1D) nanotubes, fibers and rods; two-dimensional (2D) films; and
three-dimensional (3D) polycrystals and nanomaterial composites, as illustrated by Fig. 1.1.%°

Generally, the specific surface area or surface-to-volume ratio increases remarkably when the size



of materials decreases to nanometer scale, which means a much higher percentage of surface atoms
in nanomaterials.'® Nanomaterials may exhibit new physical and chemical properties distinct from
those of bulks, such as tunable electronic structures, different magnetism, free energy, thermal
stability, electronic absorption, and catalytic activity, mainly due to the lower coordination number

of surface atoms and quantum size effects on the interior of nanocrystals.'® 1/
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Fig. 1.1 Nanomaterial classification by size of structural elements.®

0D nanomaterials have been extensively used in industry and our daily life for decades (e.g.,
traditional printing industry), owing to their new exhibiting properties and cost-efficiency. Fig. 1.2
shows some representative examples of inorganic solid properties and their applications. Size
diminution of materials affords large specific surface area, which allows sustainable large-area
application of solids, such as car painting and solar cells, in which the surface functionalization
requires only a nanometer-thick active materials coating.!® Moreover, the reduced size, boosted
surface area, and unique properties of nanoparticles may significantly enhance the catalytic®-%2

and electrochemical activities?*?°. These features make nanoparticles, especially precious metal



nanoparticles (e.g., Pt, Au and Pd), extremely attractive for catalysis, energy conversion, and

storage applications.
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Fig. 1.2 Typical properties of inorganic nanoparticles and their applications.®

Au nanoparticles can be the most outstanding and prominent example of the “size-effect” on

materials. Generally, Au is highly chemical stable, and it does not react with oxygen. This property

is very favorable for coinage, jewelry and arts. But, when the size diminishes to nanoscale (< 5

nm), Au shows very effective catalytic properties when the size diminishes to nanoscale (< 5 nm),

mainly due to the high activity of low-coordinated Au atoms on the surface (specially at the

corners).’® 22 Since Michael Faraday reported the formation of “fine particles” through reduction



of gold chloride by phosphorus in solution and stabilized by carbon disulfide,?” the colloidal
synthesis methods are still the major approach to obtaining Au nanoparticles, in which solvated
gold salt is reduced in the presence of capping agents to prevent aggregation of the particles.?®
Abundant functional molecules can be used in the conjugation of Au nanoparticles with anchoring
groups such as thiolate,?® % dithiolate,3" 3 selenide,®* * amine,®* carboxylate,*® and phosphine*
40 moieties. Generally, the bonding strength follows Pearson’s hard-soft acid-base (HSAB) theory
with a soft Au surface. Thiol-based anchoring groups are usually employed for non-labile
applications because of the strong bonding, while carboxylate or amine anchors for
labile/reversible applications.?® The facile surface functionalization enables versatile properties
and applications of Au nanoparticles in biomedicine,?® 3! bioimaging,* catalyst,'® 2% 42 and

sensing®® 44,

Several physical properties of Au nanoparticles have been explored and utilized for chemical and
biological sensing platforms, as shown in Fig. 1.3.* For example, glutathione functionalized Au
nanoparticles have been used by Chai et al. to detect lead ions via the colorimetric response of
aggregated Au nanoparticles in the presence of Pb?*, and a detection limit of 200 nM was achieved.
Control samples suggested much higher affinity of GSH to Pb** compared with other heavy metal
ions.* Thakur et al. employed antibody modified Au nanoparticles as probes in graphene-based
FET sensors to realize a rapid single E. coli bacteria detection, exhibiting great potential for

practical application.*®
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Fig. 1.3 Physical properties of Au nanoparticles as signal transduction for sensors.*3

Tin oxide (SnO2) as a typical metal oxide is a n-type, wide band gap (3.6 eV) semiconductor.
Owing to the good optical, electrical, and electrochemical properties, SnO2> nanoparticles are
exploited for photovoltaic devices, catalytic support matrixes, chemical sensors, high-capacity
lithium storage, and so on.*” In particular, the excellent receptivity to various gaseous
environments, high sensitivity, and outstanding chemical stability make SnO, one of the most
effective gas-sensing materials.*® SnO, demonstrates adequate sensitivities to detect NOx, CO,
CO2, Hy, ethanol, and water vapor.*” The oxidation-reduction reaction of adsorbed targeting gases
with surface-chemisorbed ionized oxygen species (e.g., O, Oz and O%), which changes the

conductance of the sensor, is well accepted as the sensing mechanism.*”*° SnO; has also been



extensively explored as a high-performance anode material for its high theoretical capacity, low
cost, and environmental benignity.%° SnO nanoparticles show great advantages compared with the
bulk SnO: in alleviating volume change (> 200%) during lithiating/delithiating processes for better
cycling performance due to their relatively small volume. It is also reported that the
electrochemical reversibility of SnO. nanoparticles upon Li* gets considerable improvements
compared with bulk counterpart, having the potential to reach the maximum theoretical capacity

of 1,494 mAh g%, which is much higher than that of commercialized graphite (372 mAh g1).51-53

Accurate size control®*®® and rational component design to create heteroatom-doped,> % or
multicomponent complex nanostructures,®®® can be an effective approach to further enhancing

the performance of nanoparticles.

1.2.2 2D nanomaterials: graphene, graphene oxide, MoS: and Al2Os thin film by ALD

2D nanomaterials are atomically thin sheets and have attracted tremendous attention in the past
two decades or so due to their supreme physical and chemical properties. The constituent elements
of a 2D nanomaterial exhibit strong covalent in-plane bonding while weak interlayer interaction
(often through van der Waals forces). As a representative 2D material, graphene was first
successfully isolated from the layered bulk form graphite by Geim’s group in 2004.%* It exhibits a
series of fascinating properties, such as superlative mobility of 15,000 cm? V! st even under
ambient conditions®? and record high mechanical strength with breaking strength of 42 N m™. The
discovery of graphene and its amazing properties have stimulated extensive research interest in

other 2D materials. Transition metal dichalcogenides (TMDCs) refer to a series of more than 40



layered compounds, in which a layer of transition metal atoms (e.g., Mo and W) is sandwiched
between two atomic planes of a chalcogenide (such as S, Se, or Te).®® The renewed interest in
TMDCs was sparked by the demonstration of monolayer MoS»-based transistors with an lon/lorr
ratio exceeding 1 x 10% in 2001, ®* although the first production of ultrathin MoS; flakes was
reported as early as in 1963,% and monolayer MoS; was achieved in 1986.%° Recently, layered
black phosphorus (or phosphorene, in monolayer) has joined in the family of 2D materials and has
attracted great attention because of its excellent transistor performances. The mobility can reach
1000 cm? V1 st and drain current can be modulated on the order of 10° at room temperature for

FETs made of ~10 nm thick phosphorene.®’

2D materials are ideal channel materials in FET devices because of their superior electronic
properties, such as high carrier mobility and versatile band structures. The unique atomically-thin
structures endow 2D materials with adequate flexibility and maximum surface-to-volume ratio.
The fully exposed surface atoms can directly interact with analytes, making 2D materials
extremely sensitive to local perturbations. Therefore, 2D materials-based FET sensors may
promise ultimate sensitivity. Compared with 1D nanomaterials (e.g., carbon nanotubes and Si
nanowires), the relatively large lateral size and flexibility of 2D materials facilitate control over
the channel structure and form conformal and intimate contact with metal electrodes during FET
fabrication.%® Their 2D nature also facilitates the surface functionalization for a hybrid 2D
material/sensing probe sensor structure. Moreover, because the shape and thickness of 2D
materials could be precisely controlled via either varying synthesis conditions or post-synthesis
nanolithography, both the morphology and electrical properties of 2D materials can be tuned

effectively to fit various needs. The outstanding sensing abilities of 2D materials-based FET



sensors are being demonstrated by the continuous progress on water contaminants (e.g., heavy
metal ions and bacteria) detection, in addition to commonly detecting gas and biomolecules, with

high sensitivity, excellent low limit of detection (LOD) and rapid response.®

Benefiting from the enlarged specific surface area, exposed active surface, and excellent electrical
properties, 2D materials also have been applied to energy storage systems including batteries and
supercapacitors.%® ° In addition, the flexible and robust thin film structures and admirable
electrical conductivity of 2D materials make them the ideal building blocks for nanocomposites to
buffer the volume change during cycling and maintain the structural integrity of electrode materials

in batteries.”

Graphene, the first available 2D atomic crystal, has brought us many breakthroughs in science
since its discovery in 2004. As the fundamental element of all graphitic forms (Fig. 1.4), graphene
is a flat monolayer of carbon atoms packed into a perfect honeycomb lattice through sp?
hybridization. The resulting electronic band structure is a gapless, linear dispersion, making the
charge carriers to be massless Dirac fermions.%? The strong C-C bonds in graphene give rise to a
high mechanical strength, and the absence of dangling bonds results in chemical inetness.”? The
pristine graphene is a semi-metal with a zero bandgap and has a super high carrier mobility at room
temperature. It has attracted considerable interest as the channel materials in FET sensors owing
to its superior electronic properties, large specific surface area (~2,600 m? g*) ™ and extreme
sensitivity to environmental perturbations. The high sensitivity can be mainly attributed to the

superior carrier mobility of graphene and its 2D atomic thin structure, which means all the carbon

10



atoms are surface atoms that can interact with analytes directly. In spite of the lack of dangling
bonds in the basal plane, graphene can be functionalized through the van der Waals interactions
between its hydrophobic surface and long alkyl chains,”* 7® widely used n-im stacking with aromatic
molecules,’® ' or arbitrarily introducing anchors (e.g., Au nanoparticles) for chemical linkage.”
The functionalization of graphene enables the selectivity to specific analytes of graphene-based

FET sensors.

Fig. 1.4 Graphene: the mother of all graphitic forms.5
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Different from the semi-metallic property of graphene, TMDCs are a large family of 2D
semiconductor materials. Among them, MoS: is the most extensively studied material due to its
robustness and excellent electronic properties. As shown in Fig. 1.5, bulk MoS; consists of
vertically stacked layers with a monolayer thickness of 6.5 A that are held together by a weak van
der Waals force.%* Depending on the coordination configurations of the transition metal atoms,
MoS: can form two common structural phases, octahedral (1T) and trigonal prismatic (2H), which
have different properties. Bulk MoS; is semiconducting with an indirect band gap of 1.29 eV,
while monolayer MoS; has a direct band gap of ~1.9 eV, showing layer-dependent transition (Fig.
1.5¢).”® Monolayer MoS; has successfully displayed excellent electrical characteristics when used
as the conductive channel of FET, including a room-temperature mobility of 200 cm? V' stand a

current on/off ratio exceeding 1 x 108 (Fig. 1.5b).
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Fig. 1.5 a) Schematic structure of MoS,. b) Room-temperature transfer characteristics from the
FET with a bias voltage Vgs of 10 mV. Back-gate voltage Vyg is applied to the substrate. Inset: lgs—
Vs curves acquired for the Vug values of 0, 1, and 5V.%* ¢) Calculated band structures of bulk,

quadrilayer, bilayer, and monolayer MoS; (a)-(d).”

2D materials are typically produced by three different methods: mechanical exfoliation, physical
vapor deposition (PVD), and chemical vapor deposition (CVD) as shown in Fig. 1.6. These
methods can usually produce high quality 2D crystals with less defects. For the case of graphene,
in addition to the above methods, a widely exploited approach is to reduce graphene oxide (GO).8°

Though reduced graphene oxide (rGO) contains much more defects compared with pristine

13



graphene, its much lower cost and massive scalability promise cost-effective sensor fabrication
and other massive applications. Unlike the semi-metallic graphene, rGO is typically a p-type
semiconductor under ambient environment, and its FET properties (e.g., band gap and source-
drain lon/loer ratio) can be tuned by regulating reduction conductions.®! Its band gap is expected
to decrease with less oxygen-containing groups in rGO. Recently, electrochemical exfoliation of
MoS; through quaternary ammonium molecules intercalation has also been demonstrated to
produce uniform, phase-pure, semiconducting 2H-MoS; at a high production, promoting the low-

cost device fabrication.

a Micromechanical exfoliation b Physical vapour deposition ¢ Chemical vapour deposition

Fig. 1.6 Typical synthesis methods of 2D materials.”?

Instead of graphene, reduced graphene oxide (rGO) are generally employed in batteries, because
of not only its low-cost and easy synthesis, but also its large amount of surface chemical active
sites, which provide the possibilities for chemical modifications (e.g., heteroatom-doping) and
anchoring sites for nanocomposites construction. As an example, nitrogen doping on rGO is a
common approach to improve the electrical conductivity of rGO and provide more active sites for

the lithium, sodium, and potassium storage.8%84

14



Atomic layer deposition (ALD) is an arbitrary deposition method of synthesis and coating
materials in the form of 2D thin film. The layered molecular structure of material is not the
precondition for ALD. Various materials with distinctive properties like metals,® oxides,8%8
sulfides,® % nitrides,® and so on have been deposited as 2D thin films (Table 1.1). The name of
atomic layer deposition points out the kernel of this process, and the representative deposition of
Al>O3 using trimethylaluminum (TMA) and water is illustrated in Fig. 1.7. In each cycle, the
substrate is exposed to typical two sequential gaseous chemical reactants. The individual gas-
surface reaction is one “half-reaction”, that is, enough precursor molecules are introduced to fully
react with the active sites on the substrate surface, leaving no more than a monolayer product on
the surface as a self-limiting surface chemistry. This is then followed by another “half-reaction”
from the counter-reactant to create one layer of the targeting material. The film thickness can be
adjusted accurately through varying the number of reaction cycles. ALD has emerged as a

powerful tool in semiconductor,® °2 energy systems,®® and many other technologies.®*

Table 1.1 Materials grown by ALD.%

Elemental Oxides Nitrides Sulfides Other
compounds
C, Al, Si, Ti, Fe, Li, Be, B, Mg, B, Al Si, Ti,Cu, Ca, Ti, Mn, Cu, Li,B, Mg, Al,Si,
Co, Ni, Cu, Zn, Al, Si, P, Ca, Sc, Ga, Zr, Nb, Mo, Zn,Sr,Y,Cd,In, P, Ca, Ti, Cr,
Ga, Ge, Mo, Ru, Ti, V, Cr, Mn, In, Hf, Ta, W Sn, Sb, Ba, La, Mn, Co, Cu, Zn,
Rh, Pd, Ag, Ta, Fe, Co, Ni, Cu, W Ga, Ge, As, Sr,
W, Os, Ir, Pt Zn, Ga, Ge, Sr, Y, Cd, In, Sb, Te,
Y, Zr, Nb, Ru, Ba, La, Pr, Nd,
Rh, Pd, In, Sn, Lu, Hf, Ta, W, Bi
Sh, Ba, La, Ce,
Pr, Nd, Sm, Eu,
Gd, Th, Dy, Ho,
Er, Tm, Yb, Lu,
Hf, W, Ir, Pt, Pb,
Bi
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Fig. 1.7 Schematic of representative ALD of Al2O3 via trimethylaluminum (TMA) and water. (a)

Scheme of ALD cycles; (b) idealized stoichiometry of the surface reactions.*®

1.2.3 3D nanomaterial composites: MOF and MOF-derivatives

In order to maximize or further improve the capabilities of nanomaterials through synergistic
effects, nanomaterials are often composited with each other to construct more complex 3D
architectures for device applications. For example, many metal oxide (i.e., SnO2, Fe304, and C0304)
nanoparticles exhibit high initial electrochemical capacities in LIBs; however their cycling
performance is normally unfavorable, due to their large volume expansions, particle coarsening,
and electrode pulverization during lithiation/delithiation processes.?> % Forming oxide/C
composites by uniformly distributing oxide particles onto/into carbonaceous materials (such as
graphene, carbon nanotube, and amorphous carbon) has been proved an efficient way to relieve

these severe problems and enhance the performance significantly. It has been concluded that the

16



introduced carbonaceous scaffolds not only provide a conductive network, but also as a cushion,

effectively alleviate the volume change and particle aggregation during cycling.>® %

Metal-organic frameworks (MOFs), organized by the regular coordination between varied metal
ions/clusters and organic ligands, have become one of the research hotspots in chemistry and
material communities.? The prominent features such as ultrahigh porosity, crystalline nature,
highly tailorable chemical components and structures enable the successful applications of MOFs
in gas capture, separation, and storage, chemical sensing, catalysis, and energy applications.®’-1%
Moreover, the permanent porosity, crystalline structures, and tailorable components of MOFs
make them distinctive templates and precursors to create diverse nanomaterials and nanostructures
from carbon-based materials to metal-based materials (e.g., oxides, carbides, chalcogenides, and
phosphides), which normally inherit the high porosity and high surface area from MOFs.® Through
a rational combination of pristine MOFs or MOF-derivatives with other suitable materials (e.g.,
graphene and enzyme), advanced composite materials can be achieved, which could exhibit better
performances as a whole.2?'"1% The MOF-derivatives and MOF based composites dramatically
widen the applications of pristine MOF and highlight the extreme versatility of MOF-based
materials (Fig. 1.8). As an example, MOF derived porous carbon materials with an ultrahigh
specific surface area, controllable porosity, and diverse morphologies (including 0D polyhedral,
core-shell and hollow structures; 1D nanorods and tubes; 2D nanosheets; and 3D arrays and
frameworks) have become the excellent composite matrices for electrochemical active materials
functionalization. As a result, composite nanomaterials have broad applications in catalysis,

energy storage and coversion.5 104106
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Fig. 1.8 Schematic organization of MOF-based materials and some major applications.?

1.2.4 FET water sensors

Water is essential for human beings, because it affects almost all aspects of our life: water for
drinking and hygiene is vital for everyone; water plays a key role for maintaining a healthy
ecosystem; water is necessary for agricultural and food production; and many more. However,
based on the report from the World Health Organization (WTQ), 844 million people were still lack
of even a basic drinking service and at least two billion people used drinking water without safety

management in 2015.1%

A variety of harmful contaminants including pathogenic microorganisms (e.g., bacteria and viruses)
and heavy metal ions (e.g., lead, arsenic, and mercury) are widely present in water systems. For

instance, heavy metal ions are highly toxic and cause serious damages to brain, lunges, liver,
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kidney, and other important organs, resulting in muscular dystrophy, Parkinson’s disease,
Alzheimer’s disease, and many other degenerative diseases. Children are especially susceptible to
heavy metal toxicity, which may damage the development of the nervous system.'%® These
contaminants are severe threats to human health, and effective monitoring is absolutely necessary,
especially in the drinking water system. Even though the conventional sensing technologies such
as inductively coupled plasma mass spectrometry (ICP-MS) can be used for heavy metal ions
detection and electron microscopy can be used for the observation of viruses to realize accurate
and specific contaminant detection, the complex sample pretreatments, advanced instruments,
professional operation are still the barriers for low-cost, point-of-care, and widespread detections.®
108,110 Many new sensing technologies, such as surface-enhanced Raman spectroscopy (SERS),
electrochemical approach, and magneto-fluorescence method, have been developed in past
decades, trying to solve these challenges.® Among these new technologies, FET-based nanosensor
platforms are very promising, owing to their extremely high sensitivity, in-situ and rapid detection,

simple device structure, and easy operation.

An FET sensor typically consists of source, drain and gate --- three metal electrodes, and a
conductive sensing channel bridging the source and drain electrodes. The change in conductance
of the sensing channel induced by the interaction from analyte is monitored as the sensing signal.
Charge transfer and gating effects are two common working principles for the sensing response of

FET sensors, which were discussed in detail in these reports.” 11
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The sensing channel material plays a pivotal role in an FET senor, which almost determines the
sensitivity, response speed, and even the selectivity specially for gas sensor to some extent. With
the explosive research efforts on 2D nanomaterials in the past decade, the superior electrical
properties (e.g., high carrier mobility and remarkable lon/lorr ratio), large surface area, and
extreme sensitivities to environmental perturbations, make 2D nanomaterials ideal sensing channel
materials for FET sensors.” For example, a fully integrated FET sensor was fabricated with a
monolayer CVD graphene sheet for the label-free Pb?* detection in aqueous solution.”” The
chemical linkers were first immobilized on graphene surface via the n-mr stacking, then G-rich
DNA strands as the probe to Pb?* were captured by the DNA capture strands linked to the
immobilized chemical linkers to complete the surface functionalization of graphene. This
graphene-based FET sensor is able to realize a specific quantification of Pb?* with LOD down to
164 ng/L. The sensing mechanism can be attributed to the G-quadruplex structure-switching of
negatively charged DNA strands induced by Pb?* ions, which significantly alters the charge
distribution in the vicinity of graphene surface, and thus the carrier concentration of graphene. This
event can be monitored through the Dirac point shift and the conductivity variation of the graphene

channel as the sensing signal (Fig. 1.9).
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Fig. 1.9 Schematic illustrations of G-quadruplex structure-switching principle and electrical

response mechanism in the graphene-based FET sensor.””

Compared with pristine graphene, rGO offers much cheaper FET sensor applications. Using the
rGO coated with thioglycolic acid (TGA) functionalized Au NPs as the sensing channel, Chen et
al. prepared FET sensors for detecting mercury ions (Hg?") in water (Fig. 1.10a).12 The sensor
response can be characterized in terms of the conductance variation of the rGO channel. It is
believed that the possible charge transfer from rGO, caused by the TGA coupled Hg?*, increases
the hole concentration of the rGO channel, thereby increasing the drain current. The sensor showed
a rapid (a few seconds), specific sensing performance to Hg?* with a detection limit of 25 nM. As
mentioned above, for FET sensors, there are two possible sensing mechanisms between analytes

and sensing channels: 1) charge transfer, in which target analyte has a direct interaction with
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channel material, inducing the charge transfer from channel; and 2) gating effect due to the charged
nature of attracted targets, in which direct interaction does not happen in the presence of chemical
probes and/or a protection layer.” ' Both of the mechanisms can modulate the carrier
concentration and thus the conductance of the sensing channel. But the general opposite sensing
response trends complicate the sensing signal output. For example, in the case of Hg?* detection
with p-type rGO-based FET sensor, the charge transfer would increase the conductivity of the rGO
channel, while its conductance would decrease due to the positive gating effect of accumulated
Hg?* on the surface. The competition between these two sensing mechanisms undermines the
sensitivity of the FET sensors. To accommodate this issue, a thin layer of gate oxide like Al2O3
can be deposited on the channel surface as a top gate to isolate 2D material channel from analytes,
resulting in a dominant gating effect on the channel to improve the device sensitivity. A typical
thin Al,Oz layer passivated rGO FET sensor structure is demonstrated in Fig. 1.10b. Under this
circumstance, the sensor works as a top-gated FET, and better semiconductor properties such as
higher lon/lorr ratio and adequate threshold voltage would lead to a better sensitivity. With the
rGO-based FET sensor platform and judiciously selected specific probes, better sensing

performance can be expected.
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Fig. 1.10 a) rGO FET sensor structure and real-time sensing response for Hg?* detection.!!2 b) rGO

FET sensor with a thin Al>Oz passivation layer for Ebola-glycoprotein diagnosis.

Because semiconducting MoS; flakes have much higher lon/lorr ratio compared with rGO, a better
sensing performance could be expected from MoS»-based FET sensor devices. As a representative
study, FET sensors with specific DNA functionalized MoS; nanosheet as the sensing channel were
prepared and applied for Hg?* detection in water.*'® The dynamic response demonstrated that the
sensor is quite sensitive to Hg?* with a response time of a few seconds and a LOD of 0.1 nM,
which is much lower than the LOD (25 nM) of the reported rGO-based sensor device.!*? Because

of the specific binding between Hg?* and the DNA molecules, the sensor also exhibited good

selectivity.

Although these sensing performances enabled by 2D nanosheets are encouraging, the device
fabrication cost is relatively high and a lithographic process is required to accommodate the small
size of flakes. Material printing technologies are a subset of additive manufacturing that offer a
solution for large area, low-cost, high-throughput, and reproducible production of nanoelectronics

and sensors on various substrates.!* 115 In the past decade, significant progress has been achieved
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for printing fabrication of nanomaterials in different types of sensors (e.g., force, temperature, light,
chemical, and pH sensors).!'® Therefore, the printing technique is promising in promoting

commercial applications of nanomaterial-based sensing platforms at the industrial scale.

1.2.5 Lithium/potassium-ion batteries

The past two decades have witnessed the unprecedented development of potable electronics,
ranging from smart bands, smartphones to laptops. These cannot happen without high-performance
rechargeable LIBs. LIBs have prominent advantages of high energy density and good cycle life,
compared with other rechargeable battery systems such as lead-acid batteries and nickel-metal
hydride batteries.'” The LIB cell works through the reversible Li-ion intercalation/deintercalation
cycles between typically layered anode and cathode compounds, which are separated by a
membrane, as shown in Fig. 1.11. Transition metal oxides or phosphates materials (e.g., LiCoO2,
LiMn20s, and LiFePOa) are usually applied as a cathode compound, providing lithium source,

while graphite is the most commonly used anode active material.

o

LiCoO, surfacefims ! o, ¢ cchims Carbon

Fig. 1.11 Schematic of the representative LIB based on LiCoO; cathode and graphite anode.!!®
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For many years, the commercialized LIBs support portable consumer electronics relatively well,
while two aspects emphasized recently drive the developing better battery systems strongly: 1)
The transformation from gasoline cars to electric vehicles (EVs), in order to deal with “oil crisis”
and fossil fuels consumption induced emission of pollutants and greenhouse gases; and 2)
stationary grid storage to accommodate the electrical energy fluctuation supplied by renewable
energy sources such as wind and solar power on a large scale at a low cost.!'” For these applications,
higher energy density and low-cost batteries are urgently needed. For common LIBs, graphite
anode allows only one Li* intercalation with six carbon atoms to form LiCs as the final product
with a maximum reversible capacity of 372 mAh g*. Moreover, the mediocre Li-ion diffusivity
rate of ~1011-10% cm? s in graphite limits the rate capacity. Graphite anode also suffers from
serious transport-induced surface structure destruction (especially at high rates), which
undermines the cycle performance.l® 120 So, lots of efforts have been devoted to exploring
advanced anode materials with a higher capacity, a better rate, and better cycle performance. Si, P,
Sn, and SnO»-based nanocomposites have attracted considerable research interest for their much

higher lithium storage capacity.*3 121122

Due to the limited lithium reserves (0.0017 weight %), its uneven distribution in the Earth’s crust,
relative high cost, and potential price increase, LIBs may not meet the requirements of very-large-
scale applications at a low cost.!?®> Researchers try to find suitable substitutes for lithium in
rechargeable battery systems. Much more abundant and low-cost sodium and potassium become
the good candidates. Compared with sodium [-2.71 V versus standard electrode (E°)], potassium

has a lower redox potential of K/K* (-2.93 V versus E%), which is close to that of lithium (-3.04 V
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versus E%).12* This low redox potential endows potassium-ion batteries the potential for a high
energy density. Even though potassium has the largest atomic radius (1.38 A) compared with
sodium (0.74 A) and lithium (0.68 A), the Stokes’ radius of K* (3.6 A) is smallest compared to
that of Na* (4.6 A) and Li* (4.8 A) in propylene carbonate (PC) solvents,*? indicating the highest
ion conductivity and mobility of K*. Nevertheless, K with the largest atomic size will induce a
greater volume change of electrode materials during the K-ion insertion/extraction, resulting in
materials pulverization and thus fast capacity decay. Rationally designed anode materials are

needed to address this problem as one of the major challenges in potassium-ion battery.*?

The studies on potassium-ion batteries are still in their early stage, but nanocomposites synthesized
by the cooperation of high-capacity active materials, including P, 127128 gn,p5 129 Bj, and Sh,**°
with various conductive carbonaceous supports (e.g., rGO,**! carbon nanotube'?’ and amorphous
carbon'? 12% 130y "have been successfully demonstrated as anodes in potassium-ion batteries,
demonstrating greatly improved performance. For instance, Liu et al.'?® synthesized carbon
nanotube-backboned mesoporous carbon via a sol-gel method, then red P was loaded into the
porous carbon through a vaporization-condensation-conversion approach. With a P content of ~40
wt.%, the obtained P/C nanocomposite delivered an impressive reversible capacity of ~500 mA g
L atasmall current, and a stable capacity of 244 mAh g at 500 mA g* for 200 cycles. It is believed
that designed porous carbon with carbon nanotube as the backbone, not only provides the
electronic channel to improve the electrochemical activity of P, but also leaves enough free space

to accommodate the huge volume expansion of P during potassiation.
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1.3 Summary

In summary, nanomaterials and nanostructures have exhibited great potential to deal with the
environment and energy challenges we are facing, because of their new discovered unexpected
physicochemical properties and high efficiency. In particular, 2D materials represented by
graphene become great sensing channel materials in FET-based sensors, owing to their excellent,
tunable electrical properties, high sensing area, and extremely high sensitivity to environmental
perturbation. Low-cost solution processable 2D materials offer the opportunity for cheap sensor
fabrication. However, accurate morphology control on 2D materials, rational sensor structure
design, and reliable device fabrication technology are still urgently demanded to manifest the
superior properties of 2D materials for better sensing performance. Benefiting from the excellent
electronic conductivity, flexible and robust 2D structure, rGO also has wide applications in energy
storage systems. Nanocomposites via the combination of rGO with high-capacity active materials,
including SnOz and P, exhibit impressive performance as anodes in lithium-ion or potassium-ion
batteries. Besides graphene-based carbon, MOFs-derived nanoporous carbonaceous materials
have also been proved as excellent carbon matrixes for electrochemical active materials (i.e., P

and S) loading, resulting in advanced nanocomposite anode materials.

1.4 Objectives and outline of the dissertation research

The main objectives of this dissertation are to: (1) synthesis novel composite nanomaterials; (2)
design and fabricate novel devices based on nanostructures via nanoscale engineering of different
dimensional nanomaterials; and (3) apply composite nanomaterials and nanodevices to advanced

environmental monitoring and energy storage applications, including water sensors and
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lithium/potassium-ion batteries. In particular, through device structure optimization and novel
signal transduction mechanism, rGO-based FET water sensors were prepared for lead ion and
Ebola-glycoprotein detection. Scalable micromolding-in-capillary method and inkjet printing
technique were also investigated in the sensor fabrication to lower the sensor cost. SnO; and P
with high electrochemical activity were composited with 2D rGO or MOF-derived nanoporous
carbon for advanced lithium/potassium ion batteries. To this end, the dissertation is organized as

following tasks.

Chapter 1 presents the background and literature review on different dimensional nanomaterials
and nanocomposites for environmental monitoring in FET water sensors and energy storage

systems such as LIBs and PIBs.

Chapter 2 describes the application of a structure-optimized rGO based FET water senor assisted
by a novel pulse-driven capacitive signal transduction mechanism for lead ion detection, in order

to achieve better sensing sensitivity and selectivity.

Chapter 3 presents a resonance-frequency modulation enabled high-performance rGO-based FET

sensor for highly selective and sensitive detection of Ebola-glycoprotein.

Chapter 4 focuses on the rGO percolation network construction based on 2D continuum model
threshold analysis. The obtained continuous rGO network was employed as sensing channel in

FET sensors to realize real-time lead ion detection in water.

In chapter 5, the tailored and scalable inkjet printing technology was investigated for FET sensing

system fabrication with 2D MoS; and graphene-based nanomaterials.
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Chapter 6 describes the synthesis of a metal-organic precursor-derived SnO2/Sn-rGO sandwiched

nanocomposite and its superior lithium storage performance.

Chapter 7 presents the morphology adjustment on Zn-MOF-74 by a mixed-solvent strategy. The
optimized MOF derived nanoporous carbon rods were applied as a carbon matrix for high loading

of red P, resulting in high-performance anode materials for potassium-ion batteries.

In the end, a summary of the dissertation study is presented, and further research directions are
proposed in Chapter 8. This study contributes to nanomaterials synthesis and integration for real
device applications, such as FET water sensors and rechargeable Li/K-ion batteries, in addressing

challenges around environmental sustainability.
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CHAPTER 2 PULSE-DRIVEN CAPACITIVE LEAD ION DETECTION WITH

REDUCED GRAPHENE OXIDE FIELD-EFFECT TRANSISTOR

2.1 Introduction

Recently, lead contamination and related health hazards raised a serious global concern. Direct
intake of lead through drinking water on a daily basis can affect the central nervous system,
hematopoietic, hepatic and renal system.*3? An alarming level of increase of lead was found in the
blood of people living in the city of Flint, Michigan, USA due to the poor condition of water supply
system (lead leaching from the pipeline during the water conveyance).*3* The conventional
inductively coupled plasma mass spectrometry (ICP-MS), atomic absorption spectroscopy (AAS),
and atomic emission spectrometry (AES) tests are costly due to their long procedure, bulky setup
and need of a professional operator.”” Electrochemical stripping analysis using voltammetry has
also been successfully used for measuring various metal ions in trace level selectively with high
reproducibility.®** However, it is limited by working electrode maintenance with proper
cleaning, reduction/oxidation potential peak position drifting due to the aging of reference
electrode, background current instability. Also, the presence of high concentration common metal
ions in real water can significantly affect the results. Therefore, a rapid, portable, low-cost

automated detection of lead ions in water is in great demand.

Graphene as a representative 2D material is found promising for FET-based sensor applications
due to its unique one atomic layer structure, high specific surface area, great signal/noise ratio,

excellent mechanical strength, and small size.}4%142 Chemical exfoliation in liquid phase can
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produce one atomic layer thickness of ultrafine nano-sheets in large scale from bulk graphite. The
high surface area of graphene can be functionalized with various ligands to attract metal ions,***
143 pio-molecules,**1%° and gas species'*t 0 for sensing applications. Sudibya et al. used micro-
patterned, protein-functionalized rGO film as sensing semiconductor channel to realize Pb?* real-
time detection.’® Our group also reported a self-assembly method constructed rGO sensing
platform for Pb?* monitoring.*® In general, the signal from such FET-based sensor device is
transduced through resistance/current measurements considering the channel as a chemiresistor.
One potential problem is the continuous voltage across ultrathin 2D nanomaterials can generate
heat and modify the intrinsic conductivity that leads to a long stabilization time and signal drift.
This unsaturated baseline with continuous drift is incompatible with rapid evaluation and interferes
the response in the presence of analytes, thereby increasing the measurement error. In addition, the

resistance/current response% (change percentage in resistance or current due to sensing event) to

analytes is always relatively low (Table 2.1), which may also lead to notable errors in practice.

Table 2.1 Comparison of capacitance-based sensing performance with other techniques reported

in the literature.

Sensing Concentration Response Selectivity Ref.
materials and detected (nM) and (%) (Kearget—other) ™
test method chemical target
rGO/GSH- 10 nM 1.7% kev?"_ngZ (10uM) 143
Au NPs Pb** =33
(DC) kpb® 70> (10uM) =
30
Ti3Co— 100 nM dopamine <0.01% - 152
MXene
(DC)
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Table 2.1 Comparison of capacitance-based sensing performance with other techniques
reported in the literature (continued).

Graphene/ 0.04 * 10°nM <2% --
olfactory odorant (amyl 153
receptors butyrate)
(DC)
PII2T-Si 10000 nM 10% ng2+—Pb2+(lmM) =
polymer/33- Hg* 3.2 154
base thiolated kne? 702" (1mm) =
DNA probe- 2.7
Au NPs (DC)
Polypyrrole/ 0.1 nM 1.4% kH202(0.05mM)—Uric
rGO (DC) H20: acid(imM) = 3.3 155
KH202(0.05mM)—
Ascorbic acid(ImM) = 5.7
KH202(0.05mM)—
Ascorbic acid(1mM) = 22.8
Pt NPs/rGO 2.4nM <0.01% - 149
(DC) SsDNA
Bismuth- 1-150 - - 137
Coated ppb
Carbon Pb**
Electrodes
(Stripping
voltammetric)
rGO/GSH- 12 nM 347% K2 e re, This work
Au NPs Pb** Mg, Zn®  Na© (48nM)
(Pulse) ~ (10-30)

* Ktarget—other IS the ratio of signal response to target and other chemicals

Therefore, an alternative strategy is needed to address these issues. First, we greatly improved
previously reported cysteamine (AET)-assisting GO deposition method'*® to realize a uniform GO

flakes deposition onto the interdigitated electrodes, resulting in uniform sensor devices. Then, we
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replaced the continuous voltage across the sensor with a periodic square pulse wave (using a
function generator) and did the conventional sensing study. It was found that in the presence of
analytes, the sensing signal across sensor quickly changed to stable slanting charge/discharge
transients that represent a high capacitive influence. Upon drying the solution, the signal again
regains its pure square wave instantly. We then hypothesized that a pulse signal in combination of
capacitance measurement might be beneficial to get the rapid change in signal in the presence of
analytes to replace the conventional constant voltage mode resistance measurement for this GFET
sensor. To validate this, we have developed a pulsed capacitance measuring system with a
programmed microcontroller to evaluate the sensing performance. The proposed capacitance based
portable device with simple droplet-based measurement system shows rapid stabilization in
background deionized water (DI water), negligible drift, high sensitivity, and selectivity towards

lead ion detection in real-time measurements.

2.2 Experimental methods
2.2.1 Chemicals and equipment

Single layer graphene oxide (GO) water dispersion (10 mg/ml) with the size of 0.5-2.0 um is
purchased from ACS Material. Cysteamine (AET), L-Glutathione reduced (GSH) and metal
chloride or nitrate salts used to prepare Pb?*, Hg?*, Cd?*, Ag*, Fe**, Na*, Mg?* and Zn?* solutions
were all purchased from Sigma-Aldrich. Since the main forms of arsenic within a 2-11 pH range
can be H2AsO*", HAsO4?~ in natural water, disodium hydrogen arsenate [NazHAsO4] from Sigma-
Aldrich was used to prepare the test solution. Inductively-Coupled Plasma Mass Spectrometer

(ICPMS) method was used to quantify the prepared metal ion solutions with an error less than 5%.
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Real water samples were filtered with Millipore filters to remove larger particles, algae, and other
biological contaminates before sensing tests, and the actual concentrations of various metal ions
were analysed by ICPMS. Savannah S 100 atomic layer deposition (ALD) was used to deposit
Al>Oz layer with a precise thickness control. Au nanoparticles (Au NPs) were sputtered with an

Au target by an RF (60 Hz) Emitech K575x sputter coater machine.

2.2.2 Sensor chip fabrication and electrical characterization

Au interdigitated electrodes with finger-width and interfinger spacing of 1.5 pm and a thickness
of 50 nm were fabricated on a 100 nm SiO- layer coated silicon wafer by a lithographic method.
An electrostatic self-assembly method has been used to deposit GO sheets on electrodes. First, the
Au electrodes were incubated in AET solution and then rinsed with DI water to attach a mono-
layer of AET on the Au electrodes. Second, the modified Au electrodes were immersed in DI water
diluted GO solution to obtain single layer GO attachment through the electrostatic interaction
between the positively charged amino groups of AET and the negatively charged GO sheets in
solution. Unanchored GO sheets were removed through rinsing with DI water. A quick annealing
process for 10 mins at 400 °C in a tube furnace with Argon gas was used to both reduce the GO
and improve the contact between the GO and the electrodes, after which the samples were cooled
to room temperature spontaneously. Next, a thin Al,Oz passivation layer was deposited on the
sensor surface by atomic layer deposition (ALD) with trimethyl-aluminum (TMA) and water
precursors at 100 °C. Uniformly distributed and high density of Au NPs were sputtered on the
Al,O3 as the anchors for chemical GSH probes.*** A GSH water solution was dropped on the top
of the sensing area, and the devices were incubated at room temperature for 1 h, then rinsed with

DI water to remove extra GSH and dried with compressed air before heavy metal ion detection.
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The electrical properties are characterized by a Keithley 4200 semiconductor characterization

system.

2.2.3 Pulsed capacitance measurements

For pulse measurement and visualization of morphed signal, a standard function generator (3390,
Keithley, USA) and digital oscilloscope (DSO 1052B, Agilent, USA) were used. The Arduino Uno
microcontroller (Atmega 328P, ATMEL, USA) development board was used for automated pulse
based capacitance measurement in real time. Arduino is an open-source electronics platform based
on user friendly hardware and software. The microcontroller is programmed in such a way that it
continuously gives the square voltage pulse to sensor, measures the RC time constant (trc) and
then calculates the capacitance with internal resistance as a reference. For real-time monitoring, a
capacitance meter is fabricated using this Arduino Uno board which can take capacitance
measurements down to the pF range. The Arduino has several analog input pins which are used to
take the measurements. For this meter, two i/o pins are used (A0 and Al). The voltage is applied
at zero to start, and then voltage pulse is applied to the Al pin. This voltage is then converted into
a quantized value by the 10-bit ADC on the microcontroller of the Arduino. From the capacitor
charging equation we get V¢(t)=Vin(1-exp(-t/RC)) where, V(1) is the voltage across a capacitor at
time t, Vin is the input voltage, R is the reference internal resistance of the controller, C is the
capacitance of the sensor and 7 is the time constant when V. reaches 63.2% of the input voltage.

Then the capacitance can be evaluated from the relation

C=———7p— (2.1)

4
RIn(1—-%
( Vin)
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The calculated capacitance values are displayed and sent via HyperTerminal of the computer for
data storage. The program for signal generation, mathematical calculation of capacitance and data
transmission is written in C language in Arduino platform. HyperTerminal software (Hilgraeve,
Monroe, Michigan, USA) has been used for data acquisition with a laptop. The software code is
written in C program. Therefore, a continuous capacitive measurement with the meter is feasible

with this miniaturized micro-controller-based system.

2.3 Results and discussion

Fig. 2.1a shows the SEM image of overall reduced graphene oxide (rGO) distribution in low
magnification. As identified, lots of GO flakes are deposited on the interdigitated electrodes quite
uniformly without accumulation. The deposited GO shows a well transparent (single layer like
impression) and connects as a channel between source-drain gold interdigitated electrodes.
Because of the strong attraction between the positively charged AET on the gold fingers and the
negatively charged GO sheets, the GO sheets prefer to deposit on the fingers and can be maintained
during the following rinse process, while those GO sheets sit on the gap (SiO2 substrate) were
removed completely during rinsing. Fig.2.1b shows that most of the small GO fakes attach on the
gold fingers, and only those flakes that are large enough can act as the single layer channels finally.
This feature helps to get rid of the influence of small GO flakes accumulation which increases the
contact resistance in the electronic device, decreasing signal-to-noise ratio. The AFM image of the
as-deposited GO nanosheet with line scan of calculated height are shown in Fig. 2.1c. The typical
thickness of the nanosheet bridging the electrode gap is found ~1 nm, which confirms the single
atomic layer thickness of the deposited GO sheet. In the Raman spectrum (Fig. 2.1d), two typical

peaks at 1,344 cm™ and 1,603 cm™ are assigned to D-band and G-band of deposited GO nanosheets,
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respectively. The D-band in the spectrum indicates the presence of disorder in GO because of
oxygen-containing groups and defects on the carbon basal plane.*®® Also, 2D-band and S3 peaks
can be observed at 2,670 cm™ and 2,923 cm™, respectively.*® A quick annealing process was
applied to reduce GO and improve the contact between GO flakes and Au electrodes. A statistical
analysis on resistances of a batch of devices (AET modified electrodes were incubated in 12.5
pg/mL GO suspension for 3 h) is provided in Fig. 2.2. The narrow resistance distribution of so
many devices (with an average value of 13.4 kQ and a population standard deviation of 71.8)
indicates the uniform GO deposition and resulting device properties. Moreover, the device
resistance can be adjusted by simply varying the concentration of GO suspension and incubation
time. Thus, the applied AET modification of the electrodes and GO solution immersion method is
an easy, self-limiting and tunable method to construct single layer rGO channel on interdigitated

electrodes directly, resulting in attractive semiconductor properties of the device.

After GO deposition and thermal annealing treatment, a thin layer of Al>Os is used to separate
analytes from rGO channels to protect the device electrical stability and exclude the charge transfer
between the ions and the semiconductor channels. The Al,O3 can also passivate the gold finger
electrodes from interaction with further modified GSH probes (the probes can be anchored only
on the Au NPs sputtered next) resulting in more effective probes on the top of rGO channels to
improve the sensor performance. After the Al,Oz deposition, due to the electron accumulation of
the insulating Al>Oz at a high voltage, it is hard to see the GO sheets on the electrodes. Fig. 2.1e
shows the uniform isolated Au NPs distribution after Au sputtering. The size of the Au NPs is
about 3-5 nm, and the density is high, which facilitates more probe modification to enhance the

sensor sensitivity in the sensing test.

37



To characterize the FET property of the sensor, the drain current (las) was measured as a function
of sweeping back gate voltage from -40 to 40 V. A smooth p-type FET curve with an on-off ratio
~1.6 is achieved from the single layer rGO channel (Fig. 2.1f). A linear lss— Vs relationship of the
sensor for the drain voltage (Vgs) ranging from -2 to +2 V indicates the good ohmic contact between
the rGO channel and the gold electrodes (shown in the inset of Fig. 2.1f). The measurement circuit

diagram is shown in Fig. 2.3a.
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Fig. 2.1 SEM images of rGO sheets bridging the interdigitated electrodes at (a) low and (b) high
magnifications. (¢) AFM image of a single layer GO channel on the electrode (the line scan
thickness profile is in the inset), (d) Raman spectrum of as-deposited GO nanosheets. (e) SEM
image of sputtered Au NPs on the surface of Al2.Oz. (f) las— Vgs characteristics of the sensor for

Vias= 0.1V, Vgs = -40 to 40 V, step = 0.2 V (las— Vs characteristics of the sensor is in the inset).
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Fig. 2.2 Resistance distribution for a batch of rGO FET devices (38 devices).

The capacitance measurement is performed with a square pulse wave based technique that
calculates the time constant of the morphed signal across the drain-source interface of the sensor
which is connected in series with a reference resistor (Rrer) (Fig. 2.3b). With the known value of
resistance (Rref), the capacitance value can be obtained through time constant (t) measurement.
We first used a standard function generator (3390, Keithley, USA) to generate the short duration
square pulse and a digital oscilloscope (DSO 1052B, Agilent, USA) to visualize how the signal is
changed across drain source interface in the presence of water and metal ion sample (Fig. 2.3c).
As shown in Fig. 2.3d, when the FET sensor is in air the output signal resembles a perfect square
wave. However, when a drop of DI water is exposed on the surface of the sensor, the signal is
quickly changed and looks like a slow slanted transient.’>” The time constant (1) is estimated by
calculating the time to reach 63.2% value of the maximum change in the charging/discharging

voltage (Details are shown in above 2.2.3 Pulsed capacitance measurements). Upon injection of
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the Pb?* ion solution, the transient becomes more slanted due to the adsorption of lead ions by the
chemical GSH probes on the sensor surface which change the capacitance and the corresponding
time constant. Fig. 2.3e shows the normalized plot of the signal in the presence of air, water and
Pb?" solution. The time constant of the sensor in water (t1) and lead solution (t2) increased
systematically with respect to the blank sensor. The responses in DI water and Pb?* sample from
blank sensor state (air) are also very fast. Interestingly, when the water was removed, the signal
again regained its original square waveform (Fig. 2.3f). Therefore, the change in signal is
influenced by the change in larger dielectric constant of water (~80) compared with air (~1) that
affects the gate capacitance of the sensor under test.*® In view of this, it is understood that this
transient information through relative change in capacitance can be utilized for an FET type of

water sensor to quantify the Pb?* concentration.
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visualized plots. (f) The waveform reproducibility in the presence of water and under drying

condition.

For real time application, a miniaturized Arduino-based micro-controller has been used and

programmed for pulse generation, capacitance signal measurement, and continuous data recording
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from this FET type rGO sensor. A portable device with a droplet-based measurement system has
also been developed. Fig. 2.4a shows the schematic of the measurement platform. The capacitance
value is displayed in the LCD. The stray capacitance is approximately 24 pF, determined through
calibrations of measuring other capacitance values and compared with multi-meter readings. This
hand-held prototype consisting of LCD, LEDs, and in house cavity for sensor connecting is
integrated and schematically shown in Fig. 2.4b. The response% of this chemo-capacitance based

FET is defined as,
R(%) = 22 100% (2.2)
0

where, Co is the capacitance in DI water as background and C is the charged capacitance in the

presence of various metal ion solution.
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Fig. 2.4 (a) Microcontroller-based pulse-controlled portable capacitance measurement system. (b)
Schematic of a packaged portable meter prototype with the integrated micro-sensor chip viaa USB

connector.

Fig. 2.5a displays the measured capacitance by the meter with multiple cycles of dropping and

drying of DI water on the sensor surface. When the DI water (2 pl) is dropped on the sensor surface,
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an instant and large change (~5 times of the dry sensor) in capacitance is found. It quickly goes to
saturation within 1-2 s. When DI water is taken out, the capacitance quickly reverts to its original
value under dry condition. Several cycles of dropping and drying are performed to demonstrate
the highly repeatability of the change, which can be attributed to the instant variation of dielectric
environment as mentioned above. Interestingly, a quick stabilization with negligible drift in
capacitance in the presence of DI water over time (10 min) is found for this arrangement (Fig.
2.5b), compared with much longer stabilization time caused by signal drifting in a common
resistance measurement may due to the continuous voltage across the ultra-thin graphene sensor
surface and generated heat which changes the intrinsic property of the sensor channel. Once a
stable baseline in DI water is obtained, Pb?* solution is injected on the sensor surface (Fig. 2.5¢).
Again, the change in capacitance in the presence of Pb?* is instantaneous (response time ~1 s) and
a very high response% (R~347%) was found even for a low concentration of 2.5 ppb. These
advantages make our sensing platform exceed common resistance measurement of the FET sensors
where significantly longer stabilization time is always needed and signal continuously drifts in the
presence of analytes (Fig. 2.6a). Which causes unfavourable lower response%, bi-directional
response, slower detection and larger error (Fig. 2.6b,c). When the Pb?* solution is injected
sequentially, a step like, fast increase in capacitance corresponding to the increases of Pb?*
concentrations. As the maximum contaminant limit (MCL) by US Environmental Protection
Agency (EPA) for lead in drinking water is 15 ppb,'*® our sensor can easily detect lead
concentrations lower than this limit and works well around this critical value for real application.
The relationship between concentration and response% fits well with an exponential function (Fig.

2.5d), which was loaded into the controller. Then, the concentration prediction can be shown in
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the LCD of our meter (Fig. 2.4b), accompanied by LED indicators, Safe (Green (0-5 ppb)),

Moderate (Yellow (5-15 ppb)) and Danger (Red (>15 ppb)).

The sensor exhibits a much higher response to Pb?* compared with other common cations and
heavy metal contaminants (Zn?*, Mg?*, Fe®*, Na*, Hg?*, Cd?*, HAsO4>", Ag* etc.) in water. The
representative real time capacitance transient for Hg?* (5-100 ppb) with Pb?* (2.5 ppb) is selected
to demonstrate the selectivity (Fig. 2.5e). As shown in the plot, relative change in capacitance in
Hg?* ion solution is quite insignificant compared with that of Pb?*. Even to the mixed metal ion
solution (with all the other metal ions except Pb?"), the response from our sensing platform is still
very weak (inset of Fig. 2.5e). It is favourable that the response to lead ions is much higher than
other metal ions (Fig. 2.7), which confirms the good selectivity of the sensor due to the special
GSH binding with Pb?*.* Fig. 2.5f shows a response% comparison of Pb?* (2.5 ppb) with other
metal ions (10 ppb). The calculated response from these individual interfering ions and mixed ions
did not show any significant sensitivity. The present chemo-capacitance based FET sensor
platform shows potential advantages as compared with our previous work and other literature
reports using this FET system in terms of a higher response, selectivity, and a shorter evaluation

time (Table 1).143, 149, 152-155, 160

To verify the practical performance of these sensors, various real water samples from natural and
domestic sources have been tested with our platform, including the recent tap water from city of
Flint, fresh tap water from Milwaukee and other natural water samples from Lake Michigan and

Milwaukee River. The real-time response% calculated from real-time capacitance transients (Fig.
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2.8) for these water samples are displayed in Fig. 2.5g. As found from ICP measurements (Table
2.2), the lead ion concentration in Flint tap water is higher (2.38 ppb) than other samples (<0.8
ppb); therefore, it shows higher response than the other water samples; the Milwaukee tap water
did not show detectable lead from ICP measurement and the response% is very feeble (R~30%),
which may be due to the other interferential ions. Subsequently, the response% become higher for
Flint water (R~180%) and other water samples (river and lake water, R~100-130%) owing to the
presence of relatively higher amount of lead ions (0.4-2.38 ppb). Fig. 2.5h shows the comparison
of the results tested by our sensor with that from ICP measurements. The predicted data points
with error bar (measured with 10 devices), locate closely to the ideal prediction line, which

suggests our sensor can be used for evaluating lead ions in real water samples.
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Fig. 2.5 (a) Reversibility test in DI water and under drying condition. (b) Stabilization test of the

sensor in DI water. (c) Real time Pb?* testing results with micro-controller-based measurement

system and (d) response% vs. concentration graph for the calibration. (e) Typical real time transient

data for selectivity test for Hg?* and mixed ions measurement (shown in the inset, the second drop

of DI water was used to exclude the volume influence). (f) Comparison of the response% of Pb?*

(2.5 ppb) with other individual and mixed metal cations (10 ppb). (g) Testing results of real water

samples (the arrow stands for the injection of water sample). (h) Comparison of the predicted lead

ion concentration from sensors with the standard values from ICP measurements.
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Table 2.2 Measured concentrations of various metal ions from real water samples by ICP

measurements.
Metal Flint tap water = Milwaukee tap water Milwaukee river water Lake Michigan water
Ions
Pb 2.38 ppb -- 0.48 ppb 0.79 ppb
Ag 0.61 ppb 0.16 ppb 0.14 ppb 0.48 ppb
Cd 0.20 ppb 0.12 ppb 0.053 ppb 0.07 ppb
As 0.30 ppb 0.32 ppb 0.21 ppb 0.87 ppb
Zn 62.61 ppb 78.83 ppb -- 12.19 ppb
Fe 27.36 ppb 89.74 ppb -- 66.80 ppb
Cr 0.33 ppb 0.30 ppb 0.155 ppb 1.77 ppb
Na 4.08 ppm 4.75 ppm 10.06 ppm 28.34 ppm
K 1.23 ppm 0.65 ppm 1.21 ppm 5.12 ppm
Mg 0.71 ppm 0.68 ppm 1.03 ppm 2.54 ppm
Ca 14.76 ppm 16.93ppm 37.37 ppm 81.71 ppm
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To benchmark the present study with conventional FET structure with dc resistance measurements
and our earlier work as stated in Table 2.1, the present capacitive measurement with improved
single layer GO deposition strategy shows one order magnitude higher response with step like
transient, excellent selectivity, and much shorter evaluation time. Such a sharp change in
capacitance due to gate voltage is also observed by another study using organic semiconductor
with an insulator gate.'®® This study shows that due to very small change in gate voltage,
capacitance can be changed instantly, whereas, mobility of the device shows slow change. The
minimization of Joule heat by using pulse as compared to common continuous voltage (dc
measurement) can also be another reason for the quick and sustaining response in signal
stabilization. Additionally, from microcontroller based device perspective, the system is small,
programmable, portable and able to recognize the Pb?* in real time. We have made efforts from
direct use and end users perspective, which is hardly found in most literature. When compared to
other methods (non-FET), such as, voltametry, the system is maintenance free and not affected by
drifting and background current instability. We also demonstrate the capability of real water
analysis with the developed meter. Therefore, for rapid heavy metal testing of onsite water quality,

portable digital recording and operational ease, the present system shows greater advantages.

To interpret the sensing result, we adopted the equivalent circuit model of this FET system and top
gate potential influence on the sensing performance (Fig. 2.9a). There is apparently no influence
of the back-gate terminal (Si/SiO2) on sensing measurements as it is not exposed to the sensing
environment, and is kept at O Volt. The current in channel is changed by the top-gate (ultrathin
Al>O3 oxide layer) capacitive coupling with rGO channel. There might be some other aspects, for

example, influence from the rGO/Au electrode contact. So, the system is electrically equivalent to
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a resistance-capacitance pair (RC) from channel/oxide interface (Rch and C1) and channel-contact
interface (Rc and Cc). Here, Rchand Rc are the channel and contact resistance, respectively. C1 is
an electric double layer (EDL) capacitance formed at the rGO/Al>Oz interface. The EDL capacitor
consists of stern layer (Ci, formed due to charge transfer near the p-type rGO and n-type Al,O3
interface) and diffuse layer (Cp, formed away from the channel towards Al>Os matrix where holes
are diffused in a cloud of opposite charges).'®? Diffuse layer capacitor forms far from the channel
and are primarily affected by the environmental factors. Both capacitors are connected in series
but parallel to the rGO channel resistance. Therefore, the capacitance at the rGO/AI,Os interface
(Cy) can be expressed as Ci-Cp/(Ci+Cp). Fig. 2.9b shows the equivalent circuit model which
consists two RC parallel network connected in series and finally the entire system can be expressed
as single equivalent RC pair (Req and Ceq). The incoming periodic pulse will face the resultant or
equivalent RC time constant from superposition of these contributions. In the presence of a higher
dielectric medium like water the capacitance of the top gate becomes higher and the interface
capacitance is significantly influenced by periodic signal. When the Pb?* are further attracted by
GSH probes, the amount of negative charges at the channel increases due to ion-induced top gate
positive potential and the total capacitance further increases owing to the increase of Cp. The
diffusion capacitance (Cp) and positive ion induced gate voltage (wa) can be expressed from the

Gouy-Chapman model,*62

Co = (52) coth (=) cosh(=2) (2.3)

Ap AD 2kpT

Where, ¢ and & are the relative dielectric constant of the material and vacuum permittivity,
respectively, Ap is the Debye length, | is thickness of the capacitor region, e is electronic charge,
ko is Boltzmann constant, and T is the absolute temperature. Therefore, it is presumed that medium

(DI water) induced larger dielectric constant and electrostatic top gate field (ya due to
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electrostatically positively charged Pb?") increases the magnitude of EDL capacitances (C1). This
change in capacitance eventually affects the equivalent capacitance (Ceq) and the overall time
constant of the system becomes larger. Thus, the incoming periodic pulse signal faces a greater
time constant and further delayed charging and discharging. Microcontroller calculates this change
in capacitance (Ceq) with calculated time constant (teq). Further study is still needed to get detailed
electronic information about the structure and this could be an interesting research direction for

various 2D layered materials based FET sensor.
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Fig. 2.9 (a) Simplified model of insulated GFET structure with attached probes (Au/GSH) in Pb?*

solution and (b) equivalent circuit model of the FET structure.
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2.4 Summary and conclusions

In summary, with an improved self-assembly single layer GO deposition method, a new pulse
driven chemo-capacitance based lead ion detection using droplet-based measurement has been
demonstrated. As a proof of concept, it was shown that how the square pulse signal and related
time constant become modified in the presence of a blank sensor (in air), DI water, and lead ion
sample. This transient feature reveals a great potential as a new transducing method. Practical
change in environment (water and Pb?* solution) can significantly tune the dielectric constant of
the system, charge the channel by electrostatic gating, and modulate the interface capacitance
extensively. Finally, a microcontroller based pulsed mode capacitive measurement device has been
developed to measure capacitance across the drain-source interface. Benefiting from the optimized
sensor structure: reliable single layer rGO channel, effective Al,O3 passivation layer, and novel
pulse measurements, the micro-system with a GFET sensor chip shows rapid response and
stabilization (1-2 s) in DI water and lead ion solution, negligible drift, a LOD < 1 ppb, extra higher
response (e.g. R~347% for 2.5 ppb) and excellent selectivity (one order of magnitude higher than
other ions) towards lead ion. The step-like behaviour in various concentrations ensures an
exponential calibration line for the prediction of lead ion concentration and has been used for
analysis of various real water samples successfully. The overall assay time for this simple “drop
and measure” technique is ~10 s, which is much faster than most conventional techniques. The
relevant mechanism is explained by the gate induced change in the double layer capacitance and
equivalent RC circuit time constant. The experimental findings might open a new dimension in
2D materials-based FET sensor applications, high speed chemical computation, environmental

monitoring and chemical cybernetics.
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CHAPTER 3 RESONANCE-FREQUENCY MODULATION FOR RAPID EBOLA-
GLYCOPROTEIN DIAGNOSIS WITH REDUCED GRAPHENE OXIDE FIELD-

EFFECT TRANSISTOR

3.1 Introduction

The Ebola epidemic commenced in west Africa (Guinea, Liberia, Nigeria, Senegal, and Sierra
Leone) in December 2013, and the World Health Organization (WHO) declared it to be a “public
health emergency of international concern”.*®® The number of confirmed and possible cases of
Ebola-virus disease is at 28 603, with 11 301 resulting in death. As per the recent outbreak in
Congo, the WHO reported 39 suspected, probable, and confirmed cases of Ebola between April 4
and May 13, 2018, including 19 deaths. The Ebola virus is commonly spread through contact with
bodily fluids. The outbreak can only be stopped by a combination of early diagnosis, patient
segregation with effective care, and safe burial.*®* Ebola-virus infection and confirmation are
generally made using the following investigations: antibody-capture enzyme-linked
immunosorbent assay (ELISA), antigen-capture detection tests, serum-neutralization tests,
reverse-transcription— polymerase-chain-reaction (RT-PCR) assay, electron microscopy, and virus
isolation by cell culture.'®® Although widely used for clinical diagnosis, these methods do not allow
for quick, easy, or effective onsite, point-of-care (POC) detection; for example, ELISA is limited
by its low sensitivity, whereas RT-PCR results can vary with external environment, temperature,
and sample preparation.*®5167 Several bioassays regarding Ebola detection can be found in the
current literature, and most of the reported works are based on the antigen—antibody reaction
through photo- or electroluminescence, nanoparticle-plasmonics-based technology, interferometry

imaging, and fluorescence-resonance-energy transfer.X%8-1"! However, most of these methods are
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inadequate for low-cost and miniaturized POC detection because they require expensive
equipment, considerable amounts of time, and trained professionals. To stop the spread of the
deadly Ebola virus before an epidemic occurs, an effective, rapid, reliable, and user-friendly

sensing platform for onsite detection of the Ebola virus is greatly needed.

In recent years, the use of label-free biosensors has emerged as a technique for detecting various
infectious diseases and pathogens.1% 172184 Sych biosensors require suitable biomarkers or probes
to attract targeted species, as well as a variety of resonance-based transduction mechanisms such
as surface-plasmon resonance (SPR),}”” mechanical resonance,!’® optical resonance,®® and
acoustic resonance.'’® 18 There are several advantages and disadvantages to these approaches. For
example, optical sensors can be operated without any physical interaction of the detected species
with the light source or the detection sensor. In addition, they are independent of the solution’s pH,
ionic strength, and other properties.8! In the presence of test species, the optical signal can be
transformed into the electrical analogue, from which the sensitivity can be correlated with changes
in resonance-frequency shifting or intensity quenching. Yanik et al. demonstrated successful
pseudotyped-Ebola detection using the optical-resonance method.®® Optical sensors can also be
unfavorable, as they require high-precision light alignment to capture the successful pairing of
probes and target species and expensive hardware for measurements and calculations and have
other drawbacks (such as uncertainty in measurements, conformational changes, and scattering)
that could make them unsuitable for point-of-care diagnosis.'® 18 Mechanical and acoustic
sensors are largely based on quartz-crystal-microbalance (QCM), cantilever, and surface-acoustic-
wave (SAW) sensors.1’® 18 The fundamental mechanism for these types of sensors is based upon

monitoring the mechanical-resonance-frequency shift as the probe-modified cantilevers or quartz

54



crystals interact with biological species. This interaction occurs through a specific binding event,
which bends the cantilever or changes the mass of the system; however, mass resolution of this
type of sensor is insufficient when operated in solution.'®” These sensors are also sensitive to
external noise and thermal drift, which is another significant problem for practical implementation

in POC diagnosis.

Field-effect transistors (FET) are an excellent choice, as they can be operated by simple resistance
measurements. Many interesting reports can be found for graphene-based FET sensors (GFET) for
biomolecule and heavy-metal detection because of the monatomic 2D-layer structure, high specific
surface area, and low electronic noise, 12 144, 145,152,188, 189 The sensing mechanism is based on the
change in the resistance or current of the probe-modified transistor channel. This is accomplished
by inducing short-range electrostatic fields when interaction with specifically targeted species
occurs through a known biorecognition procedure. When the transistor channel is passivated with
a dielectric oxide top gate, possible influences from medium and other conducting species can be
segregated from the measurement electrodes.® This important feature gives insulated, gated FET-
based sensors a significant advantage over the noninsulated FET structure; however, there are
several technical challenges (e.g., lower sensitivity and moderate selectivity due to very weak,
short-range electrostatic forces) that still need to be resolved for this type of sensing platform to
be used reliably as a POC diagnostic tool 1% 154 155 For these reasons, dielectric-gated FET
structures need to be investigated for proper understanding of the device, its circuit components

that are directly measured, and its impact on Ebola sensing.
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In this report, we have discovered that the device’s electronic-resonance frequency can be
exploited as a promising transduction mechanism for enhancing the sensitivity and selectivity for
Ebola glycoprotein (GP). Unlike optical-spectral resonance-based techniques, it does not need
highly sophisticated instruments to capture the successful pairing of antigen-antibody that causes
a resonance shift.%% 18 This is a potential problem for optical resonance to obtain a reasonable
resonance-wavelength shift from a very low Ebola-GP concentration.*®® Our electronic-resonance-
based system can realize faster (~1—2 min)*®! and stable detection, avoiding external noise or
disturbance, which is a significant challenge for other resonance-based techniques, as previously
discussed. We conducted impedance measurements over a wide frequency range to evaluate the
various circuit components, such as contact and channel impedance in terms of the pair of RC
components, and electronic-resonance frequencies to investigate their influence on sensing
performance. For an RC circuit, resonance mainly comes from the characteristic frequency (f,
where the imaginary part of impedance is maximum and related to the RC time constant) and the
inflection frequency [fi, where the phase angle reaches a maximum (Omax); i.e., d6/dw = 0, where 6
and w are the phase angle and angular frequency, respectively]. For an insulated, gated FET
structure, the frequency-dependent channel impedance is governed by charge-carrier
trapping—release at interface states between the channel—gate oxide and channel—source or drain
contacts.'® 1% Each of these influences are designated by a certain relaxation process with specific
time constant and can be represented by an RC pair as an electronic equivalent. Through a variable
frequency input (impedance spectroscopy), these relaxation processes can be identified by
monitoring the local maxima (resonance peaks) of the respective spectrum. The effect of trapped-
charge carriers on MOSFET electronics is important, as they control the transport properties of the

device by creating an internal field.** The trap-charge internal field further controls the charge-
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injection properties from the source—drain and can show hysteresis because of the faster rate of
bias-voltage sweeping.'®>1%" The sweep rate of bias voltage is important as it controls the
charging—discharging time scale. For a conventional dc measurement (w ~ 0), this trapping-release
time is faster (zwap ~ 1 us t0 7gerap ~ 250 us);°" however, it is slower than the high-frequency
impedance measurement. Therefore, it is expected that the channel could show frequency-
dependent behavior as the trapped charges may not release during this high-frequency ac
measurement. In other words, the relaxation of trapped charge should show some frequency-
dependent behavior that directly affects the device conductance, which can be identified by the
measured phase shift. Practically, a phase shift of ~0° signifies an ideal resistive system, whereas
it transits to capacitive behavior when the phase angle starts to increase (~90° for a perfect
capacitive or insulating system). When charges are trapped with a significant delay in emission as
compared with the measurement frequency, the channel shows an insulating (capacitive) effect as
the phase shift increases. Therefore, it is interesting to explore how these trapped-charge-relaxation
dynamics, identified through resonance phase shift, are affected by a top-gate-induced field
through the Ebola antigen—antibody interaction and how it impacts various electronic parameters

that are used for measuring the sensitivity of the GFET device.

3.2 Experimental methods
3.2.1 Chemicals

Single layer graphene oxide (GO) water dispersion was ordered from ACS Materials. Cysteamine

(AET), glutaraldehyde, PBS buffer, ferritin, and human Ig G protein were all purchased from
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Sigma-Aldrich. SuperBlock Tween 20 was ordered from Thermo Scientific. Ebola-glycoprotein,

and human antibody KZ 52 were obtained from IBT Bioservices.

3.2.2 Sensor fabrication

Using a standard lithographic method, interdigitated gold electrodes with both a finger-width and
an interfinger space of 1.5 um and a thickness of 50 nm were fabricated on a 100 nm SiO-layer-
coated silicon wafer. A self-assembly electrostatic method was used to deposit single-layer
commercial graphene oxide (GO) sheets on the electrodes.’®® First, the Au electrodes were
incubated in AET solution and then rinsed with ultrapure water to attach a monolayer of AET onto
them. Second, the modified Au electrodes were immersed in ultrapure-water-diluted GO solution
to obtain single-layer GO attachment through the electrostatic interaction between the positively
charged amino groups of AET and the negatively charged GO sheets in water. The negative charge
on the GO sheets can prevent multilayer stacking during the deposition process. Finally,
unanchored GO sheets were removed by rinsing with ultrapure water. A quick annealing process
for 10 min at 400 °C in a tube furnace with Ar gas was used to both reduce the GO and improve
the contact between the GO and the electrodes. The samples were then cooled to room temperature
spontaneously. Next, an ultrathin 3 nm Al.Os-passivation dielectric oxide layer was deposited onto
the sensor surface by atomic-layer deposition (ALD) with trimethylaluminum (TMA) and water
precursors at 100 °C. Uniformly distributed and high-density Au NPs were sputtered on the Al.O3
as the anchoring site for further modifications. After Au NP deposition, 1 ug/mL AET solution
was dropped on the sensor surface and incubated for 30 min. The AET reacted with the Au NPs
through the well-known thiol-Au interaction. Next, the sensor was immersed and washed with

ultrapure water to remove extra AET molecules; this was followed by drying with nitrogen gas.
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Then, glutaraldehyde solution (5%, diluted with ultrapure water) was drop-casted onto the sensor
surface to make a linkage with AET via NH> groups, which had already been anchored on the Au
NPs in the last step. After 30 min of incubation, the sensor was again washed with ultrapure water
and dried with nitrogen. In the next step, antibody solution (200 x«g/mL diluted initial antibody
solution, KZ 52) with 0.01 M PBS buffer (1 M, pH ~7.4) was immobilized on the sensor surface
to functionalize the Au NPs with glutaraldehyde. This was incubated for 30 min and then washed
with ultrapure water and dried gently with nitrogen. Glutaraldehyde can react with several
functional groups of proteins, such as amines, phenols, and imidazoles, because the most reactive
amino acid side chains are nucleophiles. Therefore, glutaraldehyde serves as a linker between the
amine groups of AET and the amino acid groups of KZ 52 antibody protein. After that, Tween 20
solution (0.1% Super Block Tween 20 in PBS) was drop-casted on the sensor and incubated for
30 min to prevent the nonspecific binding of analytes. Finally, the sensor was washed with
ultrapure water and dried with nitrogen. Although the actual Ebola virus could not be used for
sensing because of biosafety issues, the glycoprotein was used because it has an equivalent
chemical and biological signature on the external surface of Ebola’s viral membrane; AC
impedance was measured at the source and drain interfaces with an electrochemical analyzer

(PARSTAT 4000A, Ametek Scientific Instruments) in the 1 Hz to 5 MHz frequency range.*®

3.3 Results and discussion
3.3.1 Ebola-recognition scheme

Using crosslinking chemistry, the antibody probes were functionalized with gold nanoparticles

with cysteamine (AET) and glutaraldehyde as linkers. The thiol groups of AET made chemical
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linkages with the gold nanoparticles sputtered onto the Al.Oz passivation layer, which was
predeposited on the reduced graphene oxide (rGO) surface. In between, glutaraldehyde acts as a
bridge between the amine groups of both the antibody probe (KZ 52) and AET through its -CHO-
group interaction. The antibody probe (KZ 52) was purchased from a commercial source, which
provided KZ 52 human antibody derived from a human convalescent patient who survived an
Ebola-virus (EBOV) infection during the 1995 outbreak in Kikwit, Democratic Republic of the
Congo.?® The antibody detects recombinant EBOV GP without the transmembrane region (EBOV
rGPATM) expressed in both mammalian and insect cells. The details of the interaction between
KZ 52 antibody and Ebola glycoprotein (GP) can be found elsewhere.?® Briefly, the EBOV GP
has two subunits, termed GP1 (responsible for cell-surface attachment) and GP2 (responsible for
fusion of viral and host-cell membranes). KZ 52 acts as a bridge for both the attachment (GP1)
and fusion (GP2) subunits of the Ebola GP. With this interaction mechanism, in our FET structure,
the functionalized KZ 52 antibody probes on the sensor’s surface serve as active sites to recognize

Ebola GP.

3.3.2 Device configuration and sensing mechanism

Fig. 3.1a shows the device configuration and circuit diagram of the FET sensor. Ebola-
glycoprotein detection was accomplished using standard antigen—antibody-conjugation
principles.?® Fig. 3.1b shows a schematic configuration of the GFET device realizing charge
transport using ac signal inside the rGO channel that involves injection, trapping, and release at
the channel—oxide and channel—electrode interfaces. Because of the variation of the position of
the charge trap inside the oxide from the channel, the trapping—release-time constants can vary.

For this reason, each trap corresponds to a different relaxation frequency in the presence of a wide
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frequency-measurement range of the ac signal. Practically, the phase angle is near zero at low
frequencies; however, it systematically increases when the measurement frequency is swept from
low to high, until the resonance occurs. The phase shift increases as the trapping-release time of
the charge carrier seems slower in comparison with the high-frequency ac measurements through
an interface-capacitance effect. Because of the distribution of relaxation time, the measured phase
angle versus the frequency spectrum, which is a superposition of these possible relaxation
processes, becomes broad with a specific local maximum that represents the resonance center (Fig.
3.1c). Because of the generation of top-gate electric field by the specific interaction of Ebola-
antigen—antibody, the charge-carrier concentration inside the channel is modulated, and the
associated relaxation processes influence the electronic parameters (channel and contact
impedance) by shifting the resonance-frequency position. Using equivalent-circuit modeling, the
resonance-frequency shift has been correlated with channel-contact-impedance change, resulting
in generalized analytical equations, discussed in detail later. It is to be noted that interface trap can
also form at the bottom-gate dielectric (SiO2); however, the sensing event mainly occurs on the
top-gate oxide (Al.Oz). Therefore, influence from the back-gate is not considered and is assumed

to be background.
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Fig. 3.1 (a,b) Schematic diagrams of (a) insulator-gated FET-based Ebola-sensor device and (b)
charge-injection-trapping-release-transfer mechanism at the channel-oxide and channel-electrode
interfaces. (c) Trapping- and release-time constants (or relaxation frequency) corresponding to
different activation energies, which can vary because of the varying position of the charge trap
inside the oxide from the channel. In ac measurement, the phase angle vs frequency spectrum is a
superposition of possible relaxation processes with a specific resonance center (frequency at which
the phase angle becomes maximum). Resonance-frequency shift occurs when the top-gate field is

generated by antigen-antibody interactions.

3.3.3 Microstructure and electrical characterization of the sensor device

Fig. 3.2 shows a field-emission-scanning-electron-microscopy (FESEM) image of the single-layer
rGO with low and high magnifications (Fig. 3.2a,b, respectively). It is clearly seen that single-
layer rGO channels are formed between gold electrodes without further flocculation. This suggests
the high quality of the device, which resembles a perfect 2D-nanomaterial-based measurement
platform. Fig. 3.2c shows the atomic-force-microscopy (AFM) image of a single-layer rGO
nanosheet bridging the two electrodes. The thickness profile is shown in the inset of Fig. 3.2c,
which suggests a single layer of rGO nanosheet (~1 nm). To study the FET property, the drain

current (lgs) was measured as a function of varying gate voltage (Vgs) on the backside of the silicon
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wafer (Fig. 3.2d). The measurement was made from —40 to 40 V (scanning step of 0.2 V), which
resulted in a p-type, smooth FET curve with an on-off current ratio of ~1.29. A linear lgs — Vs
measurement curve for drain-source voltage (Vas) ranging from —1 to 1 V suggests ohmic contact

between the rGO nanosheet and the gold electrodes (shown in the inset of Fig. 3.2d).
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Fig. 3.2 (a,b) FESEM image of rGO nanosheets distributed on the electrode in (a) low and (b) high
magnifications. (c) AFM image of a single-layer rGO nanosheet with the thickness profile shown
in the image. The distance scale (nm) is the same for both images. (d) ldas — Vgs curve for Vgs = —40
to 40 V with a scanning step of 0.2 V for the rGO-based sensor. l¢s — Vs characteristics for Vgs =

—1to 1V are shown in the inset.
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3.3.4 Ebola-glycoprotein-sensing measurement for electronic-parameter evaluation

After the sensor device is fabricated, a sensor-chip cell is connected to the impedance-
measurement system with its drain—source interface. Although live Ebola virus could not be used
because of biosafety issues, the glycoprotein, which has a chemical and biological signature
equivalent to that of the external surface of the Ebola-virus membrane, was procured (see Fig.
3.1a). A small-amplitude sinusoidal voltage (0.01 V) was applied at the drain—source interface,

and the impedance spectra were recorded in air.

Sequentially, the buffer (~2.5 uL) was injected inside the cell to produce a baseline, and the
impedance spectra were recorded again. Different concentrations of Ebola-glycoprotein solutions
(0.001-3.401 mg/L, ~2.5 uL) were then injected, and similar impedance measurements were
consecutively performed for each concentration. Fig. 3.3a shows the Nyquist plot for the sensor in
air, buffer, and Ebola-glycoprotein test solutions with various concentrations. From the plot, it is
apparent that only one semicircle is found in air; however, in the presence of buffer and test
solution, a new semicircle at a high frequency arises (shown in the inset). Fig. 3.3b shows the
equivalent circuit, which is a series combination of two parallel RC networks (R:C: and R2C»),
with a series combination of external resistance (Rs, from external measurement wires and cables).
All the data were fitted to calculate the resistance and capacitance changes in buffer and various
Ebola-glycoprotein solutions using the Levenberg—Marquardt algorithm. Here R:C; and R2C>
represent contact and channel resistance—capacitance, respectively. From the Nyquist plot, it
appears that low-frequency semicircles in buffer and protein solutions are suppressed. The
suppressed semicircle signifies the presence of an imperfect capacitive element in the system and

is generally replaced by the constant-phase element (CPE), which arises as a result of the presence
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of the double-layer capacitor.?®? 20t Therefore, the capacitance (C,) is replaced with CPE during
the fitting. The details of double-layer-capacitance formation and its influence on the sensing
mechanism are discussed later. The experimental (dotted) and fitted (line) curves in buffer and in
0.001 and 3.401 mg/L protein solutions, are shown in Fig. 3.4a—c, respectively. The extracted
parameters for all cases are shown in Table 3.1. It was found that measured channel resistances
(R2) are higher than contact resistances (Ri) and change linearly with increasing protein
concentrations (Fig. 3.3c). The value of external resistance, Rs (from external wires or cables),
remains constant and is not affected by the sensing performance. The calculated values of C; and
C2 in buffer and various protein concentrations are also shown in Fig. 3.3d. C, was derived from
CPE parameters, such as the pre-exponential factor, Q, and exponent, n (see Table 3.1). The unit
of Q is nanoSiemens (nS). A systematic linear increase in C, was found for different protein
concentrations, whereas the change in the C; value was not so significant. The value of n, as
obtained from fitting for all cases, is close to 1, and thus, CPE behaves as a capacitor. Here, the
value of C; is calculated from two different models (Table 3.1). The calculated capacitances (C>)
from both models are shown in Fig. 3.5, which shows that both calculated values exhibit almost
equal orders of magnitude, suggesting the validity of the calculation. It should be noted that
because of the one semicircle in air, it is impossible to separate the relative contribution from the
channel and the contact resistance in air. When the sensor is exposed to an aqueous environment
(e.g., buffer), the sensing environment is switched from a lower-dielectric-constant medium (~1)
to a higher-dielectric medium (~80). This influences the second capacitance (C>), and eventually
the channel resistance (R>) is separately coupled with C». This produces a time constant (z2 = R2C>)
different from the contact resistance—capacitance time constant (r1 = R1C1). Consequently, two

semicircles are found in the aqueous environment.
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Fig. 3.6a shows the phase-angle change versus the frequency plot for all cases discussed above.
The maximum peak of the phase angle (max) in the presence of the aqueous environment and
protein solutions shows two distinct peaks in the low frequency (3.2-5.5 kHz) and the high-
frequency (>100 kHz) ranges. This signifies the presence of two different time constants, as
previously discussed, because of the channel and the contact RC pair, respectively. At a lower
frequency range, the shifting fmax values can also be related to different concentrations. It should
also be noted that the resonance frequency for Omax (inflection frequency, fi') is also systematically
shifted to a higher frequency when the concentration of the Ebola-glycoprotein test solution
increases sequentially (indicated by a upward-slanted solid arrow). Therefore, the resonance-
frequency shift (A fi') at Omax could be used for calibrating the different concentrations. It is also
noted that a satellite resonance peak (fi") at a high frequency due to contact influence can also be
found (indicated by a downward-slanted dotted arrow in Fig. 3.6a). It also shifts to a higher
frequency when glycoprotein is added and seems much more sensitive than the low-frequency one,
but this peak position is not strong enough because of the large influence from the low-frequency-
resonance tail edge and is not considered for calculating sensitivity. Details of this relation of
individual resonance-peak positions from various circuit components and simulations are

discussed later.

To calculate the characteristic frequency (fc), the imaginary part of the impedance (Z") is plotted
against frequency, as shown in Fig. 3.6b. A decrease in fc is observed upon injection of the Ebola-
glycoprotein solution and is also used for relating to the change in concentrations. Additionally,

the channel-resistance change (AR) and channel-capacitance change (AC) are considered for
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correlating different concentrations from Fig. 3.6a,b, which is generally followed for various FET
biosensors.112 144 145, 152, 188, 189 Therefore, the sensitivity values based on these five different
parameters (AR, AC, A#, Af!, and Af;) are compared with various Ebola-glycoprotein
concentrations. Fig. 3.6¢,d shows plots of fmax, fi', and fc versus the concentration. The sensitivity
for each case is evaluated by the following relations. Here, Ro, Co, 6o, fo'-', and fo° are the initial
values of the channel resistance and capacitance, maximum phase angle (fmax), inflection-
resonance frequency in the low-frequency region, and characteristic frequency in the buffer
solution, respectively. Ry, Cp, p, fo', and f,° are the corresponding values in the presence of the
injected Ebola-glycoprotein solution. Calculated sensitivity values from the changes of all these
parameters are compared in Fig. 3.6e. As found from the plot, the sensitivity related to resonance
shifting is higher than the sensitivity based on other calculated parameters. Moreover, the change
in fi' for various Ebola-glycoprotein concentrations provides the highest sensitivity among all of
them. Therefore, changes in fi' are used as an optimized parameter for comparing the selectivity of

the sensors.

Fig. 3.6f,g show the phase angle versus the frequency plot of human IgG and ferritin protein,
respectively. It was found that there was no significant shift of the inflection-resonance frequency
(indicated by a vertical arrow). Fig. 3.6h shows a comparison of the sensitivity shift of fi' for Ebola
glycoprotein, human IgG, and ferritin. This suggests our sensor has also excellent selectivity
because of the very specific interaction between Ebola-glycoprotein and the antibody probe.
Overall, this could be an interesting finding for rGO-based, impedimetric dielectric-gated FET

biosensors, as they are generally limited by lower sensitivity, 4% 154 155, 202-204
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Table 3.1 Calculated parameters from equivalent RC circuit fitting from impedance measurement

data.

Condition R Rz C1 CPE Co(nF)from  Cz(nF) from
(mg/L) (Ohm) (Ohm) (nF) Q(®S) N model 1 model 2

0 455.08 106400 3.934 16.821 0.884 7.359 7.309

0.001 295.28 108500 3.805 15.943 0.895 7.613 7.527

0.007 208.71 109710 3.445 15.842 0.903 8.036 8.057

0.051 167.70 110510 3.431 15.832 0.905 8.150 8.155

0.410 147.07 112130 3.386 16.253 0.908 8.628 8.576

3.401 126.13 113100 3.39 16.389 0.909 8.781 8.853
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Fig. 3.6 (a) Phase angle vs frequency and (b) Z" vs frequency plot for buffer and various Ebola-
glycoprotein concentrations for evaluating inflection (fi') and characteristic (fc) frequencies,
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(f) and characteristic frequency (fc) vs various Ebola-GP concentrations. () Comparison of
sensitivity for all parameters. (f,g) Phase angle vs frequency plot for (f) human IgG and (g) ferritin.

(h) Sensitivity vs concentration plot for the selectivity study for the Ebola-GP sensor.

3.3.5 Sensing mechanism and modeling of the resonance-based-sensing performance

It is known that for dielectric-oxide-gated FET-based sensors, the capacitance of the oxide layer
is influenced by the external gate voltage and modifies the channel conductivity by creating an

opposite charge in the channel through relation Equation 3.1.16!

La=uCy L (V1) V- b 3.1
ds:uoxL[(gs th)dsz] ()

Where, lgs is the drain—source current, and Vgs, Vs, and Vi are the gate voltage, drain-source

voltage, and threshold voltage, respectively. u, Cox, W and L are the linear mobility, gate oxide

70



capacitance, and the width and the length of the transistor channel, respectively. Thus, the
dielectric constant of the oxide layer and its thickness control the effective capacitance of the
passivation layer and influence the current in the channel. It was reported in literature that electric
double-layer capacitance (EDL) can be formed in deposited aluminium oxide and in the graphene
channel.?%2 205 The charge transfer across the rGO—Al,Os interface creates the interface layer (Cs)
which is associated with trap, and diffused positive charges from the channel are further diffused
through the gate oxide layer form diffusion capacitance (Cp). Here, Cs and Cp capacitors are

connected in series, and the gate capacitance (Cox ~ C2) can be expressed as,

C2= Cs.Cp/(Cs+Cp). (3.2)

Fig. 3.7a shows the schematic of the equivalent circuit of the proposed model. Because the signal
is applied at a coplanar configuration with source—drain, the capacitive effect mainly comes from
charge-trapping phenomena at the rGO—AI,Os interface, as discussed before. When the sensor is
exposed to the buffer, the sensing environment is switched to an aqueous environment with a
dielectric constant (~80) much larger than that of air (~1). This influences the gate capacitance of
the sensor under testing and might be the reason for the increased capacitance.?®® This modified
capacitance (C>) is then coupled with gate-voltage-induced modified channel transresistance (Rz)
by forming a different time constant (z2). The contact resistance—capacitance forms a separate time
constant (z1). Because of the presence of two time constants, two separate semicircles in the
Nyquist plot and two separate peaks in the phase angle versus frequency plots are observed for the
buffer solutions. When various Ebola-glycoprotein solutions (diluted in buffer) of different
concentrations are injected systematically, the specific binding of the immobilized antibody probe

and the Ebola antigen creates a localized electrostatic field from the top-gate oxide layer. As found
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from the literature, KZ52 human antibody can interact with Ebola GP through its two subunits
(GP1 and GP2).2%° Using the protein sequence, the calculated isoelectric points of these subunits
from the literature were found to be 6.26 and 5.25, respectively.?’” However, during the
GP—antibody interaction, it is reported that most of the GP surface, buried by KZ52, belongs to
GP2;%therefore, it is presumed that the charge states of other subunits can be an important factor
for creating the field. The estimated isoelectric points of other subunits of Ebola GP can vary from
5 to 12. When compared with the pH of the buffer (~7) it is hard to estimate the overall charge
distribution of the protein; however, because of the presence of many amino acid groups in the
protein structure, a net-positive electric field can appear across the sensor surface as a gating effect
and increases the channel resistance (R2) by inducing the electronic charge in the p-type rGO
channel. Thus, the increased top-gate potential due to this specific antigen—antibody binding
modifies the time constant (z2 = R2Cz) which is faced by the incoming periodic signal when
measured for a higher Ebola-GP concentration, resulting in a relative change in the characteristic
frequency (fc=1/2xnt2). The systematic decrease in contact resistance at metal—rGO is related to the
gated Schottky behavior that is caused by transition from thermionic to field emission (tunneling)
because of the increase in the top-gate field.'®* As the antibody in the probe is not specific to
mismatching proteins (e.g., IgG and ferritin), no specific-binding phenomena occurred. Because
of absence of field, the negligible change for Omax and fi' confirms that the sensors do not experience

interference.

In the phase spectrum, the observed resonance peaks at low- and high-frequency regions signify
characteristic emission frequencies of the surface trap level from channel—oxide- and

channel—source- and drain-access regions. As mentioned before, when the carriers are injected
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through the source—drain, the carriers are trapped across the multiple defect (trap) sites at the
channel—oxide interface and again emitted back to the channel. This trapping and release have
some distribution of time constants that depends on the distance from the channel. Because of ac
voltage perturbation, the mentioned trapping—release time of the carrier is slower as compared
with that of the high-frequency impedance measurement, resulting in a capacitive effect. This may
eventually create the observed phase lag between voltage and current through the interface
capacitive influence. Fig. 3.7b demonstrates typical cases for a channel—oxide trapping mechanism
at different ac frequencies and their effect on modulating the phase shift. Thus, the measured phase
angle is close to zero at a low frequency and systematically increases when the frequency increases
until resonance occurs. At higher frequencies (beyond resonance), it is probably so fast that the
device does not feel any capacitance by minimizing the trapping, and the phase angle starts to
reduce again. For the same reason, the second resonance peak appears because of different
relaxation processes or time constants with the source—drain-contact influence that arises from
trapped charge at the channel—source- or drain-access region.*® This relationship between
resonance frequencies and resistance parameters has been investigated to make a generalized
equation for a resonance-shift mechanism. Fig. 3.8 shows the schematic of the equivalent circuit
model used for the calculation of the inflection-resonance-frequency position for (i) higher and (ii)
lower frequencies, respectively. For the first case, the total impedance and phase angle can be

estimated as

_ R3(1+w?CER%)+R;—jwCiR?

Z 1+w2CER: (3:3)
_ 1 wCyR?
6 = tan [R3(1+w2612R§)+R1] (3.4)
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. de . .
The maximum phase angle (or resonance) occurs when —= 0. Then the inflection-resonance

frequency (w! = 2 f") at ,,,4, for the high-frequency region can be estimated as

wh=— /1+ﬁ (3.5)
R,C, R;

Similarly, by adopting the second circuit schematic of Fig. 3.8 (ii), the resonance frequency (w! =

2nfl) at 0,4, forthe low-frequency region can be estimated as,

wl=— + 2
! RyC) R;+R;3

(3.6)

Here, R1, R2, and Rz are the contact resistance, channel resistance, and external resistance (which
comes from external measurement wires and cables), respectively. To verify the relevance of the
low- and high-frequency-resonance positions with measured circuit parameters, a plot of the phase
angles versus the frequency for inflection-frequency-resonance positions was simulated using the
estimated circuit parameters and equivalent circuit model (Fig. 3.8i,ii). Typical simulated profiles
for inflection-resonance frequencies at low and high frequencies for buffer (0 mg/L) and 0.001
mg/L Ebola GP are shown in Fig. 3.9. The superposition of these two resonance contributions with
the respective peak positions at low and high frequencies follows the same trend as the
experimental resonance-peak position. From the fitting, it is evident that the high-frequency-
resonance position is more sensitive (~36—160%, Fig. 3.10) than the low-frequency-resonance
position (~17—40%). When compared in terms of resistance, both resonance mechanisms showed
much higher sensitivity values than a conventional resistance-based measurement. In Fig. 3.11, a
comparison is shown for a typical 0.001 mg/L Ebola-GP concentration. It is evident that the
response directions for R1 and R2 are opposite to each other. Hence, the total resistance change is

affected by a compensative effect. Whereas for resonance, the contributing circuit elements with
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both high frequency and low frequency are not related by a simple addition but rather in a much

more complex way. The resonance shift equations can be simplified as,

1 1
wlh: 7z T2 (37)
C? R} CIRR,

1_ 1 1
L= + .
@i \/C22 RE  CIRy(R;+R3) (3.8)

From Equation 3.7 for high frequency, both two terms of 1/Cf Rfand 1/C{R,R, increase as Ri

decreases due to GP addition (Fig. 3.12a,b). This results in a very large shift in frequency indicated
in Fig. 3.10. The Equation 3.8 for low frequency part contains competitive circuit elements (R1

decreases and R: increases). The first term (1/ C? R3 ) decreases and second term

[1/(CZR,(R,+R3))] increases (Fig. 3.12c,d). The second term in Equation 3.8 is two orders of
magnitude higher than the first term (Fig. 3.12c,d) and dominantly controls the positive frequency
shift. Due to these reasons, the high frequency shift is more sensitive than low frequency one. So,
it is likely that the high-frequency position is more sensitive than the low-frequency one because
of the absence of the competitive circuit term. However, the low-frequency-resonance-peak
position is so prominent and the high-frequency peak is suppressed in the superimposed spectrum.

Therefore, the low-frequency-resonance peak is easier to be used to estimate the resonance shift.
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Fig. 3.7 (a) Equivalent circuit of the sensing platform. (b) Schematic model for phase-shift relation
with charge capture—release at dielectric—channel interfaces for low, high, and very high

frequencies. (c) Electronic-circuit model of resonance-frequency-based Ebola-GP detection.
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Fig. 3.9 Plot of calculated phase angle at low (fi")- and high (fi")-frequency-resonance (dotted line)
estimated from RC circuit modelling to compare with experimental data (point) for buffer (0 mg/L)
and Ebola-GP (0.001 mg/L). The superposition of these two components are also shown (solid

line).
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Fig. 3.10 The extracted high-frequency-resonance position (fi") from calculated circuit elements.
The dashed line shows the shift in resonance-frequency position during the Ebola-GP addition.

The calculated sensitivity is shown in the inset.
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Fig. 3.11 The comparison of calculated sensitivity from contact resistance (R1), channel resistance
(R2), total resistance change (Rt) With low and high inflection-resonance-frequency (wi' and wi")
shifting for 0.001 mg/L Ebola-GP sensing. The resistance changes of channel and contact are
opposite to each other. This creates a subtractive effect, and thus, decreases the sensitivity from
total resistance. However, for the resonance, the frequency shifts are complex due to the influence

of a variety of circuit elements as found in Equation 3.5 and 3.6.
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Fig. 3.12 The individual contributing terms from resonance-frequency equations (Equation 3.7 and

3.8) are plotted for high frequency (a-b) and low frequency (c-d).

In Table 3.2, comparison of Ebola-sensing performance has been made between the current
resonance technique and various literature reports and commercial products. Considering these
results, a micro-ac-measurement-system could be developed for point-of-care detection using
advanced microcontrollers and high-speed ADCs (Fig. 3.7c). Using a closely spaced frequency
interval, these mechanisms calculate the change in resonance frequency in a confined frequency
range of interest, one that excludes the complex fitting of the entire frequency-measurement
spectra as required for evaluating contact or channel impedance. Also, by tuning the resistance

parameters through varying the fabrication process, it might be possible to separate the prominence
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of the high-frequency-resonance-peak position, which seems more sensitive. Therefore, this could

be an interesting direction for future work for FET-biosensor research.

Table 3.2 Comparison of the current resonance-based Ebola-GP detection with various literature

reports (FET resistance and chromatography based) and commercial product.

Technique Ebola Medium Measurement LOD Sensitivity Ref.
type time
Chromatography ~ Ebola (GP)  Serum 30 min 100 -- 208
(desktop, lab) ng/ml
Chromatography  Ebola (GP)  Serum -- 150 -- 209
(desktop, lab) ng/ml
ReEBOV™ (EBOV) Blood, 15 min 625 -- 210
Antigen Kit VP40 Serum ng/ml
(WHO) antigen
(desktop, lab)
FET (Resistance)  Ebola (GP) PBS, 75-100 s 1 ng/ml 3% 204
(point-of-detect) Serum

170

Interferometric ~ Pseudotyped  Blood,  Several hours 5 x 103
reflectance Ebolavirus  serum pfu/ml
imaging sensor

Opto- Ebola virus De- 10 min 0.2 -- 211
microfluidic ionized pfu/ml
system Water
FET (Resonance) Ebola (GP) PBS 30-40s 1 ng/ml 17% This
(point-of -detect) (low freq. work
resonance)
36%
(High freq.
resonance)
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3.4 Summary and conclusions

Through a specific antigen—antibody biorecognition process, a high-performance, rapid,
electronic-resonance-frequency-modulation-based, dielectric-gated rGO bioelectronic FET
platform was demonstrated for Ebola detection. With good selectivity, the maximum calculated
sensitivity was found for the inflection-resonance frequency from the phase spectrum, as compared
with those from other electronic parameters. A carrier-charge-injection—trapping—release—
relaxation process at channel—oxide and channel—electrode interfaces has been utilized to explain
the phase shift. The measured impedance spectra were modeled through a pair of RC circuits,
adopting the contributions from channel and contact impedance to understand the sensing
mechanism for correlating resonance-shift equations. In this regard, the use of advanced
microcontrollers to measure these values within a specific narrow frequency range in real-time
computation was proposed. It is believed that this resonance-frequency-based strategy with a
dielectric, gated GFET system can not only be used for POC diagnosis of Ebola glycoprotein, but
it can also be a better alternative measurement platform for FET-biosensor and -bioelectronics

research for military surveillance and biosafety issues in healthcare.
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CHAPTER 4 FIELD-EFFECT TRANSISTOR BASED ON PERCOLATION NETWORK
OF REDUCED GRAPHENE OXIDE FOR REAL-TIME PPB-LEVEL DETECTION OF

LEAD IONS IN WATER

4.1 Introduction

Heavy metal (e.g., Pb, Hg, As, Cd and Cu,) ion contaminants have become a major concern for
drinking water safety. Among them, the widespread lead ion (Pb?*) is one of the most hazardous
heavy metals due to its serious damage on human neurological, reproductive, and developmental
systems, especially in children.!® Therefore, it is very important to monitor the lead ion level in
water. The conventional analytical techniques including atomic absorption spectrometry (AAS)
and inductively coupled plasma mass spectrometry (ICP-MS) are relatively costly and time-
consuming, due to the requirements of complicated sample pretreatments, advanced equipment

and professional operators.?*?

Numerous efforts have been made to develop other sensing systems to understand the level of lead
contamination through different detection techniques, including colorimetry,*® 23 fluorescence,?*
surface plasmon resonance,?'® surface-enhanced Raman scattering,?'® electrochemical?'? and field-
effect transistor (FET) methods'® 217, Among these various techniques, FET has attracted great
attention because of its label-free detection, fast response, simple construction, potential
miniaturization, and exemption from additional sophisticated optical or electrochemical
analyzers.*® 19218219 91y graphene-based FETs show impressive sensing performance when used

as a sensing platform because this atomic-thin 2D material is extremely sensitive to local
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environmental perturbations, owing to its large detection area, superior electronic properties and
low intrinsic electrical noises.'#® 220221 Qur group has demonstrated the great potential of using
single-layer or few-layer reduced graphene oxide (rGO) flakes as the sensing channel in an FET
for lead ion monitoring.'** 1% However, to accommodate the relatively small size of GO sheets,
advanced photolithographic procedures involving expensive cleanroom equipment are needed for
the electrode fabrication. He et al. reported the fabrication of long, thin and electrically-conducting
continuous rGO film on various substrates by using a micromolding-in-capillary method, and
demonstrated the sensing ability of the resulting rGO strips.??> 22% It is a low cost and scalable
approach for preparation of rGO channels because the costly photolithography can be avoided for
the electrode construction. Nevertheless, the preparation is still a trial-and-error approach.
Developing a percolation theory analysis will be very helpful to direct the construction of GO

percolation network and even expand the approach to other 2D material continuum connections.

Here we demonstrate an rGO percolation network based FET sensor through the facile
micromolding-in-capillary method. The percolation theory analysis demonstrates that a
percolation threshold of GO concentration for a continuous GO film pattern converges at a
predicted value (~ 0.331 mg/mL for our design). The obtained rGO sensing channel can be
millimeter-long, formed by 1-4 layers of rGO flakes, and exhibits p-type semiconducting
properties with an adequate on/off current ratio for sensing applications. The anchored probe of L-
Glutathione reduced (GSH), which chelates with lead ions, endows the sensor with real-time,

selective recognition of Pb?* at the ppb level in water.
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4.2 Experimental methods
4.2.1 Chemicals

Single layer graphene oxide (GO) water dispersion (5 mg/mL) with a lateral dimension of 0.6 um
and a carbon content ~ 46 wt.% was purchased from ANGSTRON MATERIALS. 3-
aminopropyltrithoxysilane (APTES), L-Glutathione reduced (GSH) and metal chloride or nitrate
salts used to prepare metal ion solutions with ultrapure water (pH ~ 7.0) were all purchased from
Sigma-Aldrich. The inductively-coupled plasma (ICP) analysis was used to quantify the prepared

metal ion solutions with an error less than 5%.

4.2.2 Sensor fabrication

Device Fabrication. As the substrate, the silicon wafer with a 285 nm SiO insulation layer on the
surface was first modified with APTES, in order to obtain a hydrophilic surface and enhance the
adsorption of GO flakes. The continuous rGO thin film patterns were prepared by the
micromolding-in-capillary (MIMC) method??? 224 with the GO suspension, followed by a thermal
reduction process.!®® First, a PDMS (Sylgard 184, Dow company) stamp was prepared with a
negative silicon mask (line patterns with 15 um width and 5 pum height). The prepared PDMS
stamp was cut carefully at both ends to generate an open channel. The cut PDMS stamp was treated
with O2 plasma to obtain a hydrophilic surface before being mounted on the APTES-modified Si
substrate to form a compact contact. Then, a drop of GO aqueous dispersion (1.7 mg/mL) was
dropped at one end of the PDMS channel. After dried up, the PDMS stamp was peeled off carefully,
and the GO pattern was formed on the substrate. After a quick thermal reduction (@ 400 °C for 10

min in Ar), the rGO thin film pattern can be obtained. Silver conducting paint was used to prepare
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the source and drain electrodes at both ends of the rGO film pattern. A subsequent Atomic Layer
Deposition (ALD, Savannah S 100) process was used to deposit 3 nm Al>Osz on the device surface.
Uniformly and densely distributed Au nanoparticles (Au NPs) as the anchors for GSH probes were
sputtered on the Al,Oz by using a RF (60 Hz) Emitech K550x sputtering apparatus equipped with
a pure Au target. Finally, the Au NPs were functionalized with GSH probes through incubation in
a GSH aqueous solution (50 mg/mL) at room temperature for 1 h, and further rinsed with ultrapure
water to remove extra GSH. After drying with a stream of nitrogen gas, the sensor can be used for
heavy metal ion detection. The electrical properties and sensing performance were characterized
by a Keithley 4200 semiconductor characterization system. 3-4 sensors were repeated for the tests,

which showed similar results, to ensure the repeatability.

4.3 Results and discussion

As the sensing channel, the continuous rGO percolation network was achieved by the
micromolding-in-capillary (MIMC) method with a GO aqueous dispersion, followed with quick
thermal reduction. Fig. 4.1 shows a schematic of the sensor fabrication process. Before
micropatterning, the silicon substrate was first modified with 3-aminopropyltrithoxysilane
(APTES) to achieve a hydrophilic, positively charged surface, which can both drive the capillary
behavior and ensure the uniform deposition of negatively charged GO flakes in the channel
region.??? 22 After GO suspension being dropped on the one open end of the mounted PDMS
stamp, GO suspension can fill the channel space between the stamp and the substrate, and a long
continuous GO micropattern along the stamp formed after drying. Without APTES surface
modification, GO flakes tend to accumulate on the two sides of the channel region, due to the

hydrophilic property of PDMS stamp through O. plasma treatment, and thus a uniform GO
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percolation network cannot form (Fig. 4.2). Fig. 4.4a shows the size distribution of the GO flakes
with an average lateral size of ~ 0.6 um. No flakes with a lateral size > 1 um can be found, which
avoids PDMS channel clogging caused by GO aggregations during the micromolding process. The
highly transparent feature of the GO flakes indicates their atomic thickness. The dimensions of the
GO pattern can be adjusted by the PDMS stamp. Based on the GO lateral size (~ 0.6 um), here we
used a stamp with a channel size of 15 um width, 5 um height and 5 mm length to facilitate the
formation of continuous GO patterns.??? First, the percolation threshold of the GO concentration
(C) for a continuous GO film pattern was estimated based on 2D continuum models?® with the
assumptions that 1) the GO dispersion sucked into the channel region by capillarity with a volume
of LxWxH (channel region with length L, width W, and height H) dries on the silicon substrate to
form the GO film. 2) The interactions among GO flakes can be ignored, i.e., random distribution
of GO flakes. Fig. 4.3a shows the schematic of the GO percolation network in the channel region.
Ideally, the number of GO flakes (N) needed to fully cover (i.e., equals to) the channel area in

monolayer:
N=L -W/A. 4.2)

However, in a real 2D continuum connection within the channel region, the GO flakes do not have
to fully cover the entire channel area (Fig. 4.3a) to become electrically conductive. An adjusting

threshold parameter #. (critical filling fraction) can be introduced, and thus,
N=pn-L-W/A, (4.2)

where, the specific value of the threshold parameter 7. depends on the shape of flakes to connect
the channel region, and can be obtained from relevant literatures (e.g., Table 4.1). Because of the

arbitrary shape of GO flakes, the number of GO flakes required for a percolation network is
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N=L-Wziai%, (4.3)

where i, a;, nc,-and S;stand for the shape type of GO flakes, corresponding normalized weight of
GO flakes, threshold parameter and area of individual GO flake in shape i. Thus, the required

concentration (C) is

C=§ZiNiSi =L,V|l;.HL'WZial'T]C,i =§Ziai77c,i , (44)

in which p is the areal density of GO (p is a constant for a specific GO). Equation (4.4) reveals that
the exact value of C requires the approximation of GO shapes (i) and its relative weight (a.,). The
sheet density of GO was evaluated from the graphene molecular structure as shown in Fig. 4.3b.
The C=C distance is about 0.142 nm,?% and the mass of C atom is 1.994 * 102 mg. In each unit
cell, there are two C atoms, and the area of unit cell is calculated to be 5.239 * 101° cm™. Then,

areal density of graphene is

__mass _ 2x1.994x1072%mg
Pc area 5.239x10716 ¢cm?2

7.612 x 107522 (4.5)
cm
The GO used here has a C content ~ 46 wt.%; thus, the areal density of GO (p) is about

_ o _ —amg
p=2% = 1655107422 (4.6)

The coefficient gin Equation (4.4) only depends on the height H of the channel region and is

0.331 Zn_i for a height of 5 um in our experiment. Equation (4.4) further elucidates that the GO
mass concentration for percolation network C is independent of the absolute size of GO flakes but
depends on their shapes; in other words, shape dominates in forming the 2D continuum connection.

To evaluate C, we modeled the GO flakes with regular shapes of disks, squares, ellipses and

rectangles (Table 4.1), and estimated the relative weight («.); finally, a C distribution according to
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the n. can be obtained (Fig. 4.3c). Practically, the shape of GO flakes is irregular with random
distribution. Assuming with equal weight distribution, the required mass concentration of GO (C)
is ~0.28 mg/mL. In our experiment, the aspect ratios (¢) of GO flakes are actually dominant within

1-2 (Figure 4.4a) and n.; approaches 1, so C is approximated as
C=2%iane ~+=0331""2. (4.7)

The percolation analysis above clarifies that for a specific GO, p is known, and the required mass
concentration of GO flakes (C) for a percolation network depends on the height of the channel
region and the shapes of GO flakes. Moreover, despite the irregular shapes and random distribution
of GO flakes, C converges at a narrow range, and even can be determined for a small aspect ratios
(&) of GO. To the best of our knowledge, this is the first example of applying percolation theory

analysis for a continuum network construction with 2D nanomaterials.

= & &I

PDMS stamp Mount stamp & GO dispersiondrying &  Contact pads construction & Au NPs sputtering &
drop GO dispersion thermal annealing Al,O; insulation layer deposition ~ probes modification

Fig. 4.1 Schematic illustration of the water sensor fabrication process using the MIMC method.
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Fig. 4.2 SEM image of GO accumulation on silicon substrate without APTES modification after

stamp patterning.

Table 4.1 Different modeling shapes and their corresponding critical filling fraction .2 227 228

Shape Disks Squares Ellipses Rectangles
D2 g2 S =mab/4 S=lw
Area S=—+- a=length of major axis [=length

4 [= lateral B . . .

D= diamet leneth b=length of minor axis w=width
lameter gt €=a/b e=1l/w

1.08@ ¢ =1.5 0.95@€¢=1.5

0.99@ e =2 0.89@ ¢ =2

Ne 1.13 0.98 0.82@ ¢ =3 0.78@ € =3

0.69@ ¢ =4 0.68@ ¢ =4

0.61@ € =5 0.61@ € =5
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Fig. 4.3 (a) Schematic of the GO percolation network with arbitrary shapes and random
distribution. (b) Molecular structure of graphene. (¢) GO mass concentration (C) for percolation

according to the n.of different shapes.

The concentration of GO suspension affects the thickness of the obtained GO micropattern. Too
diluted GO suspension below percolation threshold (~ 0.331 mg/mL) leads to a non-continuous
network, while too high concentration causes the channel to clog (Fig. 4.5). Finally, a GO aqueous
dispersion with a concentration of 1.7 mg/mL was optimized and used for micropatterning. The
obtained GO pattern by using the MIMC method has a clear profile with an accurate proposed
width of 15 um (Fig. 4.4b). The GO network was constituted by the thin GO flakes connections,
as shown in the inset of Fig. 4.4b. The thickness of the GO micropattern obtained by AFM
measurement is ~ 1-4 nm, revealing 1-4 layers of GO flakes accumulation (Fig. 4.4c). A quick
thermal annealing process was conducted to reduce the GO and improve the electrical contact
among GO flakes. Because of the millimeter length of the rGO pattern, it can be observed clearly
by a regular optical microscope (Fig. 4.6), and the source and drain electrodes can be easily

prepared with silver paste at the two ends of the rGO pattern.
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A thin Al20s3 insulation layer was deposited on the device by ALD to protect its electrical stability
and exclude the charge transfer from analytes to the rGO sensing channel (Fig. 4.1).1% 22° Fig.
4.4d shows the uniform isolated Au NPs in 3-5 nm which were sputtered on the Al,Os layer surface
as the anchors for the GSH probes. These densely deposited ultrafine Au NPs facilitate more GSH
molecules modification through Au-S linkage®® 23, which enhances the sensing performance of

the device.

To investigate the conductance of the device, the drain current (lss) was measured as a function of
the drain voltage (Vgs) ranging from -2 to 2 V. As shown in Fig. 4.4e, the obtained linear lgs — Vas
relationship presents the electrically continuous and dominated ohmic behaviors. This indicates
the good electrical contacts among the accumulated rGO flakes, which is crucial to achieve
comparable electrical properties with single rGO flakes.??? The large resistance in MQ of the
device mainly results from the mm channel length (~ 5 mm) and remaining defects on the rGO
sheets. The FET property of the device was characterized by measuring the drain current (lgs) with
the back-gate bias (applied to the back of the silicon substrate) varying from -40 to +40 V. A
smooth p-type FET curve with a good on/off current ratio ~ 2 was achieved, which is similar to

and comparable with our reported interdigitated single-layer rGO devices.® 22°
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Fig. 4.4 (a) SEM image for the GO flakes size distribution. (b) SEM image of patterned GO
network on the silicon substrate with a high magnification image in the inset. (c) AFM image of
the GO pattern with a line scan thickness profile in the inset. (d) SEM image of the sputtered Au

NPs on the Al>Os. (e) las—Vas characteristics of the sensor. (f) lss—Vgs characteristics of the sensor

for Vgs = 0.3V, Vgs=—40to 40 V.
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Laser microscope

Fig. 4.6. Optical image of rGO thin film pattern on APTES modified silicon substrate.

As-fabricated sensor was applied to detect lead ions in water, in which the conductance of the

sensor device (lgs) was continuously monitored at a fixed Vgs and 0 Vgs, while lead ions with varying
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concentrations were introduced onto the sensor surface. Fig. 4.7a shows the dynamic sensing
performance to Pb?* concentrations. The first drop of H,O (constant volume of 2 pL for each
dropping) was introduced onto the sensor to create a liquid test environment and to obtain a stable
baseline. Our sensor shows no obvious current change to the second drop of H2O, which helps to
get rid of the volume effect in the following sensing response. Once Pb?* solution was injected,
the sensor responded instantly (~ 1-2 s) and stabilized in a decreasing current signal. Because of
the dominated ohmic characteristic of the device (Fig. 4.4e), together with the Al,O3z film
passivation, the Schottky barrier mechanism at the contact region and charge transfer mechanism
between the analyte and rGO sensing channel can be suppressed effectively. Thus, the predominant
electrostatic gating effect on the sensing channel caused by the attracted positive Pb?* nearby
works as the main sensing mechanism.**! 232 This is in good agreement with the decreasing current
signal lgs. In this p-type depletion-mode FET device, the positive electrical field of Pb?* will
repulse the holes away from the gate-insulator/semiconductor interface (Al.03/rGO), decreasing
the charge carrier concentration within the rGO sheets, which results in a reduction of the electrical
conductivity of the rGO network sensing channel. The fast response time within 2 s after adding
the analyte is owing to the rapid metal ion diffusion in solution?*® and the high sensitivity of the
2D rGO sensing channel®“. The sharp change in lgss immediately after analyte injection is caused
by the disturbance of adding liquid.® When the Pb?* solutions were injected in sequence, our
sensor shows a stable, step-like current decrease corresponding to the increases of Pb?*
concentrations, as shown in Fig. 4.7a. The Pb?* concentrations as indicated in Fig. 4.7a are
calculated by taking the initial two drops of H.O into consideration to obtain the actual
concentrations. The response% (Algs/las) shows a linear relationship with the Pb?* concentrations

(Fig. 4.7b). The limit of detection (LOD) calculated by using the 36/S approach (o is the standard
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deviation of device background signals, and S is the device sensitivity)?*! can reach 1 ppb. Since
the maximum contaminant level (MCL) of lead for drinking water is 15 ppb according to the US
Environmental Protection Agency, our sensor can work well around and well below this critical

value.

Besides sensitivity, selectivity is another very important criterion of sensors. Several common
metal ions in water were chosen to characterize the selectivity of our sensor. In the same molar
concentration of 100 nM, the sensor shows much higher response to lead ions compared with other
interfering ions, demonstrating its good selectivity (Fig. 4.7c). This can be attributed to the strong
affinity of Pb?" to GSH molecules. GSH has two free -COOH molecular arms, which can

coordinate with Pb?+,45 198,235
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Fig. 4.7 (a) Dynamic response of the rGO FET sensor upon introduction of Pb?* with varying
concentrations. (b) Response% vs. Pb?* concentration for calibration of the sensor. (c) Response%
of the sensor to different metal ions in the same concentrations of 100 nM, corresponding to 20.7,

2.3,2.43, 6.54 and 6.35 ppb for Pb, Na, Mg, Zn and Cu ions respectively.
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4.4 Summary and conclusions

In this study, millimeter-long, ultrathin (1-4 nm), continuous rGO percolation micropatterns are
prepared by using a facile, scalable micromolding-in-capillary (MIMC) method. APTES substrate
modification and adequate concentration of GO dispersion are critical for quality micropattern
construction. Percolation theory analysis indicates that the GO shape dominates in forming the
continuum connection, and the required GO mass concentration for percolation can be estimated
in spite of their arbitrary shapes. This model analysis can be expanded to construct other 2D
nanomaterial percolation networks. The rGO micropattern exhibits a dominating ohmic behavior
and p-type semiconducting properties with a good on/off current ratio, which is comparable with
single-layer rGO devices. When the rGO micropattern was integrated into a water sensor modified
with GSH probes, it shows good sensitivity (LOD ~ 1 ppb) and selectivity to Pb?". A linear
relationship between the response% and the Pb?* concentration can be achieved around the
maximum contaminant level (MCL) of lead for drinking water (15 ppb, US EPA), which suggests

the device is promising for the drinking water quality monitoring.
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CHAPTER 5 FULLY INKJET-PRINTED, 2D MATERIALS-BASED FIELD-EFFECT

TRANSISTOR FOR WATER SENSING (in collaboration with Northwestern University)

5.1 Introduction

2D nanomaterials attract intensive research interests in sensing applications. Their excellent
electrical properties, e.g., record high conductivity of graphene and impressive semiconductor
performance of transition metal dichalcogenides (TMDs), maximum sensing surface area, and
mechanical robustness enable nanosensor devices with unprecedent sensitivity, robustness, and
fast response. 2D material-based field-effect transistor (FET) sensors exhibit outstanding
capabilities in chemical, biological, mechanical, and optical sensing.''® 26 They have advantages
in high sensitivity, simple structure, and potential for miniaturization. However, the device cost is
relatively high and large-scale fabrication is still challenging due to the difficulty in accurate
nanomaterial manipulation: photolithography process is usually required to pattern electrodes onto
a single 2D sheet to construct the transistor device, where the ultrathin 2D flake channel are either
mechanically exfoliated or grown from chemical vapor deposition (CVD).%*” Solution-processing
of 2D nanosheets for printable dispersions provides an alternative for low-cost, high-throughput,

and reproducible device fabrication.

Recently, electrochemical exfoliation of MoS; through quaternary ammonium molecules
intercalation has been demonstrated to produce uniform, phase-pure, semiconducting 2H-MoS; at
a high production volume. The fabricated thin-film transistors (TFTs) through spin-coated MoS;

thin-film with lithographical patterning delivered a mobility of 10 cm? V"t s and a current on/off
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ratio of 10°.2%® However, printed TMD (e.g., MoS;) TFTs usually show deteriorative charge
mobility and very low on/off ratio, or can work well only under electrolytic gating conditions.?"
239 This is mainly due to the limited gate modulation depth and difficulties to achieve ultrathin
percolating networks with 2D flakes using printing techniques, such as inkjet printing, where
undesired coffee-ring effect (CRE) leads to nonuniform material deposition. For example, Kim et
al.?* reported the serious on/off ratio degeneration of inkjet-printed MoS; TFTs compared with
spin-coated ones. Researchers have adjusted the device geometry with a narrow channel length
(no larger than several micrometers) close to the single-flake size to facilitate a printed flake thin
film, addressing the possible film nonuniformity in a larger scale.?®” 24 However, this fabrication
resolution is beyond the current capabilities of jet printing techniques including inkjet and aerosol

jet printing, and undoubtedly impedes large-scale fully-printed FET device fabrication and their

further practical applications.

Here, using the inkjet printing technique, robust MoS; semiconducting channels have been
prepared with hundreds of micrometers long and a current on/off ratio up to the order of 10° for
tested Vg ranging from -38 V to 38 V. The long channels are compatible with the inkjet printing
capability for a fully printed FET device. A fully functioning water sensor has been fabricated
based on the printed MoS> channel and graphene electrodes, and heavy metal ion sensing in water

has been successfully demonstrated.
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5.2 Experimental methods
5.2.1 Chemicals

Printable MoS; and graphene inks were prepared by Dr. Mark Hersam’s group at Northwestern
University. For the MoS> ink, a synthetic single crystal (2D Semiconductors, USA) was first
electrochemically intercalated by tetraheptylammonium bromide (THAB) in acetonitrile and
stabilized by polyvinylpyrrolidone (PVP; MW: 29 kDa) in isopropyl alcohol (IPA) following a
protocol similar to the reported process.?® Finally, to remove unexfoliated products, the dispersion
was centrifuged in a Beckman Coulter JS-7.5 rotor at 7,500 rpm for 5 minutes. The supernatant
was retained as a viable MoS: dispersion. To formulate an inkjet-printable ink, the MoS2/IPA
dispersion was first filtered through a 1 um glass fiber syringe filter. The rheology of the ink was
adjusted by adding 2-butanol to a final IPA : 2-butanol volume ratio of 9:1; this solvent system
has been demonstrated by Hu et al.?*? to be robust for inkjet printing. The graphene ink was
prepared as previously reported.?*® Metal chloride or nitrate salts used to prepare metal ion

solutions with deionized (DI) water are all purchased from Sigma-Aldrich.

5.2.2 Sensor device fabrication by inkjet printing

The MoS2-IPA/2-butanol ink was used to print an MoS> percolating network as the
semiconducting channel, and graphene ink was used for printing conductive electrodes onto SiO>
(300 nm)/Si wafers or polyimide substrates (#300NH from DuPont). The substrates were pre-
cleaned by acetone, IPA and DI water with sonication for 10 min, respectively, prior to material
deposition. Fujifilm Dimatix, DMP 2850 inkjet printer equipped with a 10 pL cartridge (Fujifilm

Dimatix, DMC-11610) having a nozzle diameter of 21um was used for the printing process. A
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typical working distance between the nozzle and substrate is 1 mm. Drop spacing was optimized
to be 40 um for MoS: flake deposition and 30 um for graphene flake deposition onto the substrates
which are heated up to 50 °C. To fabricate an FET water sensor, the MoS; line channel was first
printed followed by 4 layers of graphene electrode deposition. The MoS; channel length was
confined to be 400 um by the source and drain electrodes. The resulting devices were annealed at
350 °C for 1 h in Ar gas to remove residual additives in the inks and improve the junction contacts
of the entire devices. The graphene extended gate as a sensing area was then functionalized with
1-pyrenebutyric acid through N,N-Dimethylmethanamidesolution (DMF) solution (100 mM)
incubation at room temperature for 1 h to obtain the fully functioning inkjet-printed water sensor,
which can be used for heavy metal ion detection. The electrical properties and sensing performance
of the resulting water sensors were characterized by a Keithley 4200A-SCS semiconductor
characterization system. A narrow top Vg window within £0.5V was applied to avoid electrolysis

during the sensing test.

5.3 Results and discussion

Compared with lithium intercalation and exfoliation which induces an undesired phase transition
from semiconducting 2H phase to the metallic 1T phase due to massive electron injection into
MoS; crystal,?* quaternary ammonium molecules (i.e., THAB) exfoliation process provides a
phase-pure, semiconducting 2H-MoS; nanosheet production in large scale.?®® The ink formulation
is pivotal for inkjet printing. There are several important considerations: 1) The ink suspension
should be stable without delamination during the printing period, which is necessary for a stable
printing; 2) The size of suspended solid materials should be tailored within a certain size range

(e.g., smaller than 1/20 of the nozzle diameter based on this study) to avoid nozzle clogging; 3)
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Certain rheological properties of the ink are required to ensure stable droplet jetting under each
electrical drive pulse, which is generally evaluated by the inverse Ohnesorge numbers Z =
\/W/n, depending on the ink viscosity (#), surface tension (y), and density (p), and the printer
cartridge nozzle diameter (a). A Z value is expected to in the range of 1-14 for printable inks;?* 4)
A good substrate wetting of the inks, which requires the ink surface tension to be 7-10 mNm*
lower than the substrate surface energy;2*? 5) Suitable fluidic properties to minimize the CRE for
a uniform material deposition. To satisfy the considerations of 1) and 2), PVVP-stabilized MoS; was
processed and filtrated to ensure its stabilization and compatible size with the printer nozzle size
(details in Experimental methods). To meet criteria 3), 4) and 5), the obtained PVP-stabilized MoS;
nanosheets were formulated into printable ink using reported IPA/2-butanol (10 volume %) solvent
system, which has a Z value of 10, and a low surface tension of ~28 mNm™, compared to that of
the Si/SiO, ~36 mNm1.242 More importantly, the observed Marangoni-enhanced spreading in this
formulation unpins the contact line and deforms the droplet shape to efficiently suppress the CRE,

supporting uniform deposition of 2D crystals.

Inside the ink, the MoS, nanosheets with a lateral size within 2 um have a narrow thickness
distribution, peaking at ~2 nm (3 layers), although some tiny sheets (around hundreds of nm) with
7 nm thickness can be detected (Fig. 5.1a,b). The narrow thickness distribution minimizes the
variation in the energy bandgap of MoS; nanosheets, benefiting device performance.?*® Raman
peaks of E',gand Aig at 384.9 cm™ and 405.7 cm™ indicate the few-layer features of exfoliated

MoS; nanosheets (Fig. 5.1¢),%*" in agreement with the AFM results.
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Fig. 5.1 a) SEM, b) AFM profile and ¢) Raman spectrum of THAB exfoliated MoS; nanosheets.

The diameter of individual dots deposited onto the pre-cleaned silicon wafer (with 300 nm SiO-
on the top as the dielectric layer) using a 10 pL cartridge is about 55 pum, and a drop spacing of 40
pMm was optimized to print MoS; lines, showing uniform edges (Fig. 5.2a,d). Channel patterns
containing 5 parallel lines were first printed for electrical characterization. A percolating network
can form starting with 2 printing passes (i.e., 2 layers of ink deposition) but without stable transfer
curve outputs due to the very high resistance on the order of 10%° Q; while a mild on/off ratio < 2
(back-gate Vg from -38 V to 38 V) was achieved with 4 printing passes. The current on/off ratio is
much lower than that of the single MoS; nanosheet (as high as 1 x 108)% which could be attributed
to the rapid film thickness increase during multi-line printing (i.e., overlapping deposition: the

darker regions in Fig. 5.2a). Different annealing temperatures were applied for the thermal
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treatment on the printed MoS> channels, suggesting that 350 °C could improve the current on/off
ratio compared with lower temperatures (Fig. 5.2b). A higher annealing temperature helps reduce
the unintentional impurity doping such as carbon from the residual PVP stabilization agent, which
lowers the electron concentration and shifts the threshold voltage to positive direction.?® This also

coincides with the thermal decomposition of PVP starting at ~350 °C.?4

In order to obtain percolating networks as thin as possible, single lines with various printing passes
were then investigated. The AFM image on the edge of the single-pass printing pattern in the inset
of Fig. 5.2c clearly indicates that the CRE as a major challenge in inkjet printing still could not be
removed completely; therefore, a percolating nanosheet network will form on the edge of printed
lines first instead of in the center. The edge thickness increases very rapidly with the printing
passes, starting from ~3.8 nm for 1 printing pass to ~12 nm for 8 printing passes as shown in Fig.
5.2c. Percolating networks can be prepared from 4 printing passes with an edge thickness ~7 nm,
which increases to ~10 nm for 6 printing passes (Fig. 5.2 d,e). As expected, the current on/off ratio
decreases with the increase of printing passes, i.e., the percolating network thickness, from initial
~10 for 4 printing passes to ~2 for 8 printing passes (Fig. 5.2 f), because the thicker film favors a
higher off current. However, thinner channels with higher on/off ratios have a larger variation,
which can be understood that it approaches the percolation threshold but the network is not fully
developed. The semiconducting channel printed by 6 printing passes with an on/off ratio around 6
is chosen for further FET water sensor fabrication, as a trade-off between semiconducting
performance, i.e., on/off ratio, and device uniformity. A typical transfer curve of 6 passes printed
channel is shown in Fig. 5.2g, exhibiting obvious n-type semiconducting output. It is also

interesting to observe a much higher on/off ratio on the order of 10% when a larger working distance
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between the nozzle and the substrate was used, which can amplify the effect of possible trajectory
shifting of jetted ink droplets during multi-pass printing, i.e., a slight pattern line drifting,
benefitting a thinner material deposition (Fig. 5.2h). This verifies the importance of a thin network
for an adequate on/off ratio, and also implies the potential for a higher on/off ratio value if the ink
and the printing conditions could be optimized further. To the best of our knowledge, this is so far

the highest current on/off ratio value achieved by jet printing of MoS; nanosheets.
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Fig. 5.2 a) SEM image of inkjet printed single-layer MoS: patterns containing 5 parallel lines with
an optimized drop spacing of 40 um. b) Current on/off ratio as a function of annealing temperature.
c) Edge thickness vs. printing passes with AFM images of 1 printing pass and 8 printing passes in
the inset. d) SEM image and e) AFM profile of printed MoS; single line pattern with 6 printing
passes. f) Current on/off ratio of MoS: single line vs. printing passes. g) A typical transfer curve
of MoS; single line pattern with 6 printing passes. h) Two transfer curves of MoS; single line

pattern with 6 printing passes with slight patterning shift.
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Upon the printed MoS; semiconducting channel, source/drain electrodes and an extended sensing
area were further printed using graphene inks. After thermal annealing at 350 °C, a fully inkjet-
printed FET-based water sensor device can be fabricated (Fig. 5.3a), which could be flexible when
printed onto polymer substrates (Fig. 5.3b). The dimensions and good printing quality of the device
are exhibited in Fig. 5.3c-e. The MoS; channel bridging the source/drain electrodes are designed
to be 400 um (Fig. 5.3c) to accommodate the printing resolution and possible graphene ink
diffusion along the MoS. channel during electrode printing (Fig. 5.3d). A graphene sensing area
was connected and extended several millimeters away from the MoS; channel to avoid the
interference of the analyte onto the circuit during sensing tests. In Fig. 5.3f, the distance of two
characteristic Raman peaks of the printed MoS. channel becomes larger compared with exfoliated
single flakes, indicating their stacking together to form a percolation network, while the 2D, G and
D bands from printed graphene electrodes present a multi-layer feature.?® In combination with
graphene electrodes, the semiconducting property of MoS; channel is maintained as shown in Fig.
5.3g, and the linear I-V curve shown in the inset demonstrates the good electrical contact between

the MoS; channel and the graphene electrodes.

107



f G
E), n
3 /
s g
I
2 i
[72] I
S d
£ H
- o
!
1 D
%0 30 40 40 40 TE0 200 2500 ""J0 %0 20 A0 5 1o 20 30 40
aman shift (cm™) Vg (V)

Fig. 5.3 a) Fully inkjet-printed sensor devices on Si wafer and b) polymer substrate. c-e) Optical
images, f) Raman spectra of MoS: (left with dotted one from single flakes) and graphene (right),

and g) transfer curve, with I-V curve in the inset, of the sensor device on Si wafer.
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As a proof-of concept for device application, the extended graphene sensing area of the fabricated
FET device was functionalized with 1-pyrenebutyric acid through - interaction for lead ion
detection using aqueous solution-gated setting up (Fig. 5.4a). As shown in Fig. 5.4b, much more
efficient top-gate modulation upon the FET device is observed compared with the bottom-gate
modulation (i.e., bottom gate from the silicon wafer), showing an interesting inverse “p-type”
transfer curve output. This implies that the printed MoS> channel could achieve a much higher on-
off ratio if more efficient gate modulation is applied, such as using Si wafers with a thinner SiO-
layer as substrates even for the bottom-gate measurement. The inverse output is likely due to the
direct contact of the graphene sensing area with the MoS. channel as shown in Fig. 5.4a. When a
negative Vg was applied through the analyte, the induced positive charges on the graphene surface
are provided by the MoS; channel, leaving more unpaired electrons, which increase the channel

conductance for a higher current output.

The sensor device was exposed to different Pb ion concentrations, and a top Vg scan was applied
on the sensor device until a stable transfer curve output was obtained as the sensing signal to
individual Pb?* concentrations (within few minutes). The sensor shows a response starting from
10 nM (i.e., ~2 ppb) of Pb?*, and gets saturated around 1 uM (i.e., ~200 ppb, Fig. 5.4¢,d). Common
cations present in water including Ca?*, Mg?" and Na* have been used to evaluate the selectivity
of the water sensor; no obvious sensing response could be measured for these interfering cations,
and a test result upon Ca?* exposure is shown in Fig. 5.4e as an example. It is believed that the
functionalized -COOH of 1-pyrenebutyric acid on the sensing area could coordinate with Pb?* at
the interface between the analyte and the graphene sensing area,* 2*° inducing a positive gate

voltage, which decreased the Iq4s according to Fig. 5.4b (top Vg configuration).
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Fig. 5.4 a) Schematic of sensing test and circuit model. b) Transfer curves of the same device

upon top/bottom Vg. ¢) Water sensor responses to Pb?* in water and d) calculated sensitivity

according to the lgs at Vg = -0.15 V (top gate). ) Sensing response to Ca?* in water.

5.4 Summary and conclusions

Using the inkjet printing technique, robust MoS, semiconducting channels exhibiting a current

on/off ratio up to the order of 10° (V4 from -38 V to 38 V) have been prepared. The coffee-ring

effect was minimized but it is believed to be the major barrier for further improvement. The MoS;

channel can be hundreds of micrometers long, which is compatible with the inkjet printing

resolution and facilitates a fully printed FET device. As a proof-of-concept for device application,

a fully functioning FET water sensor with an extended sensing area has been fabricated based on
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the printed MoS; sensing channel and graphene electrodes. After 1-pyrenebutyric acid
functionalization, the water senor showed selective response to Pb?* in water. This work has the
potential to promote nanomanufacturing and application of 2D material-based sensors and other

electronic devices.
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CHAPTER 6 METAL-ORGANIC PRECURSOR-DERIVED TIN DIOXIDE/TIN-
REDUCED GRAPHENE OXIDE SANDWICHED NANOCOMPOSITE ANODE WITH

SUPERIOR LITHIUM STORAGE CAPACITY

6.1 Introduction

Commercial graphite anodes have a limited capacity (372 mAh g1)!?2 and thus there is a great
need to explore alternative anode materials for lithium-ion batteries (L1Bs) with high capacity and
long life cycles to meet the requirements for electric vehicles and renewable energy storage. SnO>
has been explored extensively as a promising anode candidate for LIBs because of its abundance,
moderate lithiation potential, and high specific capacity.?>*?>? The electrochemical interaction

between SnO; and Li could involve both conversion and alloying reactions:
SnO; + 4Li" + 4e” <> Sn + 2Li20 (6.1)
Sn + XLi* + xe” <> LixSn (0<x<4.4) (6.2)

The conversion reaction (Reaction 6.1) is believed to be irreversible for bulk Sn02,%%% 2% put it
could also become partially reversible for nano-sized Sn02.5% 25 2 |n contrast, the alloying
process (Reaction 6.2) is well known to be highly reversible, exhibiting a theoretical capacity of
780 mAh g*,2% which is two times greater than that of graphite (372 mAh g). When considering
the completely reversible Reaction 6.1, the theoretical capacity can reach 1,494 mAh g*;?%
however, the serious pulverization of the SnO»-based anodes caused by the huge volume change
(>300%) and the quick aggregation of tin particles during the lithium ion insertion and extraction

result in rapid capacity fading.?>* 2"2% Reducing the material size down to the nanoscale and
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constructing SnO.-carbon composites have proven to be very effective in overcoming these

challenges.50: 258, 260-265

As a good candidate for carbon matrix, highly flexible 2D graphene [referred to as reduced
graphene oxide (rGO) in most reports] not only can work as a superior conductive platform for
storing and transporting lithium ions and electrons, but also can effectively accommodate the large
volume change of Sn-based anodes to improve capacity retention.?%8 261 266270 \/arjious SnO,-
graphene structures, such as SnO-graphene mixture,®® graphene-bonded SnQ,28% 271 272
graphene-confined Sn0,,2%% 273 and graphene-enwrapped SnO2,%%% 24 have been prepared and
demonstrated improved lithium storage capacity. However, there are several potential issues: In
some SnO,-graphene composites, the active SnO; particles are just simply decorated on the surface
of graphene and in direct contact with the electrolyte, resulting in side reactions and unstable
interface between SnO> and the electrolyte; meanwhile, the SnO2 nanostructures tend to fall off
from the graphene due to the huge volume change during the cycling processes, thereby leading
to a limited cycling performance.?®® 2’2 In some other cases, additional materials coating like
carbon coating is needed to improve the cycling stability.?”>2"® Compared with structures in which
SnO; just anchors on the surface of graphene, graphene-confined SnO2 composites stand out for
the remarkable capacity retention, owning to the additional robust graphene protection around
SnO,. For example, Prabakar et al. elaborated on an SnO2/rGO-layered composite from alternating
stacks of amine-functionalized GO and Sn?*-anchored GO, which retained a capacity of 872 mAh
g after 200 cycles at a current density of 100 mA g*.2° However, reports on this kind of
structures are very limited, likely due to the difficulty of synthesis and challenges in structural

control. Extra surface modifications are always needed to enhance the adhesion between SnO- and
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graphene?®®? 274279 or among graphene layers?®® for component integration. Therefore, it is still

challenging to construct such a robust graphene-confined SnO, composite with a simple method.

Here we demonstrate a facile metal-organic precursor coating on GO and in-situ transformation
strategy to synthesize a well-ordered and densely packed SnO./Sn-reduced graphene oxide
nanocomposite (denoted SnO2/Sn-rGO), in which ultra-small SnO2 nanoparticles (~ 5 nm) are
uniformly anchored on the graphene sheets and perfectly confined by this self-assembled layer
structure. The ultra-fine SnO; particles shorten the ion diffusion length, reduce the lattice strain,
and enhance the reversibility of the conversion reaction (Reaction 6.1). The rGO sheets organize
SnO; particles into a well-organized and much more stable layered structure, enhance the electrical
conductivity, and buffer the SnO., volume expansion. In addition, the enhanced electrical
conductivity of trace N doped SnO- and additional protective carbonaceous material around SnO3,
derived from this unique metal-organic precursor simultaneously, may further improve the
electrochemical performance. Thus, the as-prepared SnO2/Sn-rGO composite exhibits a high

reversible capacity and excellent capacity retention.

6.2 Experimental methods
6.2.1 Material synthesis

Graphene oxide (GO) was synthesized from natural graphite flakes using the modified Hummers’
method.?®> 281 In a typical procedure, 26.7 mg GO powder was dispersed into a deionized
water/methanol mixture (2 mL/ 20 mL) under ultrasound for 0.5 h. Then, 226 mg (1 mmol)

SnCl,-2H>0 (reagent grade, Alfa Aesar) was added to the suspension and ultra-sonicated for
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additional 1 h to obtain a homogenous suspension. After stirring for 5 h, followed by 0.5 h of
ultrasound, 30 ml of methanol solution with 656.8 mg (8 mmol) 2-methylimidazole (Hmim) was
added into the suspension under ultrasound for an additional 0.75 h. The resulting self-assembled
black composite was collected by centrifugation, washed with methanol three times, and then dried
overnight under vacuum at 60 °C. The obtained black precursor was then ground and annealed in
a tubular furnace at 650 °C for 2 h under an Ar atmosphere with a heating rate of 2 °C min™ to
obtain the final product of a layered SnO/Sn-reduced GO nanocomposite (SnO2/Sn-rGO). For
comparison, Sn0O2/Sn-C, Sn02/Sn-rGO_1, and SnO2/Sn-rGO_2 were synthesized by adjusting the

initial GO amount to 0, 8.9, and 17.8 mg, respectively, using the same process.

6.2.2 Material characterization

The as-prepared samples were characterized using powder X-ray diffraction (XRD) on a Bruker
D8 Discover X-ray diffractometer with Cu Ka radiation. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDX) were performed by a Hitachi S-4800 equipped
with a Bruker EDS detector. Transmission electron microscopy (TEM) was performed on a Hitachi
H-9000-NAR at an acceleration voltage of 300 kV. Raman spectroscopy was carried out by using
an XploRA PLUS Raman microscope with a 532-nm laser source. X-ray photoelectron
spectroscopy (XPS) data were collected by a PerkinElmer PHI 5440 ESCA System equipped with
an Mg anode. Nitrogen adsorption-desorption isotherms and the Brunauer-Emmett-Teller (BET)
surface area were measured by a Micromeritics ASAP 2020, and the pore size was calculated from

the Barrett-Joyner-Halenda (BJH) adsorption branch. Thermogravimetric analysis of the sample
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was conducted with a SHIMADZU DTG-60 AH instrument under air flow (100 mL min™) at a

heating rate of 10 °C min from room temperature to 900 °C.

6.2.3 Coin cell assembly

The charge/discharge performance was characterized by using 2030-type coin cells assembled in
an argon-filled glove box with oxygen and moisture contents below 1 ppm. Electrodes were
prepared by mixing the as-prepared SnO2/Sn-rGO composite as the active material, carboxymethyl
cellulose as a binder, and carbon black as a conductor, with a weight ratio of 80:10:10 to form a
slurry. The resulting slurries were coated on a Cu foil (12-um in thickness) current collector using
the doctor blade method. After drying and pressing, the Cu foil was cut into disks (1.26 cm in
diameter), with typical electrode material loadings of ca. 1.5 mg cm. Then, 1 M LiPF dissolved
in ethylene carbonate/ethyl methyl carbonate (40:60, v/v) was employed as an electrolyte, with 5

wt.% fluoroethylene carbonate and 1 wt.% vinylene carbonate as additives.

6.2.4 Electrochemistry measurements

The coin cells were tested on a LAND battery tester with a cutoff voltage range between 0.01 and
2.5 V. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
measured on a PARSTAT 4000 electrochemical station using a three-electrode cell, with the
Sn0,/Sn-rGO composite electrode as a working electrode, a lithium disk as a counter electrode,
and a lithium ring as a reference electrode. CV was carried out at a scanning rate of 0.05 mV s,

while EIS was tested between 10,000-0.1 Hz with an amplitude of 10 mV.
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6.3 Results and discussion

Fig. 6.1 illustrates the synthesis of the SnO2/Sn-rGO composite. Graphene oxide (GO) powders
were dispersed into an H.O/methanol mixture under ultrasound, followed by the addition of SnCly,
which formed a homogenous dispersion. A further incubation process under stirring facilitated the
interaction between the tin cations and GO. Afterwards, a methanol solution of 2-methylimidazole
(Hmim) was added to the dispersion under ultrasound. The resulting self-assembled black
composite was annealed to obtain a layered SnO2/Sn-reduced GO sandwich nanocomposite

(SnO2/Sn-rGO).
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Fig. 6.1 Schematic illustration of the preparation of the SnO2/Sn-rGO nanocomposite using a

metal-organic precursor coating and in-situ transformation strategy.

Both the morphological structures of the self-assembled metal-organic precursor/GO composite
and the final obtained SnO,/Sn-rGO structure after pyrolysis were characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM), as shown in Fig. 6.2.
In the GO impregnation process with Sn?*, Sn?* could be adsorbed on the negatively charged GO

surface through the electrostatic interaction. Then, organic ligand Hmim was added, and because
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of its coordination with Sn?*,%8? a layer of metal-organic cluster from interparticle agglomeration
assembled on the both sides of GO sheet, making the surface rough (Fig. 6.2a). The side view of
this metal-organic precursor/GO, shown in Fig. 6.2b, illustrates the dense layer-by-layer stacks,
which have an individual layer thickness of ~ 15 nm. This alignment phenomenon can be explained
by the intrinsic affinity among these immature metal-organic surfaces upon departing from
sonication. After pyrolysis, the metal-organic compound decomposed and had formed in-situ ultra-
fine SnO> nanoparticles that anchored on and were sandwiched within these thermal-reduced GO

sheets, which were stacked tightly through n-m interactions,?®®

as shown in Fig. 6.2c,d, Fig. 6.3,
and Fig. 6.4 (lower magnification). The SnO2 nanoparticles with a size of ~ 5 nm dispersed very
uniformly on the rGO sheets without agglomeration, which was confirmed by TEM images (Fig.
6.2e,f). The corresponding selected area electron diffraction (SAED) pattern (inset of Fig. 6.2e)
proves the presence of tetragonal rutile-like SnO2 (JCPDS No. 41-1445), consistent with the X-
ray diffraction (XRD) analysis (Fig. 6.7a). In the high-resolution TEM (HRTEM), lattice fringes
of 0.335 and 0.261 nm were assigned to the interplanar distance of (110) and (101) planes in
tetragonal SnO; (Fig. 6.2f), respectively. Because of the dense SnO, nanoparticles loading and
stacking feature of SnO2/Sn-rGO, it is difficult to observe rGO directly here, which can be easily
captured on samples with lower SnO> loading (Fig. 6.5). The homogeneity of this self-assembled

nanocomposite is also demonstrated by the uniform distribution of elements in the energy-

dispersive X-ray spectroscopy (EDX) (Fig. 6.4).

For comparison, composites with lower GO contents and pristine metal-organic precursor without
GO were also synthesized. As shown in Fig. 6.6a-c, after pyrolysis, the metal-organic precursor

itself can be transformed into aggregates of SnO2 nanoparticles within 5 ~ 15 nm. With a lower
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GO content, thicker metal-organic layers formed on the GO surface in the metal-organic
precursor/GO stage, finally, thicker composite layer after pyrolysis, and SnO2 aggregation can be
observed (Fig. 6.6d-i). This highlights the pivotal role of an adequate amount of GO platforms in

achieving a smaller SnO, and homogenous nanocomposite.

Fig. 6.2 a, b) SEM images of the metal-organic precursor/GO composites (arrow indicates the
surface); ¢, d) SEM images; e) TEM (SAED pattern in the inset); and f) HRTEM images of

Sn0O2/Sn-rGO nanocomposites.
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Fig. 6.3 a, b) SEM images of the SnO2/Sn-rGO composite.

Fig. 6.4 EDX images of the SnO2/Sn-rGO composite.
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Fig. 6.6 a, d, g) SEM images of metal-organic precursor, metal-organic precursor/GO_1, and
metal-organic precursor/GO_2 respectively; b & ¢, e & f, h & 1) corresponding SEM images of

Sn0,/Sn-C, SnO2/Sn-rGO_1, and SnO,/Sn-rGO_2 after pyrolysis, respectively.
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In the XRD pattern of SnO./Sn-rGO (Fig. 6.7a), the major broadened diffraction peaks of SnO>
indicate their small crystallite sizes, and much weaker Sn diffraction peaks (JCPDS No. 04-0673)
also can be found, suggesting the existence of Sn with a low content. Using Relative Intensity
Ratio (RIR)-based semi-quantitative phase analysis, the calculated weight fractions of SnO; and

Sn are 87 and 13 wt.%, respectively.

The Raman spectrum shown in Fig. 6.7b confirms the SnO. and rGO components. The low
intensity of the SnO> signal could be attributed to the small size of the SnO> and graphene/carbon
coverage.?® Besides the distinct Raman-active A:g and Bog modes of SnO,, with peaks at 609 and
731 cm?, respectively, an inactive Az mode around 515 cm™ in the rutile structure appears due to
the small particle size (~ 5 nm), lattice distortion, and modification of bond length.>® 283 284 As the
precursor to SnO2 nanoparticles, tin is homogenously distributed in an N-rich metal-organic cluster
(metal-organic precursor/GO), and thus it is possible that some N may substitute O under O/Sn-
rich growth conditions due to its ion size, electronegativity, and energy-matching to distort the
lattice of Sn0,.28% 285 The two broad peaks at 1,323 and 1,577 cm™ are the typical D-band and G-
band of rGO, respectively. As-prepared SnO2/Sn-rGO has SnO> as a major phase of the Sn element.
The large amount of oxygen element can be introduced via the strong affinity of Sn?* with water
(OH) to form Sn(OH), 28528 jn the Sn?* and GO solution incubation process, and with the oxygen-
containing groups on the GO. This is supported by the high oxygen content (~ 30 wt.%) in the
metal-organic precursor/GO composite, as indicated by EDX analysis. The expected configuration
of the metal-organic precursor is shown in Fig. 6.8. The formation of a small amount of Sn in
SnO2/Sn-rGO may be due to the carbothermal reduction of partial SnO in the richer carbon

interior of the composite during pyrolysis.28% 2%
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Thermogravimetric analysis (TGA) was carried out in air to investigate the components (Fig. 6.7¢).
The initial weight loss of 0.58 wt.% before reaching 150 °C corresponds with the removal of
physically absorbed water in the sample; the subsequent rapid weight loss of 9.45 wt.% until
reaching 500 °C was mainly attributed to the thermal oxidative degradation of rGO and carbon
from the carbonization of metal-organic precursor?®! (proofs and discussion in Fig. 6.9). The final
residue is SnO., mainly from the original ones in the composite and some oxide of Sn, and the
content was calculated to be 90.5 wt.%; as a result, the Sn element content in the SnO2/Sn-rGO
was 71.3 wt.%. Together, with the aforementioned weight fraction of SnO. and Sn, the SnO; and
Sn contents in the SnO2/Sn-rGO were estimated to be ~ 76.1 and ~ 11.4 wt.%, respectively. If the
metal-organic precursor-derived carbon in the SnO2/Sn-rGO was evaluated by the pyrolysis of
pristine metal-organic precursor (Fig. 6.9c), the carbon and rGO contents were ~ 0.5 and ~ 12

wt.%, respectively.

The surface chemical composition of SnO./Sn-rGO was revealed by X-ray photoelectron
spectroscopy (XPS) analysis (Fig. 6.7d and Fig. 6.10). The three major elements are C, O, and Sn,
with an atom ratio of 48.6 : 37.6 : 13.8, corresponding to 20.7 : 21.3 : 58 wt.%, respectively.
Compared with the TG analysis (C < 12.5 wt.%, Sn ~ 71.3 wt.%), the higher C and lower Sn
element contents suggest that more SnO2/Sn, especially Sn particles, are sandwiched in the interior
of the composite. The high-resolution Sn 3d spectrum (Fig. 6.10a) shows two symmetrical peaks,
located at 487 and 495.5 eV, respectively, which are in agreement with those reported for SnO3,

thus implying that Sn exists only in the 4* state on the surface.>® 20 This makes it difficult to
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capture the Sn lattice in the TEM test. A trace level of N atom from the decomposing Hmim could
also be detected, suggesting trace N doping in the SnO; lattice. Brunauer-Emmett-Teller (BET)
analysis indicated the microporous structure of SnO2/Sn-rGO with a surface area of 165.3 m? g

and pore size of approximately 3 nm, calculated from the Barrett-Joyner-Halenda (BJH) adsorption

branch (Fig. 6.7e). Abundant pores will facilitate the diffusion of electrolyte and ion transport.
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Fig. 6.7 a) XRD pattern; b) Raman spectrum; ¢) TG curve in air; d) XPS spectrum; and €) N2
adsorption/desorption isotherms (pore-size distribution plot in the inset) of the SnO2/Sn-rGO

nanocomposite.
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Fig. 6.8 a) Schematic for the metal-organic structure; b) FTIR spectrum; and c) XRD pattern of
the metal-organic precursor/GO composite. The XRD pattern indicates the amorphous and

disorder configuration of the metal-organic precursor structure. A supposed configuration is shown

in Fig. 6.8a.
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Fig. 6.9 a) TEM image; b) XPS spectrum; ¢) TG curve in air; and d) nitrogen adsorption/desorption
isotherms (inset: pore-size distribution plot calculated from the Barrett-Joyner-Halenda adsorption
branch) of the SnO2/Sn-C. As shown in the TEM image (Fig. 6.9a), besides the crystal
aggregations, some amorphous structures which partially covered the SnO. particles can be
observed. These amorphous structures can be the carbon from the carbonization of metal-organic
precursor. Also, the C peak in XPS spectrum (Fig. 6.9b), weight loss from 200 °C to 450 °C in the
TGA curve (Fig. 6.9¢), and microporous structure with a BET surface area of 44.5 m? g (Fig.
6.9d) all indicate the existence of carbonaceous material in this decomposed product of metal-
organic precursor (SnO2/Sn-C). It is reasonable to speculate the existing of a similar thin layer of

carbon surrounding the SnO; particles in the SnO2/Sn-rGO composite.
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Fig. 6.10 a) XPS of Sn 3d and b) C 1s fine scan spectrum of the SnO2/Sn-rGO composite.

Fig. 6.11 demonstrates the electrochemical performance of the as-prepared SnO./Sn-rGO
composite. To limit the interfacial lithium-ion storage, mainly attributed to the high specific area
and defects of rGO,%%% 292 and to reveal the intrinsic electrochemical reactivity of the SnO2/Sn, we
used a relative mild testing potential window of 0.01 — 2.5 V vs. Li*/Li. The initial charge
(lithiation) and discharge (delithiation) capacities at a current density of 80 mA g are 2,142.9 and
1,307 mAh g1, respectively, corresponding with an initial Coulombic efficiency (CE) of 61.0%
(Fig. 11a,b). The massive irreversibility of the initial lithiation is mainly ascribed to the relative
high specific surface area, and abundant defects such as edges and/or oxygen-/hydrogen-
containing groups of rGO component leading to the irreversible reduction of electrolyte to form
the solid electrolyte interphase (SEI).5% 258 293 Impressively, the reversible capacity of 1,307 mAh
g we observed is far beyond the theoretical reversible capacity for bulk SnO- if only Reaction 6.2
is reversible (780 mAh g™); therefore, Reaction 6.1 must be reversible, at least partially.

Considering that the contents of SnO., Sn, C, and rGO in our SnO2/Sn-rGO composite are 76.1,
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11.4, 0.5, and 12 wt.%, respectively, the theoretical capacity of our SnO2/Sn-rGO composite is
calculated to be 1,318.9 mAh g, in which the specific capacity of C and rGO is assigned to be
744 mAh g*—twice that of graphite (372 mAh g™*)—because of the two sides of Li* storage.?®*
2% Notably, compared with some other reported high-capacity SnO.-rGO composites, our
Sn02/Sn-rGO nanocomposite was able to exhibit a remarkable reversible capacity of 1,307 mAh
g! at the initial testing stage without long-term cycling activation,?®® 261 295297 indjcating its

outstanding electrochemical reactivity.

In the second cycle, the charge and discharge capacities were 1,345.7and 1,288.5 mAh g1, and the
CE increased to 95.7% demonstrating the high reversibility and stability of the SnO2/Sn-rGO
nanocomposite as an electrode material. This mainly benefits from the ultra-small SnO- particles
and their intimate contact with rGO, which enhance the reversibility of the conversion reaction of
SnO; during cycling (Reaction 6.1). 2254 255258 After the initial two cycles of activation, the anode
was cycled at 400 mA g and showed capacities of 982.9, 931, and 821.8 mAh g™ for the 4™, 10",
and 100" cycles, respectively. After 200 cycles, the capacity remained at 767 mAh g with 78%

retention.

Figure 6.11c depicts the rate capability of the SnO2/Sn-rGO composite. At 160, 400, 800, 1,600,
4,000, and 8,000 mA g, the material exhibited capacities of 1,140, 935, 749, 512, 118, and 50
mAh g, respectively. Even under such rigorous testing conditions, the capacity still reverted to
1,085 mAh g (95.2% capacity retention) when the current returned to 160 mA g%, demonstrating

that the composite remained stable during the extended rate cycling process.
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The SnO2/Sn-rGO composite anode was also tested by long-term cycling at a higher current
density of 1,600 mA g* (Fig. 6.11d) after activation for the initial two cycles at 80 mA g*. The
electrode delivered a highly reversible capacity of 512 mAh g and excellent capacity retention,
i.e., 87.7% after 400 cycles. Moreover, the CE remained close to 100% during the 400 cycles,
indicating good reversibility. The superior cyclic performance of the composite electrode is
associated with its very stable, homogeneous sandwiched structure, which is supported by the SEM,
EDS and TEM analyses of the SnO2/Sn-rGO electrode after 200 cycles (Fig. 6.12). No large cracks
were observed on the electrode (Fig. 6.12a), and ultra-fine SnO. particles (~ 5 nm) were still
anchoring on the surface of nanocomposite (Fig. 6.12b), suggesting the good integrity of the
nanocomposite and strong interaction between the particles and rGO. The well-preserved
morphology and uniform element distribution of the SnO./Sn-rGO after cycling further
demonstrate its high structural stability without serious particle coarsening (Fig. 6.12c-g). TEM
examination (Fig. 6.12h) clearly revealed that the microstructure of the SnO2/Sn-rGO was also
well maintained after cycling: ultra-small particles (~ 5 nm) were still evenly composited with rGO
sheets without obvious aggregation, due to their strong interaction. The SAED pattern and
HRTEM (Fig. 6.12i-1) confirm the preservation of SnO> particles even after a long-term cycling,
manifesting the high electrochemical reversibility of the SnO in our nanocomposite, which is
responsible for the superior reversible capacity as an anode material for LIBs. It is found that

crystallinity of the SnO2 decreases during the cycling, indicated by the ambiguous lattice fringes.?%®

299
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Fig. 6.11e shows the cyclic voltammetry (CV) characteristics of the SnO2/Sn-rGO composite.
During the initial cathodic scan, the irreversible broad peak in the range of 1.2 to 1.8 V is associated
with the formation of the SEI layer.3® The subsequent two wider peaks below 1.2 V can be
attributed to the reduction of SnO, (Sn** — Sn°) and the multi-step alloying reaction between Sn
and Li.>*3% |n the anodic sweep process, the sharp peak at 0.56 V is consistent with the dealloying
process of LixSn back to Sn, and the two broad peaks between 1.0 and 2.2 V are attributed to the
conversion from Sn to Sn0..%% 53 26 After the first cycle of activation, the well-overlapped

subsequent CV curves suggest excellent reversibility and structure stability.

Electrochemical impedance spectroscopy (EIS) was performed to analyze the resistances of the
SnO,/Sn-rGO composite anode. As shown in Fig. 6.11f, the Nyquist plot comprised two semi-
circles and an inclined line, which corresponded with the SEI layer, charge transfer, and Li ion
diffusion processes, respectively. By fitting the ESI results using a two-time constant equivalent
circuit,3°9-3% the Ohmic, SEI layer, charge transfer, and Li ion diffusion resistances were calculated

to be 3.8, 11.6, 11.7, and 91.0 Ohm, respectively.

The outstanding lithium storage properties of the SnO2/Sn-rGO can be attributed to its unique
structural features. First, the ultra-small particle size not only mitigates the gradual aggregation of
Sn0,/Sn during cycling,%* *°* but also shortens the lithium-ion diffusion path, thereby enhancing
the reversibility of the conversion reaction of SnO,. Moreover, the remaining N element in the
composite may lead to the lattice distortion of SnO2, thereby improving the electrical conductivity

and resulting in higher reversibility to reach a high specific capacity.>® 3% Second, the SnO2/Sn
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particles are encapsulated and sandwiched by a robust interconnected graphene network, which
can depress the coarsening of particles and effectively buffer the volume variation during the
lithiation/delithiation processes. This improves the structural durability and thus the cycling
performance. Finally, the highly electroconductive rGO/carbon network provides a highway for
transporting electrons and Li ions, which contributes to an improved reversible capacity and rate
capability.?>® All these advantages enabled by our metal-organic precursor coating and in-situ
transformation strategy led to the outstanding reversible capacity, good rate performance, and
long-term cycling stability of the SnO./Sn-rGO composite. We also compared the electrochemical
performance of SnO2/Sn-rGO with other reported SnO,-rGO anodes and found that our material
is top-ranking, especially with a prominent initial reversible capacity in a relative mild voltage

window of 0.01 — 2.5 V for the tests (Table 6.1).
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Fig. 6.11 Electrochemical performance of the SnO2/Sn-rGO composite. a) cyclic performance at

400 mA g after initial two cycles activation at 80 mA g*; b) charge/discharge curves; c) rate

capability; d) cyclic performance at 1,600 mA g* after initial two cycles of activation at 80 mA g

1 e) cyclic voltammetry; and f) Nyquist plot and corresponding equivalent circuit with two-time

constant.
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___Sn0,210

Fig. 6.12 a, b) SEM images of SnO2/Sn-rGO electrode after 200 cycles at 1,600 mA g*; c-g) SEM
image and its corresponding EDS elemental mapping; h-j) TEM image, selected area image and
its corresponding SAED pattern; and k, I) HRTEM images of the SnO2/Sn-rGO particle, which
was collected from the aforementioned cycled electrode, and washed by dimethyl carbonate, 1

vol.% HCI solution, and DI water to eliminate the interference of SEI layers.
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Table 6.1 Comparison of the electrochemical performance of as-prepared electrodes with

previously reported SnO»-rGO electrodes.

Samples Voltage range  Current Initial reversible Cycling stability Reference
v mA g capacity mAh g*
SnO2/Sn- 0.01-2.5 80 1307 This work
reo 400 767 (after 200 cycles)
1600 449 (after 400 cycles)
1 0.01-2.5 100 1092 872 (after 200 cycles) 269
2 0.005-2.5 100 1032 883 (after 100 cycles) 213
3 0.01-2.5 100 1024 844 (after 50 cycles) 306
4 0.01-2.5 100 750 620 (after 100 cycles) 288
400 420 (after 400 cycles)
5 0.005-2.5 100 ~800 ~720 (after 200 cycyles) 3
6 0.01-2.5 100 1129 825 (after 50 cycles) 308
7 0.005-2.5 100 1273 720 (after 70 cycles) 309
8 0.01-3.0 200 ~970 950 (after 100 cycles) 310
9 0.01-3.0 100 1308 1107 (after 100 cycles) 262
1000 552 (after 500 cycles)
10 0.001-3.0 100 1011 758 (after 200 cycles) 31
1000 537 (after 300 cycles)
11 0.01-3.0 100 1107 847.5 (after 50 cycles) 312
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6.4 Summary and conclusions

A facile self-assembly approach using metal-organic precursor coating and in-situ transformation
is demonstrated to synthesize a well-ordered, sandwich-like SnO2/Sn-rGO nanocomposite with
ultra-small SnO2/Sn decorating on and confined uniformly in the densely packed rGO layers. The
unique structure exhibits remarkable Li-storage capability with surprising reversibility and high
stability. The SnO2/Sn-rGO composite delivered a reversible capacity of 1,307 mAh g at the
current density of 80 mA g and a stable capacity of 767 mAh g after 200 cycles when cycling
at 400 mA g*. Moreover, the SnO/Sn-rGO composite showed a highly stable capacity of 449 mA
g! without obvious decay after 400 cycles at the higher current density of 1,600 mA g2. Its
structural robustness and electrochemical reversibility were certified by the analyses on the
electrode after long-term cycling. Therefore, this stable SnO./Sn-rGO composite can be a very
promising candidate as the anode material for LIBs. The facile metal-organic precursor coating
self-assembly strategy employed here could serve as a universal platform for constructing diverse

and robust graphene-layered nanocomposites.
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CHAPTER 7 TAILORING MOF-DERIVED POROUS CARBON NANORODS

CONFINED RED PHOSPHOROUS FOR SUPERIOR POTASSIUM-ION STORAGE

7.1 Introduction

Due to lithium’s limited reserves (0.0017 wt.%), uneven distribution in the Earth’s crust, and
increasing price, lithium-ion batteries (LIBs) would not meet the increasing demand for large-scale
applications such as electric vehicles and stationary energy storage at a low cost.*?® Sodium and
potassium become attractive alternatives in batteries due to their abundance and relatively low
cost.*?> Compared with sodium (-2.71 V vs. standard hydrogen electrode, SHE), the lower redox
potential of K/K* (-2.93 V vs. SHE), which is close to that of lithium (-3.04 V vs. SHE), endows
potassium-ion batteries (P1Bs) with the potential for high energy density.*?* However, K*, which
is larger in size (radius 1.38 A) than Na* (1.02 A) and Li* (0.76 A), inevitably has a sluggish
diffusion process and induces a greater volume change in electrode materials during K*
insertion/extraction, which results in serious material pulverization and thus fast capacity fading.>3
Rationally designed anode materials are greatly needed to address these major challenges with

PIBs.12

Phosphorus-based materials are promising anodes for PIBs, owing to the high theoretical capacity
of phosphorus (1,154 mAh g for KsPs); however, the drawbacks of their low electrical
conductivity and huge volume variation of P (~290 % as K4P3) during K-ion insertion/extraction
must be addressed in order to achieve a high capacity and a long cycling life.!?® Combining P-

based active materials with various conductive carbonaceous supports, including carbon
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nanotubes,*?’ graphite,®* amorphous carbon,?® 315318 and porous carbon matrix,1% 128 317,318 tq
construct nanocomposites has been proved highly effective in addressing these challenges. The
carbonaceous materials not only provide a highly conductive scaffold but also buffer the volume
change during cycling, thereby preserving the integrity of the electrode. Among these
phosphorus/carbon nanocomposites (P/Cs), red P-impregnated porous carbon composites,
prepared via the P vaporization-condensation-conversion approach, stand out for their robust
capacity preservation and excellent rate capability as anodes for PIBs.*?3 37 For instance, Huang
et al.'? loaded red P into the commercial activated carbon YPS50F via the vaporization-
condensation-conversion approach. The as-prepared P/C composite with 45 wt.% of P exhibited a
maximum capacity of 430 mAh g%, while the P/C composite with a lower P content of 32 wt.%
maintained 70% capacity after 500 cycles. Liu et al.'?® infiltrated red P into carbon nanotube-
backboned mesoporous carbon using the same approach. With a P content of ~40 wt.%, the as-
obtained P/C nanocomposite delivered an impressive reversible capacity of ~500 mAh g at a
small current and a stable capacity of 244 mAh g at 500 mA g for 200 cycles. The issue with
the previously reported P-infiltrated porous carbon composites is the conflict between their long-
term cycling performance and high capacity. In other words, when the P loading is high, the
capacity of the P/C composite is higher while the cycling is poor; in contrast, when the P loading
is low, the cycling performance is good while the capacity is relatively low. The use of porous
carbon with a large pore volume and suitable pore size may help to address this issue. Therefore,
due to their tailorable components and permanent porous structure,® 1% 319 this study explores

metal-organic frameworks (MOFs) as distinctive self-templated precursors to fabricate porous

carbon materials using a simple morphological-preservation calcination process.

137



MOF-derived porous carbon recently has been demonstrated as a carbon matrix for P impregnation.
For example, Li et al.’® loaded red P into zeolitic imidazolate framework-8 (ZIF-8)-derived
nanoporous carbon as an anode for sodium-ion batteries (NIBs), which showed a super cycle life
over 1,000 cycles; however, the relatively low capacity of ~450 mAh g™ was attributed to the
limited P content (22.6 wt.%) due to the small pore size and pore volume of the ZIF-8-derived
carbon. Therefore, to achieve high capacity, MOF precursors that can generate larger pore size and
pore volume are desired. We identified that Zn-MOF-74 from the MOF family has abundant
oxygen-containing groups and Zn element, which benefit relatively larger pore size and pore
volume during the high-temperature calcination process, resulting in rich mesopores.®?° However,
the Zn-MOF-74 reported in the literature typically have a micro-sized and non-uniform
morphology,32°-32% which is unfavorable for homogeneously loading phosphorus and application

in high-performance anodes.

In this study we report the very facile, one-step, solvothermal synthesis of uniform, well-developed
Zn-MOF-74 hexagonal nano/microrods using a mixed-solvent strategy, in which the size of the
rods can be accurately controlled and tuned simply by varying the H>O content in the H,O/N,N-
dimethylformamide (DMF) mixed solvent. The rod diameter of the Zn-MOF-74 can be tuned from
tens of nanometers to hundreds of nanometers and further to micron size, and the length from
hundreds of nanometers to micron size. The obtained Zn-MOF-74 nanorods were transformed into
nanoporous carbon nanorods through a morphological-preservation calcination process and
followed by red P impregnation. While the maximum P loading was up to ~66 wt.%, showing a

maximum capacity of 763 mAh g, the optimal P loading was demonstrated to be ~50 wt.%,
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leaving adequate free spaces for volume expansion upon potassiation, which delivered a robust

capacity preservation and excellent rate capability when applied as an anode for PIBs.

7.2 Experimental methods
7.2.1 Material synthesis

Materials. Zinc acetate dihydrate [Zn(CH3COQ)2:2H.O > 99%], anhydrous N,N-
dimethylformamide (DMF > 99.8%), and red P (> 97%) were purchased from Sigma-Aldrich. 2,5-
dihydroxyterephtalic acid (CsHeOs > 98%) was obtained from TCI Chemicals. The red P was

purified by boiling deionized (DI) water and stored in a glovebox before use.

Synthesis of Zn-MOF-74 Rod (ZRod). In a typical procedure to synthesize Zn-MOF-74 rods
with 300-400 nm diameter and ~1 um length, first 2,5-dihydroxyterephtalic acid (CsHsOs, 0.6 g,
0.003 mol) was dissolved in a mixed solvent containing 0.75 mL DI H20 and 30 mL DMF.
Zn(CH3C0O0)2-2H20 (1.008g, 0.0046 mol) was dissolved in another mixed solvent with the same
components (i.e., 0.75 mL H>O and 30 mL DMF). Then the CgHsOs solution was poured into the
Zn(CH3COO0), solution and stirred for 20 min at room temperature. The as-obtained yellow
suspension was then heated at 100 °C for 24 h in an 80-mL Teflon-lined autoclave. After cooling
down to room temperature, the resultant yellow materials were collected by centrifugation and
washed with DMF two times and methanol three times, in sequence. After drying overnight under
vacuum at 50 °C, the as-obtained yellow powder was ground to yield the Zn-MOF-74 rods

(denoting ZRod-0.025, where 0.025 refers to volume ratio of HO/DMF, i.e., 0.75/30 = 0.025 here).
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For the mixed solvent, the content of DMF was kept constant (30 mL) and the H,O content was

adjusted to tune the nanorod size in a wide range.

Preparation of Zn-MOF-74-Derived Carbon Nanorods (ZCRods). The as-synthesized Zn-
MOF-74 Rods (ZRods) were calcinated in a tubular furnace at 1,000 °C for 4.5 h under argon gas
flow (50 mL min™) with a heating rate of 3 °C min to obtain the product of carbon nanorods

(ZCRods) with a carbon yield of ~10 wt.%.

Preparation of Red P@Carbon Nanorod Composite (P@ZCRods). Red P was loaded into the
synthesized carbon nanorods by a vaporization-condensation-conversion approach according to
our previous reports.? In brief, the P and ZCRods were sealed into a Pyrex glass tube under
vacuum after purging three times with Ar gas. Using a tube furnace, the sealed tube was heated at
550 °C for 2h, cooled down to 260 °C at 1 °C min't, and kept at 260 °C for 24h for the conversion
of white P into red P. The resultant P@C composite was washed with carbon disulfide to remove
possible white P residual and then vacuum-dried to obtain the final product, which was denoted as

Px@ZCRod (x indicates the P content of x wt.% used for the loading process).

7.2.2 Material characterization

The as-prepared samples were characterized using powder X-ray diffraction (XRD) on a Bruker
D8 DISCOVER X-ray diffractometer with Cu Ka radiation. Scanning electron microscopy (SEM)

and energy dispersive X-ray spectroscopy (EDX) were performed by a Hitachi S-4800 equipped
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with a Bruker energy-dispersive system (EDS) detector. The Raman spectroscopy was measured
using an XploRA PLUS Raman microscope with a 532-nm laser source. The X-ray photoelectron
spectroscopy (XPS) was carried out using a PerkinEImer PHI 5440 ESCA System equipped with
an Mg anode. The nitrogen adsorption—desorption isotherms and the Brunauer—Emmett—Teller
(BET) surface area were measured using Micromeritics ASAP 2020 equipment, and the pore size
was calculated from the Barrett—Joyner—Halenda (BJH) adsorption branch. Thermogravimetric
analysis (TGA) was conducted with a TA Instrument SDT650 under an argon flow (100 mL min™?)

at a heating rate of 10 °C min~! from room temperature to 800 °C.

7.2.3 Coin cell assembly

The electrochemical performance was characterized by using 2030-type coin cells assembled in
an argon-filled glovebox, with oxygen and moisture contents below 1 ppm. The electrodes were
prepared by mixing the as-prepared materials as the active material, sodium carboxymethyl
cellulose and styrene-butadiene rubber as binder, and carbon black as a conductor, with a weight
ratio of 80:5:5:10 to form a slurry, which was coated onto a Cu foil current collector (12 um-thick)
using the doctor blade method. After drying and pressing, the Cu foil was punched into disks (1.1
cm in diameter), with typical electrode material loadings of ca. 1-1.1 mg cm2. A potassium foil
was used as the counter electrode. Then, 2.4 M potassium bis(fluoroslufonyl)imide (KFSI)

dissolved in ethylene carbonate/ethyl methyl carbonate (1:1, v/v) was employed as an electrolyte.
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7.2.4 Electrochemistry measurements

The coin cells were tested on a LAND battery tester, with a cutoff voltage range between 0.01 and
3 V. The current densities and capacities were calculated based on the total mass of P@ZCRod
composites loaded on the electrodes. The potassiation behavior was defined as “charge”, because
the composites work as anodes. The cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were measured on a PARSTAT 4000 electrochemical station using a three-
electrode cell, with the P@ZCRod composite electrode as the working electrode, a potassium disk
as the counter electrode, and a potassium arc as the reference electrode. CV was carried out at a
scanning rate of 0.05 mV s%, while EIS was tested between 10,000 and 0.01 Hz with an amplitude

of 10 mV.

7.3 Results and discussion

Fig. 7.1 illustrates the synthesis of red P-impregnated Zn-MOF-74-derived carbon nanorods with
accurate morphology modulation. The previously reported Zn-MOF-74 in the literature are
typically microcrystalline and have a non-uniform morphology;2°-32% in contrast, we synthesized
uniform rod-shaped Zn-MOF-74 (ZRods) with controllable dimensions using a one-step
solvothermal reaction between Zn(CH3COOQO). and 2,5-dihydroxyterephtalic acid (CgHeOg), in
which the size of the resulting ZRods was significantly affected by varying the H.O content in the
H>0O/N,N-dimethylformamide (DMF) mixed solvent. The ZRod diameters exhibited an inverted
volcano relationship with an increased H>O content and thus could be well tuned, from tens of
nanometers to hundreds of nanometers and further to micrometers, while the length could be tuned

from hundreds of nanometers to micrometers.
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Fig. 7.1 Schematic illustration of the synthesis of ZRods, porous ZCRods, and P@ZCRods
composites. The size of the ZRods can be tailored by varying the H20 content in the mixed solvent

H>O/DMF during the solvothermal process.

The morphologies of ZRods synthesized by varying the H20 content in the solvothermal reaction
are shown in Fig. 7.2a-e and Fig. Al (in Appendix). All the samples exhibited a clear rod shape
within the Ho.O/DMF volumetric ratio (v/v) from 0 to 0.167, and a hexagonal cross-section can be
observed. This is significantly different from previously reported microcrystalline Zn-MOF-74
(without any specific morphology) synthesized using Zn(NOs)2 as the Zn source,2°-32 which was
verified by our results (Fig. A2). The H20 content exhibited impressive efficiency in tailoring
ZRods from the nanoscale to micron size (Fig. 7.2). The inverted volcano relationship between the
ZRod diameters and the H2O content is summarized in Fig. 7.2f. At first the diameters of the ZRods
decreased from ~500 nm (upon a single DMF solvent), and then increased with the increasing H.O

content in the mixed solvent. A minimum diameter of 30-40 nm can be achieved at a volume ratio
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of H,O/DMF = 0.05 (Fig. 7.2c), which consists of ~2400-4200 Zn-MOF-74 1D channels with a
pore size of ~10.54 A.%22 ZRods with diameters > ~80 nm have mild aspect ratios of ~4-7 (Fig.
7.2a,b,d,e and Fig. Ala-e, h-j), while those with diameters < 80 nm have much higher aspect ratios
up to ~20 (Fig. 7.2c and Fig. Alf,g), indicating a widely tunable ZRod length ranging from
hundreds of nanometers to several micrometers. Another tendency, as shown in Fig. 7.2f, is that

smaller ZRod diameters present smaller diameter deviations.

During the reaction, after mixing the Zn(CHsCOO). and 2,5-dihydroxyterephtalic acid (CgHeOs)
solutions together, the clear solution transformed into a yellow suspension within a few seconds,
indicating a rapid reaction. This is attributed to the acetate-introduced deprotonation of CgHsOs by
competitively accessing the protons in the solution.?* 3% Upon increasing the H-O content in the
mixed solvent, a slower color transformation was observed. As a result of the increased dosage of
H20, more protons joined in the competitive reaction and partially supplied the coordination with
the carboxy!l groups of both CgHeOs and acetate, which slowed down the combination between the
CgHsOs and Zn nodes for nucleation. When the reactant of zinc acetate was replaced with zinc
nitrate, stirring at room temperature did not lead to nucleation because of the lack of deprotonated

CsHe06.3%°

To obtain uniform rod-shaped Zn-MOF-74, we identified CH3COO" to be critical to the hexagonal-
pillar-shape formation, which has not been clarified before. Very recently, a rod-shaped Zn-MOF-
74 was prepared using zinc acetate and 2,5-dihydroxyterephtalic acid in the presence of salicylic

acid as a modulator, which was believed to stabilize the active metal sites on the MOF surface and
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thus direct its growth;*?® however, the effect of CH3COO™ was not identified. We noticed that the
molecular structure of salicylic acid contains carboxyl and phenolic hydroxyl groups; however,
compared with carboxyl groups, the weakly acidic phenolic hydroxyl groups have much weaker
interactions with metal ions or clusters.®?” 328 Therefore, the carboxyl groups in carboxylate salts
(e.g., zinc acetate) played the same role as those in salicylic acid, promoting the formation of Zn-
MOF-74 rods as well. The mechanism was well validated by our synthesized, well-developed Zn-
MOF-74 hexagonal nano/microrods in the absence of salicylic acid (Fig. 7.2a-e and Fig. Al).
During the reaction, the CH3COO" groups preferred to coordinate with the metal nodes around the
one-dimensional (1D) channels of Zn-MOF-74. This interaction stabilized the metal nodes,
selectively capped the surface, and led to the oriented growth of the Zn-MOF-74 into pillars (Fig.
A3).32%:330 The hexagonal cross-section of MOF pillars indicates the oriented growth is along the

[001] direction due to the conformal features with multichannel bundles, as shown in Fig. A3.33!
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Fig. 7.2 a-e) SEM images of ZRods synthesized with an HoO/DMF volume ratio of a) 0, b) 0.04,
c) 0.05, d) 0.07, and e) 0.167. Scale bar: 500 nm. f) Relationship between the ZRod diameter and
the H2O content as the solvent. g) Comparison of the diameter between the ZRods and ZCRods,

indicating the shrinkage of ZRods after carbonization.

H20 is responsible for the ability to adjust the size of ZRods; a schematic illustration is shown in
Fig. A4. Protons, dissociated from H-O, can coordinate with the carboxyl groups of both CgHgsOs
and acetate or they can attack/cleave the newly formed coordination bonds of Zn-deprotonated
CsHg06,%%% 332 hoth of which significantly affect the coordination chemistry during the dissolution-
recrystallization process of the solvothermal reaction. The protons prefer to satisfy the
coordination with the carboxyl groups rather than attack the Zn-deprotonated CgHsOs bonds for
its straightforward and relative facile process in this competitive and reversible reaction system.

At a low H>O content (H.O/DMF < 0.05, v/v), after coordination with the carboxyl groups, fewer
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protons dissociated from the H>O could attack and cleave the newly formed coordination bonds of
Zn-deprotonated CgHeOs (dissolution effect), resulting in a relatively free growth of ZRods into
larger sizes. At a higher H2O content (H.O/DMF > 0.05, v/v), massive protons attack the Zn-
deprotonated CgHsOg bonds and dissolve small precipitates, which then reconstruct into larger and
more thermodynamically stable ZRods via Ostwald ripening.®?” A minimum-diameter ZRod at
H>O/DMF = 0.05 (v/v) is the trade-off between these two mechanisms dominated at low and high
H20 content ranges. In this scenario, our strategy to use a mixed solvent (i.e., H-O/DMF) could be
potentially effective in morphology control and size tuning for a variety of MOFs with organic

carboxylates as links.??

To uncover the formation process of ZRods, products in different reaction stages were collected
for characterization via scanning electron microscopy (SEM) and X-ray diffraction (XRD) (Fig.
Ab5,6 and details in the Appendix section). The results revealed that by using zinc acetate as the
metal source, the crystalline phase of Zn-MOF-74 can form at room temperature through a
dynamical transformation from simple, linear Zn(H20)2(CgH4Og) structures into 3D Zn-MOF-74
structures. The carboxyl groups on CgHsOs first coordinate with the Zn nodes, forming a linear
structure, and then the weakly acidic phenolic hydroxyl groups join the coordination with the metal
nodes, finalizing the 3D MOF structure. The solvothermal condition promotes this transformation
process due to the higher energy for the reaction, resulting in phase-pure, more thermodynamically

stable Zn-MOF-74 crystals (Fig. 7.1).
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The carbonization of ZRods at 1,000 °C in an argon environment yielded Zn-MOF-74-derived
carbon nanorods (ZCRods), as shown in Fig. 7.3a-f. In the calcination process, the Zn element in
the Zn-MOF-74 first transformed into ZnO, which was subsequently reduced to Zn by carbon and
then finally evaporated (ZnO + C — Zn(g) + CO) while organic ligands decomposed into porous
carbonaceous material.>¥ The energy-dispersive X-ray spectroscopy (EDX) elemental analysis
manifested the derived carbon contained ~93.5 wt.% of C and ~6.5 wt.% of O (Fig. A7a). Among
these representative ZCRods that were derived from ZRods with various diameters, ZCRod-0.05
displayed a distinct carbon cluster morphology (Fig. 7.3a) compared with the wire-like precursor
(ZRod-0.05), which had a diameter of ~30-40 nm (Fig. 7.2c). Moreover, some wire/rod-like
structures could be observed on the carbon cluster surface, indicating significant agglomeration
during high-temperature carbonization due to the small size of the precursor.®** In contrast, ZRods
with larger diameters presented much better morphology preservation during calcination, resulting
in well-dispersed carbon nanorods (Fig. 7.3b-f). For example, highly separated hexagonal carbon
nanorods of ZCRod-0.025 (Fig. 7.3d-f) with a diameter of 150-250 nm were prepared from ZRod-
0.025 with a diameter of 300-400 nm. A size shrinkage of ~40% was observed during the thermal
decomposition of ZRod-0.025 into ZCRod-0.025 (Fig. 7.2g), which is consistent with the previous
report.32® The SEM images of ZCRod-0.025 at a lower magnification (Fig. 7.3d,e) demonstrate its
highly uniform morphology, i.e., ~150-250 nm in diameter and ~800 nm in length. The
morphology of ZRod-0.025 precursor was well preserved; a clear hexagonal cross-section can be
observed on ZCRod-0.025 (Fig. 7.3e,f), which exhibits a highly porous internal structure covered
with a less porous surface (Fig. 7.3f). The diameter shrinkage of ZRods after carbonization are

summarized in Fig. 7.2g.
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Fig. 7.3 a-f) SEM images of a) ZCRod-0.05, b) ZCRod-0.045, ¢) ZCRod-0.04, d-f) ZCRod-0.025,
g, h) P7T0@ZCRod-0.025, respectively. i, j) SEM images, k) EDX elemental mapping, and I) line

scan of P50@ZCRod-0.025.

As shown in Fig. 7.3, ZCRod-0.025 possesses more uniform morphology with less agglomeration,
compared with other samples, which help minimize the possible P deposition between the carbon
nanorods; thus, ZCRod-0.025 was used as the carbon matrix for further red P loading. To calculate
the theoretical P loading in ZCRod-0.025, its porous structure was examined using N
adsorption/desorption (Fig. 7.4f). ZCRod-0.025 exhibited abundant mesopores and the pore
volume was measured to be 1.387 cm® g%, allowing for a maximum P loading of 2.529 g per gram

of ZCRod-0.025, corresponding to 71.7 wt% of P in the P@ZCRod-0.025 composite.
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P70@ZCRod-0.025 designed with 70 wt.% of P was prepared (P70 indicates a P content of 70
wt.% used for the loading process). After P impregnation using the vaporization-condensation-
conversion process, the size and shape of ZCRod-0.025 were retained; however, the surface of the
nanorods became smooth and porous structures were no longer observed (Fig. 7.3g,h and Fig. A8).
This indicates a successful P loading approaching the utmost loading capacity of ZCRod-0.025
(i.e., 71.7 wt.% of P). The actual P content of P70@ZCRod-0.025 was determined to be ~66 wt.%
via thermogravimetric analysis (TGA) (Fig. A9). However, due to the huge volume expansion
290% of P upon potassiation to KaP3,31" 3% the cyclic performance of P70@ZCRod-0.025 is

expected to be poor due to the lack of free space for the P expansion.

The optimized P-loading into ZCRod-0.025 was calculated to be 50 wt.% of the P@ZCRod-0.025
composite, leaving just enough free spaces to accommodate the huge volume change of P during
cycling (calculation details in the Appendix section). As shown in Fig. 7.3i,j, P50@ZCRod-0.025
presents a porous surface and no P agglomerates can be seen, implying a full impregnation of P
into the porous carbon nanorods while leaving free spaces. EDX elemental mapping and line scan
analysis demonstrated a homogeneous distribution of P in PS0@ZCRod-0.025 (Fig. 7.3k,I). The
actual P content was confirmed to be approximately 50 wt.% as designed, by TGA in Fig. A9. As
expected, the Brunauer-Emmett-Teller (BET) surface area of ZCRod-0.025 (1,702 m? g1
decreased dramatically to ~61 m? g! after P-loading; the micropore characteristic diminished while
some mesopores ranging ~3-10 nm were still reserved, which can help to accommodate the P

expansion during potassiation (Fig. 7.4f).
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Fig. 7.4 a) XRD pattern of ZRod. Inset: XRD patterns of ZCRod, P50@ZCRod-0.025, and
P70@ZCRod-0.025. b) Raman spectra of ZCRod-0.025, P50@ZCRod-0.025, and P70@ZCRod-
0.025. ¢) Global XPS profiles, high-resolution XPS spectra of d) C 1s and €) P 2p of P50@ZCRod-
0.025. f) N2 adsorption-desorption isotherms and pore size distributions (inset) of ZCRod-0.025

and P50@ZCRod-0.025.

XRD patterns are used for phase identification on the products (Fig. 7.4a). Through high-
temperature carbonization the highly crystalline Zn-MOF-74 transformed into amorphous carbon,
as indicated by the broad peak around 44° corresponding to (101) facet of carbon and the lack of
an obvious characteristic peak at ~26° related to a graphitic carbon (002) diffraction. Instead, a
very broad peak between 15 and 34° associated with the overlapping of pore structures was
observed.'? After red P infiltration the obtained PS0@ZCRo0d-0.025 and P70@ZCRod-0.025

showed additional peaks located at 15° and 33°, which could be indexed to the monoclinic red P,
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while the broad peak associated with the pores had diminished, suggesting the successful

incorporation of red P into the porous ZCRod-0.0025 matrix.

As shown in the Raman spectra (Fig. 7.4b), ZCRod-0.025 exhibited two peaks at 1,337 and 1,589
cm belonging to the D and G band of carbon, respectively. Their relatively high intensity ratio
(Ioflg) of ~ 1.02 from peak fitting reveals the highly defective nature of Zn-MOF-74-derived
carbon. After P infiltration, the PSO@ZCRod-0.025 nanocomposite with a P content of ~50 wt.%
maintained a Raman spectrum similar to that of ZCRod-0.025, without any peaks of red P ranging
from 300 to 500 cm™, because P was embedded in the internal pores of ZCRod-0.025, without
formation of large crystallites. In contrast, the characteristic peaks of red P were detected in
P70@ZCRo0d-0.025 because, with the maximized P content, the pores on the surface were fully

infiltrated with P, forming relatively large P crystallites.

The surface chemical composition and bonding states of P50@ZCRod-0.025 were identified by
X-ray photoelectron spectroscopy (Fig. 7.4c-e). C, O, and P elements were detected with an atomic
ratio of 79.3:9.1:11.6, corresponding to 65.4:10.0:24.6 wt.%, respectively (Fig. 7.4c). The much
lower P content on the surface, i.e., 24.6 wt.%, compared with the overall P content of ~50 wt.%
in the composite, further illustrates a preferential P impregnation into the internal structures of
ZCRo0d-0.025. The deconvoluted C 1s and P 2p spectra demonstrate that C exists in the form of
C=C/C-C and C-OH/C-0O-C (Fig. 7.4d), and P is in the elemental state (Fig. 7.4e). The hierarchical

structure of P50@ZCRo0d-0.025, with red P well encapsulated in the internal pores, could provide
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robust protection to the active P when applied as the anode for PIBs, benefiting long-term cycling

stability.

P@ZCR-0.025 were applied as anode materials for PIBs. As expected, due to the higher red P
mass-loading, P70@ZCRod-0.025 delivered a higher initial reversible capacity (depotassiation) of
763.2 mAh g at 50 mA g?, with a remarkable initial Coulombic efficiency (CE) of 84.4%.
However, the red P fully loaded P70@ZCRod-0.025 presented rapid capacity fading from the 13th
cycle with CE deterioration (Fig. 7.5a). In contrast, PS0@ZCRod-0.025 possessed a reversible
capacity of 589.2 mAh g and an initial CE of 78.5%; a reversible capacity of 401.8 mAh g was
maintained at 100 mA g for the 75th cycle with a CE > 99%. This proved that P50@ZCRod-
0.025 possessed enough reserved free spaces to accommodate the P expansion upon potassiation

without damaging the composite nanostructure.

The galvanostatic charge/discharge profiles of P50@ZCRod-0.025 (Fig. 7.5b) revealed that after
the first cycle of activation a maximum reversible capacity of 595.8 mAh g was achieved in the
second cycle, and the CE increased to 97.1% from the initial 78.5%, indicating the high
electrochemical reversibility of P50@ZCRod-0.025. Subtracting the capacity contribution from
the carbon matrix (Fig. A10), the P component in this composite contributed ~1,029 mAh g7,
beyond the theoretical capacity of forming KP (865 mAh g), approaching 90% of that for K4P3
(1,154 mAh g1). Therefore, K4P3 is confirmed to be the final potassiation phase. The specific
energy density of the PS0@ZCRod-0.025 composite at 50 mA g* was calculated to be ~1,495 Wh

kg by selecting a popular KxMnFe(CN)s as a reference cathode, which has an average voltage of
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~3.6 V;** in contrast, commercial graphite anode showed a specific energy density of 863 Wh kg-

L (Fig. A11).

The potassiation/depotassiation process was investigated using cyclic voltammetry (CV). As
shown in Fig. 7.5g, during the first cathodic scan three peaks at 1.55, 0.82, and 0.12 V are observed,
followed by an uncompleted peak with scanning down to 0.01 V. The broad peak at 0.82 V, which
disappears in the subsequent cycles, is assigned to the solid electrolyte interphase (SEI) formation
due to the decomposition of carbonate electrolyte, which usually happens at 0.5-1.0 V.317:3% The
other peaks are ascribed to the potassiation of P to form various KxP phases. The subsequent
cathodic scans show three peaks at 1.67, 1.10, and 0.24 V, followed by the unfinished peak at a
lower voltage. Recently we investigated the potassiation process of a highly crystalline red P
nanorod/C composite through the dQ/dV plot upon the initial charge curve (potassiation),
indicating a stepwise reaction as P— KPis— K3P11— KaPe— KP— KaP3.3® In light of the
different capacity of KxP phases, the cathodic peaks around 1.67, 1.10, and 0.24 V are assigned to
the formation of KP1s5, K3P11, and K4Pes/KP, respectively, followed by a further transformation into
K4P3 as the final potassiation phase. Four anodic peaks at 0.24, 0.66, 1.60, and 2.05 V revealed a
stepwise depotassiation process accordingly.*® The well-overlapped peaks after first cathodic scan
demonstrated the excellent electrochemical reversibility and cycling stability of P50@ZCRod-
0.025 as an anode for PIBs. In addition, the redox peaks in CV scans are very consistent with the
voltage plateaus shown in Fig. 7.5b, thereby supporting a stepwise potassiation/depotassiation

mechanism.
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The rate capability of the P50@ZCRod-0.025 anode is shown in Fig. 7.5¢,d, which indicates the
reversible capacities of 579.8, 549.6, 506.7, 458.3, 384.8, 255.7, and 187.5 mAh g at 0.05, 0.1,
0.25, 0.5, 1, 2.5, and 5 A g*, respectively. An impressive capacity retention of 32.3% was
demonstrated when the discharge rate increased from 0.05 to 5 A g*. With the current density back
to 0.1 A g%, the capacity recovered to 543 mAh g* again and the anode could still be sustainably
cycled afterwards, with the CE close to 100%, revealing an excellent rate capability, a highly
reversible reaction, and robust cycling stability. Fig. 7.5e compares the rate capability of the
P50@ZCRod-0.025 anode with other P/C composite anodes for PIBs in the literature. Obviously,
our P50@ZCRod-0.025 performed much better than red P@3D carbon sheets,®® red
P@mesoporous carbon,'?® red P@active carbon,'? red P@rGO,**" black P/carbon composites,3*
338 and even the red P/CNT/Ketjen black composite whose specific capacity is calculated based on
the mass of red P.'?” Very recently we reported a P@hollow carbon yolk/shell nanocomposite as
an anode for PIBs that demonstrated a record reversible capacity and very good rate capability
(Fig. 7.5e), primarily due to the high P content of 75 wt.% in the composite, but its stable cycling
was limited within 40 cycles.3*® Thus, the P5S0@ZCRod-0.025 anode still stands out for its long
cycling stability and higher capacity retention, i.e., 32.2% of P50@ZCRod-0.025 vs. 29% of
P@hollow carbon, when the current density increased from 0.05 to 5 A g. The superior rate
capability is associated with the low impedance (Fig. A12), which was measured using a three-
electrode cell after two activation cycles. The impedance decreased with the increase of the state
of charge (SOC), similar to that of the P@hollow carbon composite.3*® By fitting the impedance
spectra with equivalent circuits in Fig. A13, the fitting results of the impedance spectra at various
SOCs for P50@ZCRo0d-0.025 were shown in Table Al. Take the impedance of P50@ZCRod-

0.025 at the 50%-SOC as an example, showing an Ohmic resistance of 1.7 Ohm, total charge

155



transfer resistances for carbon and K-P alloys of 36 Ohm, and a K-ion diffusion resistance of 43.5
Ohm (Table Al). The decreased impedance with increased SOC is likely due to the conductivity
enhancement of the K-P alloys with the increase of metallic K contents®*® 34° and improved contact
between the expanded K-P alloys and the carbon matrix, i.e., the volume expansion of red P during

potassiation provides new contact with carbon pores in the previously reserved void spaces.

The cyclic performance of the P50@ZCRod-0.025 anode was also evaluated at a high current
density of 2.5 A g* (Fig. 7.5f), which showed a reversible capacity of 289.6 mAh g* and retained
150.7 mAh g after 400 cycles with a CE of ~100%, thereby indicating high cycling stability. The
outstanding cyclic performance of the composite anode is related to its stable hierarchical structure,
in which red P is well encapsulated in the internal pores of the carbon nanorods and thus provides
robust protection to the electrochemical active P during cycling, while the reserved free space
accommodates the volume expansion of P without damaging the integrity of the composite. This
is supported by the SEM analysis on the P50@ZCRod-0.025 electrode after cycling. As shown in
Fig. Al4, the electrode constituted with well-dispersed and uniform P50@ZCRod-0.025 remained
intact without visible cracks (Fig. Al4a,b); meanwhile, P5S0@ZCRod-0.025 perfectly maintained
their integrity and morphology, i.e., hexagonal pillars (Fig. Al4c,d), thus demonstrating the
structural stability of our nanocomposite and the effectiveness of reserving free space in porous

carbon matrix to address the huge volume variation of P during K-ion insertion/extraction.

The P50@ZCRo0d-0.025 nanocomposite stands out among the various phosphorus-based anodes

for PIBs reported to date for its superior potassium storage performance in terms of remarkable
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initial CE (78.5%), top-ranking reversible capacity (up to 595.8 mAh g), high-efficient use of red
P (contributed ~1,029 mAh g™ as P in nanocomposite), superior rate capability (187.5 mAh g* at
5 A g?), and robust long-term cycling stability (retaining 150.7 mAh g* at 2.5 A g* after 400
cycles) (Table A2). Its outstanding electrochemical performance is primarily attributed to the
unique structural advantages of ZCRod-0.025 as a porous carbon matrix for P impregnation. First,
the carefully modulated ZCRod-0.025 with a diameter around 200 nm ensures a uniform material
morphology and very good dispersity as an anode in practice (Fig. 7.3i,j, and Fig. Al4), providing
conductive nanoscaffolds for electrochemical-active but poor electrical-conducting red P to boost
rate capability. Second, the highly mesoporous structure of ZCRod-0.025 has a high pore volume
(1.387 cm® g?) and thus allows for high P loading along with the reserved free space to
accommodate the volume expansion of the P during potassiation, benefiting a high specific
capacity and cycling stability. Third, the carbon nanopores confine the red P into nanoscale, which
relieves the absolute volume change and strain during the potassiation/depotassiation process and
diminishes the K-ion diffusion path, thereby enhancing the electrochemical reversibility of red P.
Lastly, the hierarchical structure of ZCRod-0.025 has more internal pores and thus well
encapsulates the red P in P50@ZCRod-0.025, providing robust protection to the active P and

resulting in high CE and long cycling stability.

157



b 3.0
a_nno & Eaaitiaen '"::wm: it 2 8 0 ] 100 »
o L 52 . vw
=100047 Feo 5 -
E 50mAg’ g g
= a0l VA 8
2 333333 A~ 6o &
£ 1500000003055, £ —st
S 600 g aaaaaaaaaaaaaaaaa it naaa . v 2nd
S Miesseene - 40 5 b
o owed Ry aaa0033350200 s
g 400 ) o —— 50th
§. 200 4 Discharge Crarge offcaney k20 3 o
& P50@ZCR0d-0.025 —@— —C— —d— 550 ©
P70@ZCR0d-0.025 —@— —0— —h—  000000033333333030 —
0 T T T T T T T T T T T 0 0 9 0 0 0
: T T T pa T T T 100 200 300 400 500 600 700 80O

ifi i Rl
Cycle number Specific capacity (mAh g”)

c ﬂ d 3.0 1000 —— This work 50%
- - —~ 900 Red P@hollow C 75%
hmo-‘w-.ﬁf* ™ 10052 25 "o —e—Red PICNTIKetjen black 100%
= * > = 800 —&—Red PEID C sheets 63.9%
< Cid Unit: A g’ o <
-80 £ £ 700 —vw—Red P@mesoporous C 40%
E 6004501 0.1 K] s.z-o T o ——&—Red P@active C 44%
“““ Qo 2 2 —<—Red P@IGO 44.3%
%‘ ______ 03 60 £ o 15 Q 500 —»— Black PIC 12%
f4004 0000 Ny | T o g —e—Black PIC ~50%
2 2 % g 400
8 402 S £ 300
[ =
& 2004 2 T
§ —o—Charge F20 3 0.5 a e
—a— Discharge o 9 100
o —=— Coulombic efficiency
0 T T T T T -0 0.0+ T T T T T T 0+ T T T T
0 10 20 30 40 50 60 [] 100 200 300 400 500 600 0 2 3 44 5
Cycle number Specific capacity (mAh g") Current density (A g")
f.—.sDO —
R 10 g 0.15 5 0.66 V
£ —e— Charge : 0.1 _.
2500- 50 mA g’ —o— Discharge -80 2 &" o
- —#— Coulombic efficiency 2 1S 0.05 -
> 5 £ ]
= 60 = - 0 -
S 400 T € ]
a o £.0.05-
At 25ng" a0 g £0057 \
b s S Sy ey S
& 2004 E O 014 N 082V 110v st
g DT v - 20 g 015 0.24V 2nd
-3 o 40.12Vv 3rd
m D T . T T T T i T T T 0 -0'2 1 1 L] L] T L] T
0 50 100 150 200 250 300 350 400 0 0.5 1 1.5 2 25 3
: +
Cycle number Potential (V) vs. K'/K

Fig. 7.5 Electrochemical Performance of the P50@ZCRod-0.025 anode. a) Cyclic performance at
100 mA g* after initial two cycles of activation at 50 mA g%, compared with P70@ZCRod-0.025,
b) charge/discharge curves, c, d) rate capability, and €) comparison with other P/C anodes (specific
capacities are calculated based on the mass of composites; the weight contents of P are indicated
after annotations), f) cyclic performance at 2.5 A g after the initial two cycles of activation at 50

mA g, and g) cyclic voltammetry.
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7.4 Summary and conclusions

A very facile solvothermal method has been developed for the synthesis of uniform Zn-MOF-74
hexagonal nano/microrods, whose diameter can be accurately modulated from tens of nanometers
to micron size by varying the H2O content in the mixed solvent. An inverted volcano relationship
between the ZRod diameters and H>O contents has been observed. This morphology and size
modulation on Zn-MOF-74 is attributed to the orientational coordination of carboxylates with
metal nodes and a competitive reaction of protons dissociated from H>O. The tailored Zn-MOF-
74 enables the hierarchically porous carbon nanorods (ZCRod-0.025) with more internal pores and
very good dispersity, via calcination. When applied as a carbon matrix for red P impregnation,
ZCRo0d-0.025 exhibited a high loading capacity and perfect encapsulation of P in P50@ZCRod-
0.025, resulting in superior potassium storage performance, with a remarkable initial CE (78.5%),
top-ranking reversible capacity (up to 595.8 mAh g), superior rate capability (187.5 mAh g* at
5 A g 1), and robust long-term cycling stability (retaining 150.7 mAh g at 2.5 A g* after 400
cycles), thereby standing out among the various phosphorus-based anodes for PIBs reported to
date. Therefore, this P50@ZRCod-0.025 nanocomposite can be a very promising anode material
for PIBs. Furthermore, the methodology for Zn-MOF-74 not only promotes advanced applications
of Zn-MOF-74 as well as its derived carbon materials, but also potentially opens a general route

in MOF chemistry for the oriented evolution of various carboxylate-based MOFs.
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CHAPTER 8 CONCLUSIONS AND OUTLOOK

8.1 Summary of dissertation work

In summary, owing to the distinctive and fascinating properties of nanomaterials with different
dimensions, they offer potential scientific solutions to environmental and energy challenges that
human beings are facing. Rational design, synthesis, and integration of different nanomaterials is
an effective way to improve the performance and realize real device applications. In this
dissertation research, the deposition method of graphene oxide (GO) onto electrodes is firstly
improved, which enables a reliable fabrication of high-quality rGO-based FET devices. Through
a combination of probe modified 0D Au nanoparticle, 2D rGO, and Al>Oz thin film, an effective
sensing platform has been realized for water contamination monitoring. Assisted by a novel pulse-
driven capacitive signal transduction mechanism, this sensing platform can achieve selective and
ultrahigh sensitive detection of lead ions in water, with a LOD < 1 ppb and a sensitivity ~350%
for 2.5 ppb of lead ions. When employed for the Ebola-glycoprotein (GP) detection, among those
different electronic parameters driven by an AC voltage input, the maximum sensitivity was
calculated from the inflection-resonance frequency on the phase spectrum: a sensitivity of
~36—160% corresponding to 0.001-3.401 mg/L of Ebola-GP can be achieved from the high
inflection-resonance frequency. More importantly, the sensing platform structure and the high-
efficiency signal transduction mechanism can be applied in other FET-based sensing devices for
better performance. Following the percolation theory analysis on a 2D continuum model, a scalable
micromolding-in-capillary method and an inkjet printing technique have also been investigated for

sensor fabrication in order to minimize the fabrication cost of the rGO/MoS»-based FET sensors.
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Combining the high capacity of 0D SnO> nanoparticles with excellent mechanical and electrical
properties of rGO, a SnO2/Sn-rGO sandwiched nanocomposite has been prepared through facile
metal-organic precursor coating on GO and an in-situ transformation strategy. When applied as an
anode for LIBs, the structural robustness and electrochemical reversibility of the SnO2/Sn-rGO
nanocomposite were demonstrated by the superior Li storage capability of a reversible capacity of
1,307 mAh gat a current density of 80 mA g* and a stable capacity of 767 mAh g* after 200
cycles when cycling at 400 mA g. Moreover, the SnO2/Sn-rGO composite delivered a highly
stable capacity of 449 mA g without obvious decay after 400 cycles at a higher current density
of 1,600 mA g*. Because of the abundant potassium reserves, potassium-ion batteries (PIBs) have
the potential to realize large-scale applications at a low cost. In order to harness the high capacity
of red P as an anode for PIBs, Zn-MOF-74 derived nanoporous carbon nanorods were synthesized
as an impregnation matrix via a facile morphology adjustment on Zn-MOF-74 using a mixed-
solvent strategy. The prepared P@C nanocomposite displayed outstanding potassium storage
performance in terms of initial Coulombic efficiency (78.5%), reversible capacity (up to 595.8
mAh g?), rate capability (187.5 mAh g* at 5 A g?), and long-term cycling stability (retaining
150.7 mAh gt at 2.5 A g after 400 cycles). Therefore, the P@C nanocomposite can be a very
promising anode material for PIBs. Furthermore, the methodology for ZnMOF-74 not only
promotes advanced applications of Zn-MOF-74 as well as its derived carbon materials, but also
potentially opens a general route in MOF chemistry for the oriented evolution of various

carboxylate-based MOFs.
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8.2 Proposed future research directions

Inkjet printing, as a typical non-contact printing technique, is very attractive in the field of printing
nanoelectronic devices such as sensors because of its high compatibility with both the printed
nanosized materials and types of substrates, efficient material usage, and easily tailorable printing
patterns. We have successfully printed MoS> channels having good semiconducting properties,
and further printed a fully functioning FET water sensor with an MoS; channel and graphene
electrodes. The device demonstrated the capability of heavy metal ion detection in water. But a
dilemma between the semiconducting performance (e.g., current on/off ratio) and device variation
of the printed MoS; channels exists, i.e., devices with better semiconducting performance usually
have larger sensing signal variations. Further ink formulation (e.g., through adjusting the IPA/2-
butanol of the solvent system) to further suppress the CRE and printing condition optimization to
improve the deposition uniformity are suggested to achieve more uniform and better
semiconducting performance of the printed MoS; sensing channels, which leads to a higher
sensitivity and better signal uniformity of the fabricated senser devices. In addition, efforts are
needed to further investigate the interactions between chemical probes and heavy metal ions
through in-situ characterization techniques, which could guide us to design new sensing probes

with higher sensitivity and selectivity.

We have demonstrated the facile solvothermal synthesis of uniform Zn-MOF-74 hexagonal
nano/microrods (ZRods) with an accurate diameter modulation, and proposed a regulation
mechanism for the morphology and size modulation based on the capping effect of the carboxyl
groups and a competitive reaction of protons dissociated from H>O. This methodology for Zn-

MOF-74 could be potentially effective in tuning other MOFs with organic carboxylates as links.
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Efforts should be made to investigate the feasibility of this modulation method onto other
carboxylate-based MOFs such as MOF-5 and MOF-177. If this methodology is proved to be
universal, it could be used for the directed evolution of a vast amount of MOFs and promote their
advanced applications. Once uniform MOF crystals are obtained, ordered superframeworks or
arrangements could be constructed. For example, MOF-74 nanorods could be aligned by entropic
force into rod bundles to take full advantage of the structural features of MOF-74, i.e., the
honeycomb pattern of rods and pores are along the crystallographic c axis, which is excellent for
liquid filtration or gas separation. Along this line of thinking, in the future, an elaborate, cascade
multivariate MOF bundle would be able to process the guest molecule step by step in these

functionalized microreactors until the final product.

The synthesized Zn-MOF-74 derived carbon nanorods exhibited abundant mesopores and the pore
volume was measured to be 1.387 cm?® g2, allowing for a maximum P loading 71.7 wt.% of P in
the P@C composite. The developed P@C nanocomposite with an optimized phosphorus loading
of 50 wt.% in the composite displayed impressive potassium storage performance such as a top-
ranking reversible capacity (up to 595.8 mAh g*). There are still many MOF/COF-derived carbons
having larger pore volumes, which could accommodate more phosphorous for a higher capacity
when used as battery anodes. For example, MOF-5 derived carbon having a very high total pore
volumes, up to 5.53 cm? g1,333 promises a much higher phosphorus loading, but may be previously
limited by its micro-sized and non-uniform morphology. The MOF modulation method reported
here may help to realize both size and morphology regulation on MOF-5, and its derived carbon

matrices are worth exploration in the preparation of P@C composites for battery anodes.
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APPENDIX

Fig. Al a-j) SEM images of ZRods synthesized with an H.O/DMF volume ratio of a) 0, b) 0.025,

c) 0.03, d) 0.04, €) 0.045, f) 0.05, g) 0.055, h) 0.06, i) 0.07, and j) 0.167, respectively.
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Fig. A2 SEM images of Zn-MOF-74 synthesized using Zn(NO)3-6H20 as the Zn source with the
same Zn element content, and a volume ratio of H.O/DMF = 0.05 (v/v) as the solvent in the same

synthesis condition for ZRod-0.05.

e

Zn(CH,COO0),

Fig. A3 CH3COO" groups prefer to coordinate with metal nodes around the one-dimensional (1D)

channels of Zn-MOF-74 during the reaction, promoting an oriented growth along [001] direction.
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Fig. A4 Schematic illustration for the size adjustment of ZRods with H2O content.
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Fig. A5 SEM images of products with H:O/DMF = 0.025 (v/v) in the mixed solvent after stirring
for a) 5 min (dotted lines indicate particle alignment), b,c) 20 min, d,e) 24 h, at room temperature,
and f) solvothermal reaction at 100°C for 24 h (ZRod-0.025). g) XRD patterns of products above.
Peaks indexed to the Zn(H20)2(CsH4Os) are in accordance with reference [1]. All the samples were

collected by centrifugation and washed with DMF and methanol.
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Fig. A6 SEM images of products using DMF solvent after stirring for a,b) 20 min, c,d) 24 h, at
room temperature, and ¢) solvothermal reaction at 100°C for 24 h (ZRod-0). f) XRD patterns of

products above.

The formation process of ZRods

To gain insight into the formation process of Zn-MOF-74 rods (ZRods), after mixing
Zn(CH3CO0); and CgHsOs solutions with Ho.O/DMF = 0.025 (v/v) and stirring for 5 min, 20 min,
and 24 h at room temperature, the products were collected for scanning electron microscopy (SEM)
imaging (Fig. Aba-e). At the initial stage (5 min, Fig. A5a), small particles around 40 nm formed,
and tended to a linear alignment, implying a possible oriented attachment [2]. After 20 min, rough
nanorod structures with a diameter of ~40 nm and a length of 60~100 nm were obtained (Fig.
Ab5b,c), possibly due to the fusion of the initial aligned particles. In contrast to the well-developed

hexagonal pillars from the solvothermal reaction (i.e., ZRod-0.025 in Fig. Alb and Fig. A5f),
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prolonging the stir for 24 h still could not produce pillared crystals, but resulted in particles ~50

nm and their aggregates (Fig. A5d,e).

The crystal structures of these products were examined by X-ray diffraction (XRD), as shown in
Fig. A5g. The solvothermal reaction led to the crystalline Zn-MOF-74 (Fig. A5g and Fig. 7.4a),
whose pattern matched well with simulated XRD pattern [3]. In contrast, the sample collected after
20 min reaction at room temperature possessed the characteristic peaks of the linear structure of
Zn(H20)2(CgH40¢) [4] and Zn-MOF-74 (Zn2(H20)2(CgH20¢)), with other peaks belonging to
unidentified intermediate phases. Continuing the reaction at room temperature for 24 h enhanced
the peak intensity due to the crystal growth and maturation, and all the peaks could be indexed to
the Zn(H20)2(CsH406) and Zn-MOF-74. These results reveal that, by using zinc acetate as metal
source, the crystalline phase of Zn-MOF-74 can form at room temperature [5] through a dynamical
transformation from a simple, linear Zn(H20)2(CgH40Os) structure into 3D Zn-MOF-74 structure.
The carboxyl groups on CgHesOs first coordinate with the Zn nodes, forming a linear structure, and
then weakly acidic phenolic hydroxyl groups join in the coordination with metal nodes, finalizing
3D MOF structure. A similar stepwise structure transformation process from a linear to 3D
structure was also observed in mechanochemical Zn-MOF-74 synthesis [1]. The solvothermal
condition promotes this transformation process due to the higher energy for reaction, resulting in
phase-pure, more thermodynamically stable Zn-MOF-74 crystals. Similar morphology and
crystalline structure transformations have also been clarified during the ZRod-0 formation in a
single DMF solvent (Fig. A6), suggesting a universal formation mechanism of Zn-MOF-74

regardless of the H2O content in the solvent.
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Fig. A7 a) EDX elemental analysis and b) XPS spectrum of ZCRod-0.025. The Cu element in Fig.

ATa is from the copper tape as the substrate in the measurement.
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Fig. A8 a) EDX mapping analysis and b) EDX line scan on P70@ZCRod-0.025.

EDX mapping images manifest the uniform distribution of P in the carbon matrix (Fig. A8a),
which is also supported by EDS line scan (Fig. A8b). In addition, no P particles can be observed
on the nanorod surface. These features confirm the successful P loading into ZCRcod-0.025, which

does have the capability to accommodate a P loading of ~70 wt.%.
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Fig. A9 TGA plots of P50@ZCRod-0.025 and P70@ZCRod-0.025.
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Fig. A10 a) Cyclic performance at 100 mA g after initial two cycles of activation at 50 mA g* of

ZCRo0d-0.025, and b) relevant charge/discharge curves.

ZCRo0d-0.025 has reversible capacities of 162.5 and 136 mAh g at 50 and 100 mA g*,

respectively.
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Fig. A1l Gravimetric energy density estimation of a) the P50@ZCRod-0.025 composite (~1,495
Wh kg?) and b) commercial graphite anode (~863 Wh kg™) by selecting KxMnFe(CN)s as a

reference cathode which has an average voltage of ~3.6 V.
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Fig. A12 EIS of P50@ZCRod-0.025 at different states of charge (SOCs): a, b) Nyquist plots, ¢)

Bode plot at SOC of 10%, and d) Bode plot at SOC of 40%.
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Fig. A13 a) Four-time constant and b) three-time constant equivalent circuits for fitting the

impedance results.
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Fig. A14 SEM images of the PS0@ZCRod-0.025 electrode after 300 cycles at 2.5 A g and washed

with DMC.
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Table Al Fitting results of the electrochemical impedance spectra at various states of charge

(SOCs).
SOC, %  R1(+) R1(Err%) R2(+) R2(Err%) R3(+) R3(Err%)  R4(+) R4(Err%)  R5(X) R5(Err%) W1-R(+) W1-R(Err%)
0 1.6 1.9 49 25.6 20.0 27.6 104.0 21.0 1200.0 N/A 880.0 N/A

10 1.7 1.4 5.9 20.9 24.3 22.9 115.4 20.5 1000.0 N/A 4065.0 59.1

30 1.5 2.6 4.2 27.8 20.2 25.1 10.4 4.7 N/A N/A 205.4 13.6

40 1.7 1.4 5.4 25.7 24.0 27.7 9.6 6.3 N/A N/A 84.6 20.9

50 1.7 1.4 49 26.8 22.7 26.7 8.4 6.5 N/A  N/A 43.5 31.5

60 1.8 1.5 53 33.7 241 38.4 12.3 10.7 N/A N/A 314 56.2

70 1.7 1.3 5.6 31.7 26.7 37.5 14.9 15.3 N/A N/A 13.5 155.2

80 1.7 1.5 5.4 42.6 28.4 70.0 46.1 54.1 N/A N/A 4.9 1683.2

90 1.8 2.2 5.0 47.2 321 62.9 59.8 79.8 N/A N/A 3.0 4054.1

100 1.8 1.4 5.0 43.3 24.1 61.3 36.1 46.8 N/A N/A 2.6 2544.8

Note: At SOCs of 0% and 10%, the EIS were fitted by a four-time-constant equivalent circuit (Fig.
Al3a) while at other SOCs, the EIS were fitted by a three-time-constant equivalent circuit (Fig.
A13Db), which was mostly judged based on their Bode plots. At the 0%-SOC, the R4 and the R5
have to be fixed to estimated values; otherwise, the fitted results do not match the experimental
data well. Similarly, at the 10%-SOC, the R4 has to be fixed to the estimated value. At the SOCs
between 30% and 50%, the fitting error for each parameter is relatively small, suggesting good
fitting results. Take SOC of 50% as an example, the Ohmic resistance (R1) is 1.7 Ohm while R2,
R3, and R4 are charge transfer resistances for carbon and K-P alloys with a sum of 36 Ohm; in
contrast, W1-R represents the K-ion diffusion resistance (43.5 Ohm). The relatively low

resistances explain the good rate capability of P50@ZCRod-0.025.

In some cases, the fitting errors at high SOCs such at SOCs of 80-100% are far greater than 100%,

which lead those fitting results unreliable.
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Table A2 Comparison of the electrochemical performance of the P50@ZCRod-0.025 composite

with other phosphorus-based anodes for PIBs. (The specific capacities are calculated based on the

mass of composites.)

Materials Current Initial reversible Cycling stability Refer
density capacity (mAh g?) (mAh g9) ence
(A gY) and initial CE
P50@ZCRod- 50 589.2 78.5% This
0.025 100 401.8 after 75 cycles work
2,500 289.6 150.7 after 400 cycles
5,000 187.5
Red P@hollow C | 50 841 67% [6]
250 724 after 40 cycles
5,000 249
Red P/ICNT/Ketjen | 25 624.5  68.26% 750 after 7 cycles [7]
black 1,000 270 ~220 after 60 cycles
2,000 121
Red P@3D C 100 457 59% 273.1 after 40 cycles [8]
sheets 2,000 323.7
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Table A2 Comparison of the electrochemical performance of the P50@ZCRod-0.025

composite with other phosphorus-based anodes for PIBs (continued).

Red 50 490.9 63.5% 396 after 75 cycles [9]
P@mesoporous C | o, 244 after 200 cycles
2,000 136
Red P@active C 50 170 53% 142 after 100 cycles [10]
Red P@active 20 416 58.9% [11]
C@PPy 50 220 after 200 cycles
500 132
Red P@rGO 100 556.1 52.6% ~359 after 50 cycles [12]
500 ~248 after 500 cycles
2,000 134.4
Black P/graphite 250 ~917 ~70% ~420 after 50 cycles [13]
750 ~560 ~92% ~238 after 100 cycles
~560
Black P/C 50 443 60% 270 after 50 cycles [14]
500 120
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Table A2 Comparison of the electrochemical performance of the P50@ZCRod-0.025

composite with other phosphorus-based anodes for PIBs (continued).

SnP@C 50 478.1 70.3% [15]
100 355 after 100 cycles
1,000 234.9 after 200 cycles

SnPs/C 50 410 58.8% 408 after 50 cycles [16]
500 225 after 80 cycles
1,200 212

Sn4P3/C 50 ~350 59.4% ~307.2 after 50 cycles [17]

SnsP3@C fibers 50 514.7 64.2% 403.1 after 200 cycles [18]
500 160.7 after 1,000 cycles
2,000 169.6

MoP@ C fibers 100 ~350 ~42% ~280 after 100 cycles [19]
2,000 223

FeP@C nanobox | 100 264 47% 205 after 300 cycles [20]
2,000 37
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Table A2 Comparison of the electrochemical performance of the P50@ZCRod-0.025

composite with other phosphorus-based anodes for PIBs (continued).

CoP@porous C 100 182 19.6% 127 after 1,000 cycles [21]
sheets 500 114 after 1,000 cycles
GePs 50 750 58.6% 495.1 after 50 cycles [22]
500 213.7 after 2,000 cycles
1,000 284.2

Calculation for the optimal red P loading into ZCRod-0.025

Pore volume of ZCRod-0.025 = 1.387 cm® g*

Red P density ~ 2.2 g cm™

Volume expansion of P into K4P3~ 293% from reference[6]

Optimal red P loading amount per gram of ZCRo0d-0.025=1.387/2.93*2.2=1.04 ¢

Optimal red P loading percentage = 1.04 / (1+1.04) = 51%
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