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Abstract

Electrochemical energy conversion and storage technology is considered as a
promising replacement of fossil fuels to directly convert the chemical energy to electrical
energy through electrochemical reactions, which has environmental-benign emissions and
excellent operational efficiencies. As key components of an electrochemical device, both
electrode and electrolyte will have substantial effects on the performance of an
electrochemical energy conversion and storage system. While there have been many
research and development concerning electrode materials, the investigations focusing on
electrolyte are rather limited. It is worth noticing that the design and preparation of an ideal
electrolyte is very necessary, as it plays a critical role in establishing important properties
of an electrochemical energy conversion and storage system including internal resistance,
thermal stability, power density, energy density, cycle life, and so on.

In this thesis, electrolytes are divided into two types by physical properties, which
are liquid electrolyte and solid-state electrolyte. Liquid electrolyte can be further grouped
into aqueous and non-aqueous ones based on different solvent utilization, while solid
electrolyte can be further separated into all-solid-state and quasi-solid-state electrolytes.
Overall, the development of electrolytes is moving from liquid towards solid electrolytes
with the rapid growing demand of flexible, foldable, portable, micro and wearable
electrochemical devices.

In this work, a novel strategy towards hybrid aqueous electrolyte was firstly put

forward for an all-aqueous redox flow battery with unprecedented high energy density.
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Theoretically, the electrolyte acidic/basic properties have a great influence on redox pair
potential. By tuning the pH of electrolyte, the battery voltage can be effectively enhanced,
finally leading to an increase in energy density. Inspired by this concept, an all-aqueous
hybrid alkaline zinc/iodine flow battery is designed and demonstrated with a 0.47 V battery
potential enhancement compared to the conventional counterpart. Also, a high-energy-
density of 330.5 Wh L™! was achieved for this all-aqueous hybrid alkaline zinc/iodine flow
battery. It is an unprecedented record for an all-aqueous redox flow battery obtained to date,
which is even 1.6 times of the highest reported energy density value. Overall, this hybrid
alkaline zinc/iodine system demonstrates a new design with promising performance for an
all-aqueous redox flow battery, and more importantly, opens a feasible and effective
approach for achieving high-voltage high-energy-density all-aqueous electrochemical
energy device.

After that, I present a functionalized nanocellulose-based membrane with a
laminated structure to be used as a hydroxide-conducting solid-state electrolyte. The
introduced functional groups in the nanocellulose significantly boost the hydroxide
conductivity (e.g., 58.8 mS cm™ at 70°C) due to the enhanced ion-exchange capacity and
the increased amorphousness of the membrane. Meanwhile, a cross-linking bonding
network is formed between the functionalized graphene oxide and nanocellulose, providing
the membrane with a superior mechanical property and excellent water retention. The
battery using the novel membrane exhibited superior rechargeability and performance
stability compared to the commercial A201 membrane. An excellent output power density
was achieved when the flexible zinc-air battery was under stress at different bending
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angles. This novel membrane will pave the way for future research in the field of flexible
energy storage devices, particularly for emerging portable and flexible electronic
applications.

In the last study, a functionalized graphene oxide-based membrane with three-
dimensional interpenetrating structure was fabricated through a green, efficient and
scalable approach. This membrane is used as a proton-conducting solid-state electrolyte in
an electrochemical fuel cell gas sensor for the detection of alcohol. The graphene oxide
nanosheets are inserted into the whole membrane fibrous skeleton, creating impermeable
barrier layers to prevent ethanol gas penetration. The introduced functional groups in the
graphene oxide significantly boost the proton conductivity due to the enhanced ion-
exchange capacity. Importantly, the modification of graphene oxide facilitates the protons
transportation in both in-plane and through-plane channels of the membrane. An alcohol
fuel cell sensor equipped with the novel electrolyte membrane was fabricated on the basis
of direct ethanol fuel cell principle, exhibiting excellent linearity, sensitivity as well as low
ethanol detection limits approaching 25 ppm. This work will pave the way for future
research in the field of electrochemical gas sensors as well as the graphene oxide utilization
in gas detection application.

In summary, this thesis focuses on the development of electrolytes, including
aqueous-based hybrid electrolyte as well as functionalized nanocellulose and graphene
oxide based solid electrolytes. Several applications are demonstrated with the presented
electrolytes materials, paving the way for future electrolyte research in high-energy-density
or flexible wearable electrochemical energy and storage systems.
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Chapter 1 Introduction

1.1 Motivation

Nowadays, the 21% century is witnessing the huge consumption of energy to meet
the demand of booming economy. Fossil fuels, including oil, coal and natural gas, have
been the world’s main energy source."-> While the world’s fossil fuels are being constantly
consumed nowadays, two critical issues of energy crisis and environmental pollution are
arising, thus bringing more attention to the public.® Firstly, all fossil fuels are finite and
will suffer from the end of supplies someday, bring down the economic order with it.
Moreover, using fossil fuels for energy has exerted an enormous toll on environment, from
air and water pollution to global warming and climate change.* Taken together, these
unfavorable factors will be huge impediments for future worldwide economic continual
development. Investment in science and technology to create sustainable alternatives to
fossil fuels is an urgent priority of our society and the development of highly efficient green
energy is imperative. Electrochemical energy conversion and storage (EECS) system is
considered as a promising replacement of fossil fuels to directly convert the chemical
energy to electrical energy through electrochemical reactions, which has environmental-
benign emissions and excellent operational efficiencies.> ¢ Unlike some renewable
resources such as large-scale solar and wind-based electricity generation, EECS systems
can deliver electricity in more reliable electrochemical methods.

These EECS technologies are now being gradually putted into market in the

development of modern portable electronic devices such as laptops and smart phones, as
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well as hybrid electrical vehicles, plug-in hybrids, and all-electric vehicles.
Supercapacitors, batteries and fuel cells are recognized as three main kinds of the important
EECS systems.” 8 Based on different conversion and storage mechanisms, these three
EECS systems exhibit different electrochemical features. “Energy density” (expressed in
watt-hour per liter, Wh/L) and “power density” (in W/L) are two most important properties
to be used to evaluate the energy contents and rate capability of a system.® The relationship
between these two properties can be expressed by Ragone plot to compare the power and
energy capabilities.” 1° Fuel cells can be regarded as high-energy systems, whereas
supercapacitors are considered as high-power systems, leaving batteries in the intermediate
position. Although these three EECS systems exhibit different energy storage
characteristics, they all own “electrochemical similarities”. In other words, all of them
consist of two electrodes separated by an electrolyte. The electrochemical reactions occur
on the electrode surfaces, generating ions and releasing electrons. The ions go across the
electrolyte to complete the reaction, and the electrons pass through external circuit to
power electricity. As key components of an electrochemical device, both electrode and
electrolyte will have substantial effects on the performance of an EECS system. While
there have been many research and development concerning electrode materials, the
investigations focusing on electrolyte are rather limited. It is worth noticing that the design
and preparation of an ideal electrolyte is very necessary, as it will influence the
performance of an EECS system in different ways.

Electrolyte plays a critical role in establishing important properties of an EECS

system including internal resistance, thermal stability, power density, energy density, cycle



life and so on (as seen in Figure 1-1). For example, the ionic conductivity of electrolyte
has a profound influence on internal resistance of the whole system.!!"!> A high-conductive
electrolyte with high ion mobility and low viscosity usually shows outstanding rate

capability, which is beneficial for power density.'®

Beside the property of ionic
conductivity, the electrolyte potential window also has a major impact on power density,
as well as energy density.!” The operating potential window of an aqueous-based
electrolyte is theoretically below 2.0 V, because the voltage of water splitting reaction is
about 1.23 V (the potential window of H»/O»> evolution reactions at 1.0 atm and room

temperature),' 2

whereas the organic electrolyte or ionic liquid electrolyte can usually be
operated above 2.0 V.2!"?> Enhancing the voltage of an EECS system could be one very
feasible and effective approach to achieving high energy density. Thus, by optimizing the
electrolyte potential window, a promising energy density could be reached. Some thermal
properties like boiling point, freezing point, salt solubility et. al. play significant roles in
electrolyte stability and thereby affect the EECS system operating temperature range.'> !’
Non-ideal stability accompanied by the electrolyte degradation and aging phenomenon is

also recognized as the leading cause of short cycle life.?* Actually, it is impossible to design

an electrolyte to satisfy all the requirements of an EECS system.



Figure 1-1. Physical, chemical, electrochemical effects of the electrolyte on an EECS system.

Reproduced from reference 17, with permission from Royal Society of Chemistry.

1.2 Fundamentals of Electrolytes (materials and compositions) for

Electrochemical Devices

A conventional electrolyte is an ionic conductive solution dissolved with salts in
solvent. During charge or discharge process of an EECS system, the ions pass through the
electrolyte to arrive at two electrodes, facilitating charge compensation and completing
chemical reactions.!® The nature of electrolyte, including the ions size and type; the
operating potential window; the physical/chemical/electrochemical stabilities; the
interaction with electrode materials; the solvent properties will all contribute to the EECS

system performance.? In general, an ideal electrolyte is supposed to have following
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properties: (1) good ionic conductivity; (2) wide potential operating window; (3) excellent
thermal stability; (4) promising electrochemical stability; (5) inertness with electrode
materials; (6) low viscosity and non-flammable; (7) environmentally friendly; (8) low cost
and easy to commercialize; and so on. Thus, the research and development of electrolyte
at present should focus on the overall performance to enlarge its advantages and overcome
its drawbacks to fulfill the requirement of one specific EECS system.

To date, various electrolytes have been developed and reported in the literature. As
shown in Figure 1-2, in this thesis, electrolytes are divided into diffident types by physical
properties, which are liquid electrolyte and solid-state electrolyte. With respect to liquid
electrolyte, it can be further grouped into aqueous and non-aqueous ones based on different
solvent utilization. At present, the majority of electrolytes for most EECS systems is still
aqueous-based solution, which has outstanding ionic conductivity owing to high ion
mobility and low viscosity.?®?® Recently, organic-based electrolytes are gradually coming
in sight, particularly for lithium ion batteries, because of their high operating potential
window superior to others. > Ionic-based electrolytes with unique structures and properties
are burgeoning, which create more possibilities to electrolyte development and quickly
grab researchers’ attention.’” 3! However, these liquid electrolytes all suffer from leaking
problem and drying-out issue after a long period of running. Thus, all-solid-state or quasi-
solid-state electrolytes are good alternatives with the rapid growing demand of flexible,
foldable, portable, micro and wearable electrochemical devices.’>** The devices with
solid-state electrolytes are simply sharped into multifarious configuration and packaged

without leaking and drying-out concerns. Overall, a various of electrolytes have been



designed and developed in recent years, and researchers are becoming aware of their

important functions for an EECS system.

Electrolyte
[ I |
Liquid Solid-state
electrolyte electrolyte
Aqueous Non-aqueous Quasi-solid All-solid
electrolyte electrolyte electrolyte electrolyte
. Organic Hydrogel polymer Solid polymer
— Acid — — }
electrolyte electrolyte electrolyte
— Alkaline | Tonic liquid| | Organogel polymer Polyelectrolyte
electrolyte
. O || Ionogel polymer Inorganic solid-state
| Neutral Mixtures electrolyte electrolyte

Figure 1-2. Classification of electrolytes for an EECS system. Reproduced from reference

17, with permission from Royal Society of Chemistry.

Aqueous electrolytes can be divided into three types: acid, alkaline and neutral,
typically represented by H2SO4, KOH and Na;SOs. The significant advantage of aqueous
electrolyte is its extremely high ionic conductivity compared with non-aqueous or solid-
state electrolytes. For example, as the most common-used acid electrolyte, H>SO4 has a
high ionic conductivity of 0.8 S cm™ (1 M H2SO4at 25 °C).!” Ton concentration has great
influence on ionic conductivity.>> 3¢ The ionic conductivity cannot reach its highest value
if the ion concentration is too high or too low. Most EECS systems use 1 M H2SO4 as
electrolyte because the maximum conductivity value for H2SO4 is obtained at 1 M

concentration at 25 °C. Same rules also apply for alkaline electrolyte. As shown in Figure



1-3, at room temperature (25 °C), the highest conductivity of KOH solution is achieved at
25 - 30% concentration (7 M KOH).?” That is why most zinc-air batteries prefer to use 7
M KOH solution as their electrolyte. It is worth noting that some EECS systems can be
operated in both acid and alkaline mediums but will under go different electrochemical
reactions. Acid and alkaline fuel cells are good examples for explanation and their reactions

are as follows.

Acidic

HOR H,—2H +2¢ E°=0V vs SHE (1-1)
ORR 1/20, +2H +2¢"—H,0 E°=1.23 Vvs SHE (1-2)
Overall H,+1/20, —-H,0 E°=1.23 Vvs SHE (1-3)
Alkaline

HOR H,+20H —2H,0+2¢" E°=-0.83 V vs SHE (1-4)
ORR 1/20, +H,0+2¢—20H E°=0.40 V vs SHE (1-5)
Overall H,+1/20, —-H,0 °=1.23 Vvs SHE (1-6)

Besides acid and alkaline electrolytes, neutral electrolyte (e.g. Na>SOs) is also widely used
in some EECS systems. The advantage for neutral electrolyte is the elimination of
corrosion issue in strong acid and alkaline environments.>® Through the investigation of
ion size, ion mobility and ion transportation pathway can be identified and thereby the

interaction between electrolyte and electrodes may be evaluated and thereby provide a



possible indication on the electrolyte design and control.
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Figure 1-3. Electrolyte conductivity, Zn/Zn?* exchange current density, and ZnO
solubility as a function of KOH concentration. Reprinted from reference 37, with

permission from John Wiley and Sons.

Generally, aqueous electrolyte is the most commercial category due to its great
advantage of safety. Water is the solvent for aqueous electrolyte which is environmentally
friendly and non-flammable. Compared with organic solvent, the devices with aqueous
electrolyte are easy to be assembled and fabricated with no concerns of special
considerations.** On the other hand, the organic solvents are usually equipped with some
highly active metals, such as lithium and sodium, which are very sensitive to moisture and
should be carefully handled in an inert atmosphere.*

However, the drawback of narrow operating potential window has largely affected
the aqueous electrolyte in achieving its high energy density. As previously mentioned, the

EECS devices voltage will be restricted by the potential of water decomposition reaction,

8



in which the hydrogen evolution reaction occurs at around 0 V vs. SHE, while the oxygen
evolution reaction potential is about —1.23 V vs. SHE. The released gases of hydrogen and
oxygen may destroy the package of an EECS device, which could be a potential safety

risk.*!

1.4 Organic Electrolyte

A typical organic electrolyte consists of conductive salt dissolved in organic solvent.
The nature of conductive salts and solvents will have profound influence on the EECS
systems, such as ion size and type, ion mobility, solvent stability, solvent operating
temperature and potential, interactions between conductive salts and solvents, electrolyte
stable potential window (ESPW), and so on.*?

An ideal organic solvent should have the ability to dissolve most conductive salts
and provide a relatively high ESPW. Most importantly, it should be quite safe and stable
during the charge and discharge running of an EECS device. Unfortunately, the intrinsic
properties of organic materials make them at the risk of a flammable, volatile and toxic
environment. Thus, the fabrication and assembly process of a device with organic solvent
should be very strict without trace of water molecules. Because the presence of any residual
impurities (e.g., water) may lead to the EECS system performance degradation.** That is
why the demand of manufacturing process of organic solvent needs be at very high level
and usually costly. The second critical factor for organic solvent is the operating
temperature. The lower temperature limits of various organic solvents are different, thereby

the resulting in big difference of operating temperature.** For example, acetonitrile (ACN)



and propylene carbonate (PC) are two most commonly used organic solvents for electric
double layer capacitors (EDLCs). The specific capacitance of the EDLC with 1M ACN
organic solvent didn’t change with the decreasing temperature, while the capacitance of
the EDLC with 1M PC solvent obviously declined when temperature dropped from 60 to
—40 °C.% A few literatures have been focusing on broadening the operating temperature of
an organic solvent, such as some additives.

An ideal conductive salt for an organic solvent is expected to own a high ionic
conductivity. Theoretically, the conductivity value is determined by two factors, i.e. ion
concentration and ion mobility.*> 47 The ion concentration of an organic electrolyte is
limited to the dissolving ability of solvent with conductive salts, and the ion mobility will
largely be affected by the solvent viscosity and ion size. Obviously, the smaller particles
have more freedom to transport in the electrolyte. But due to the high viscosity of organic
solvent, the ions cannot move as fast compared to the counterpart in aqueous electrolyte,
thus resulting in relatively low conductivity. For example, the ionic conductivity of 1M
tetraecthylammonium tetrafluoroborate (TEABF4) in ACN solvent is about 0.06 S cm™,
whereas the conductivity of 1 M H2SO4at 25 °C is around 0.8 S cm™. >

Aging and degradation of an EECS system with organic solvent are an important
issue need to be addressed. Harsh working condition may be the top threat for aging and
degradation. As we mentioned previously, the outstanding advantage of organic electrolyte
is the wide operating potential window. Some EECS system equipped with organic
electrolyte can even reach up to 2.5 — 2.8 V voltage. However, the extremely high voltage
is also a big challenge for the electrode materials. At high voltage condition, the electrode

10



materials may suffer from oxidation risk and some carbon-based electrodes even release
some gases, such as CO2 or CO, which will be possible damage for a sealed battery
package.*® The understanding of aging and degradation process is very important for the
protection of an EECS system. Several literatures have started to focus on the mechanism
behind this phenomenon, and some experimental approaches and analytic methods have
already been applied to deeply understand the mechanism, including quartz-crystal

) 50-53
2

microbalance (QCM),* nuclear magnetic resonance (NMR in situ small angle

neutron scattering (SANS),>* in situ Raman microspectrometry,®> and so on.

1.5 Ionic Liquid Electrolyte

Ionic liquid is a good electrolyte candidate for an EECS system because of its
unique physical and chemical properties, including good thermal stability, superior
electrochemical stability, low volatility and non-flammability. lonic liquids are salts
composed of solely cations and anions with melting points below 100 °C, thus it is also
known as room temperature molten salts.?!* 3 37 The commonly used cations of ionic
liquids are imidazolium (e.g., [EMIM]"), ammonium (e.g., [DEME]"), phosphonium (e.g.,
P2224), sulfonium (e.g., [Me3S]"), pyrrolidinium (e.g., PYR14), and so on. The typically
employed anions of ionic liquids are bis(trifluoromethanesulfonyl)imide (TFSI ),
bis(fluoro-sulfonyl)imide (FSI ), hexafluoro-phosphate (PF6 ), dicyanamide (DCA ),
tetrafluoro-borate (BF4 ). Based on the different cations and anions compositions, ionic
liquids can be classified into three types: aprotic, protic and zwitterionic ionic liquids

(Figure 1-4).%8
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Figure 1-4. Classification of lonic liquids. Reprinted from reference 58, with permission

from 10P Publishing.

Actually, ionic liquids are highly tunable materials which can be designed with the
composition of various cations and anions to customize certain physical and chemical
properties. This is the most attractive characteristic of ionic liquid which can be used to
meet the requirement of some specific EECS systems through the optimization of anion
and cation combinations. For example, pyrrolidinium-based ionic liquids usually own
larger ESPWs while imidazolium-based ionic liquids have better ionic conductivity.?> >
As mentioned previously, an EECS system with organic electrolyte (e.g., ACN and PC)
normally have a voltage limitation of 2.5 — 2.8 V. A voltage exceeding this value may cause
the degradation to electrode materials as well as electrolytes themselves. But, through the

combination of pyrrolidinium cation, the ionic liquid electrolyte can withstand an operation

voltage of 3 V.°% 6! With respect to imidazolium-based ionic liquid, i.e. [EMIM][BF]
12



electrolyte, a higher conductivity of 14 mS cm™ at 25°C has been achieved among all ionic
liquid-based electrolytes. However, this value is still lower than organic electrolytes, such
as TEABF4 /ACN with a conductivity of 59.9 mS cm™ at 25°C.!7 The relatively low
conductivity values of ionic liquid electrolyte come from two reasons: (1) high viscosity.
The high viscosity of ionic liquid electrolyte will largely affect the ion mobility level
thereby significantly decrease the conductivity value. Theoretically, the viscosity value is
much lower than that of organic electrolyte. For example, the viscosity of [EMIM][BF4]
and [BMIM][BF.] are 41 cp and 219 cp,®> © respectively, whereas the viscosity for ACN
organic electrolyte is much smaller as 0.3 cp.%* (2) aggregation. Some cations of ionic
liquid are similar to surfactants. Because of the special structure as surfactants, the cations
tend to aggregate in ionic liquid, which is a critical problem for ion mobility.®> % Therefore,
the ionic liquid electrolyte usually cannot obtain the promising conductivity values as
organic electrolyte.

The combination of ionic liquid with organic solvent could be an alternative
strategy to draw the advantages of both to create an ionic-liquid-based electrolyte with
lower viscosity, thus boosting higher ion mobility. Therefore, the mixture of ionic liquid
with organic solvent usually exhibits superior 1onic conductivity than solely ionic liquid
electrolyte itself. For example, the mixture electrolyte of 2 M [EMIM][PF6] and EC-DMC
organic solvent has a conductivity as high as 27 mS cm’!, which demonstrates its
superiority than solely ionic liquid [EMIM][BF4] electrolyte with a conductivity of 14 mS
cm! at 25°C.%7 However, not all combinations of ionic liquid with organic solvent could
prove to be beneficial to EECS system. More attention should be paid to the drawbacks
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brought from the mixture of both.

1.6 Solid-state Electrolyte

Nowadays, we are moving towards a next-generation electrochemical energy
period with the demand of flexible electronics, wearable electronics, portable devices,
stretchable electronic displays, and so on. However, in these new smart applications, their
merits are largely limited by the bulky battery configurations, as a result of relying on
liquid electrolytes. To end this, one approach is to swap liquid electrolyte for versatile,
solid-state alternatives, making the EECS systems safer, lighter, and more portable.

As a promising solid-state electrolyte, it is expected to be processed with the
following characteristics: (1) high ionic conductivity. For a solid electrolyte material, the
primary property of interest is the ionic conductivity. However, the ionic conductivity
mechanism 1is still not that clear because of various matrix material as well as complex
charge carriers. It is commonly acknowledged that ion mobility and ion concentration are
two important factors to contribute to an ideal ionic conductivity value. The high ion
concentration will provide a large number of charge carriers, while a good ion mobility
guarantees a “free” movement of these charge ions; (2) good dimensional stability and
mechanical property. The swelling ratio (dimensional stability) of solid electrolyte is an
important indicator to evaluate the electrolyte membrane performance. As a promising
solid membrane, a low swelling ratio without the sensitivity of water molecules will be an
ideal property, thus the solid membrane will not suffer from shape change with the

fluctuation of the humidity environment. Also, a solid membrane with good tensile strength
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and strain will be beneficial to the requirement of some stretchable, flexible, wearable
electronic devices. (3) excellent thermal, chemical, electrochemical stability. An
electrochemical energy system often suffers from an extremely acidic or alkaline operating
environment. For example, the common-used electrolyte for zinc air battery is 20 — 40%
high concentrated KOH solution.?” Therefore, a solid electrolyte membrane without any
degradation in harsh environment is a guarantee for smoothly running of an
electrochemical energy system.

With the rapid growth of solid-state electrolyte development, it can be roughly
divided into two major types: quasi-solid-state electrolyte and all-solid-state electrolyte.
The following sections will provide detailed discussion for these two electrolytes
respectively.

1.6.1 Quasi-solid-state Electrolyte

Currently, gel polymer electrolyte (GPE) is the most extensively studied electrolyte,
which is also be called as quasi-solid-state electrolyte due to the presence of a liquid phase
in it. 7% As shown in Figure 1-5a, the GPE is usually composed of a host polymer and a
liquid electrolyte or a conductive salt dissolved in a liquid solvent. The host polymer can
serve as the three-dimensional network to trap the liquid phase into the polymer matrix.
Various polymer matrices have been explored as polymer hosts for preparing GPEs,
including poly(ethylene oxide) (PEO), poly(vinylidene fluoride) (PVDF), poly(vinylidene
fluoride-hexafluoropropylene) (PVDF-HFP), poly(methyl methacrylate) (PMMA),
poly(vinyl chloride) (PVC), poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA),

poly(acrylonitrile) (PAN), poly(ethyl methacrylate) (PEMA), poly(e-caprolactone) (PCL),
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chitosan, and so on.

Figure 1-5. Schematic diagrams of (a) a gel polymer electrolyte, (b) a dry solid polymer

electrolyte, and (c) a polyelectrolyte.

In this thesis, based on the difference of liquid phases, the GPE will be classified
into three types: hydrogel polymer electrolyte, organogel polymer electrolyte and ionogel
polymer electrolyte. Hydrogel polymer electrolyte is a GPE which uses water as a
plasticizer. For example, PVA is the most popular hydrogel polymer host which can be
prepared with a series of H>SO4, H3PO4, KOH, NaOH, KCI and NaCl.”"* 7> Chen et al.
reported a thin-film, flexible, and rechargeable zinc-air battery with a PVA-gelled
electrolyte which is synthesized from a mixture of KOH/PVA (35/2 wt%) solution.” If an
organic solvent is applied instead of water, the GPE can be named as organogel polymer
electrolyte. Same with the organic liquid electrolyte we discussed above, the organogel
polymer electrolyte normally can be operated in an increased battery voltage up to 2.5 — 3

V,”+78 which is much higher than that of hydrogel polymer electrolyte. Ionic liquid can also
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be considered to incorporate into polymer matrices, obtaining a new type of GPE called as
ionogel polymer electrolyte. The conductivity and operating voltage of ionogel polymer
electrolyte mainly depend on the nature of ionic liquid employed in the system as well as
the property of polymer host applied.

Overall, the conductivity of GPE is outstanding among all the solid-state electrolyte
because of the present of liquid phase, which provides a freer and easier moving pathway
for the ions rather than the blocked solid-state phase. However, GPEs also have their own
drawbacks, such as the poor mechanical strength and drying out issue particularly when
water is used as the solvent.

1.6.2 All-solid-state Electrolyte

In this thesis, all-solid-state electrolytes are divided into three types: solid polymer
electrolyte (SPE), polyelectrolyte and inorganic solid-state electrolyte. As shown in Figure
1-5b, SPE is a solvent-free system which consists of a polymer host and a salt without any
liquid phase. The conductivity of SPE is not as high as the GPE system, because the ions
move across the polymer without any assist of water or organic solvent. PEO is the most
common-used polymer particularly in lithium-based batteries, including lithium ion battery
and lithium sulfur battery. In the polyelectrolyte, the ionic conductivity contributes from
the charged polymer chains. As shown in Figure 1-5¢, the anions can move through
polycations-type electrolyte chains, whereas the cation conducting property can be
achieved by the polyanions-type electrolyte. Inorganic solid-state electrolyte is an all-solid-
state phase composed of inorganic materials, such as Li2S—P>Ss glass-ceramic electrolyte

reported by Francisco et al.” Unlike polymer-based solid electrolyte, inorganic solid-state
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electrolyte is not able to be flexible, bendable and stretchable. The interfacial contact of
inorganic solid-state electrolyte is also a big issue. However, it usually has good thermal

stability and robust mechanical property, thus it can be operated in high temperature up to

150 — 200 °C.%0- 81

1.7 Structure of Thesis

The main objectives of this thesis are to 1) design high-performance electrolyte
materials for electrochemical energy systems, ii) understand the ion transportation
mechanisms behind different electrolyte materials, and iii) contribute to the development
of next-generation electrochemical energy systems with the demonstration of flexible and
bendable electronic devices. Therefore, in this thesis work, the design and characterization
of different electrolyte materials were investigated; their relevant physical, chemical and
electrochemical properties were optimized respectively, then combined to fabricate
different EECS systems. Figure 1-6 depicts a breakdown of work conducted throughout
this thesis.

This thesis i1s organized in six chapters. Chapter 1 introduces readers a general
background, motivation, classification of current electrolytes for electrochemical systems,
and the scope of the thesis work. Chapter 2 presents some key performance measurement
techniques employed throughout the thesis, with in depth details provided within
subsequent chapter 3 through 5. Three different tasks that have been published are
discussed in subsequent chapter 3-5. Chapter 3 focuses on a novel strategy of tuning the

pH of the electrolyte environment to enhance the battery voltage, and eventually achieve
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the goal of high energy density for all-aqueous redox flow batteries. Chapter 4 deals with
a functionalized nanocellulose/graphene oxide membrane with a laminated structure to be
used as a hydroxide-conducting solid-state electrolyte in flexible and rechargeable zinc-air
batteries. Chapter 5 describes a co-functionalized cellulose/graphene oxide proton-
conducting solid electrolyte with a 3D interpenetrating network structure. The solid
electrolyte has successfully to be applied in a fuel cell gas sensor for the detection of
alcohol. Chapter 6 summarizes the important results and some discussions on the future

direction that the work may take.
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Figure 1-6. Schematic illustration of the research topics throughout this thesis.
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Chapter 2 Characterization Techniques

This chapter presents some key performance measurement techniques related to the
evaluation of materials and systems developed in this work. In this thesis, the
morphological and compositional analyses as well as physical properties are applied to
extensively characterize the nanocomposite electrolyte membranes synthesized in this
work. A variety of electrochemical techniques are applied to evaluate the performance of
electrochemical systems, including zinc iodide battery, zinc air battery and fuel cell sensor.
The detailed experimental procedures, characterization and evaluation of each developed

materials are provided within the proceeding chapters.
2.1 Morphological and Compositional Analyses

2.1.1 Fourier Transform Infrared (FT-IR) Spectroscopy

82.83 is a very common-used method to recognize the molecular

FT-IR spectroscopy
structures of organic compounds, mainly because it delivers significant amount of
information and is fairly inexpensive and easy to perform. Advantages of FT-IR
spectroscopy include:

(i) better signal-to-noise ratios;
(i) the ability to record complete spectra in much shortest timescales.

Basically, the useful parts of the infrared (IR) region for the analysis of polymeric
materials have a wavelength ranging from 2500 to 16000 nm. The related photon energies

of this range of the IR are not big enough to excite electrons; yet, they are able to cause

vibrational excitation of covalently bonded atoms and groups which can be stretched and
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bent. The characteristic of organic compounds is that they can go through a broad variety
of vibrational motions of their constituent atoms, resulting in the absorbance of IR radiation
related to the energy of the corresponding component vibration. Consequently, the existing
bonds and functional groups in the polymer can be identified by comparing the absorptions
positions in the IR spectrum with the characteristic absorption regions. In this study, the
synthesized polymer matrix is examined by FT-IR to generally identify the molecular

structure.

2.1.2 X-Ray Photoelectron Spectroscopy (XPS)

XPS,3* 85 also recognized as electron spectroscopy for chemical analysis (ESCA),
is a prevalent characterization tool for the investigation of elemental composition and
chemical state. In principle, X-rays with known energy irradiate on analyte, causing
emission of electrons by photoelectric effect and the kinetic energy and number of
electrons that escape from the material’s surface (top 1 to 10 nm) are detected and analyzed
based on the electron binding energy. The binding energy spectrum versus the number of
electrons can directly identify the elements on the surface of the material and provide the
relative amounts of each element. In this thesis, XPS is mainly utilized to identify and
quantify the elements in the developed solid-state electrolyte. Moreover, in many cases
also the different chemical states of the elements can be distinguished.

2.1.3 X-Ray Diffraction (XRD)

XRD 3637 i5 a versatile characterization technique which allows the determination

of crystal structure and atomic spacing. The X-rays from the source interact with the

sample to produce diffraction patterns at the angles corresponding to specific crystal planes.
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The x-ray source is swept over a range of angles and the diffracted x-rays at specific angles
are collected, processed and counted by the detector. The angle of diffraction is related to
the specific crystal orientation of the sample by Bragg’s law as shown by Equation 2-1
below,

nA = 2dsinf (2-1)
where n, A, d, and 0 represent the order of the spectrum (any integer), the wavelength of
the X-rays, the spacing between diffracting planes, and the incident angle, respectively.
The diffraction pattern at specific angles obtained by XRD can be compared to the
theoretical diffraction pattern calculated by the crystal planes to help identify the material.
Having said this, XRD patterns cannot be produced by amorphous materials as they do not
have ordered crystal planes that interact with X-rays to produce diffracted patterns. In this
thesis, XRD is used to identify the developed solid-state electrolytes and confirm their

crystal structures.

2.1.4 Scanning Electron Microscopy (SEM)

SEM®? is a powerful imaging tool used to investigate morphology and topological
features of micro and nanostructured materials. It involves illuminating the sample with a
powerful beam of electrons, and projecting images based on collected secondary or
backscattered electrons. The image resolution is similar to the size of the utilized electron
beam and can be on a nanometer or micrometer scale. In the thesis, SEM will be utilized

to investigate the distinct nanostructures of the fabricated materials.

2.1.5 Transmission Electron Microscopy (TEM)

TEM® is one of the essential physical characterization techniques, which allows
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direct visualization of the sample’s morphology similar to SEM. TEM also utilizes an
electron beam as the source to create high resolution images. However, unlike in SEM
which detects backscattered or reflected electrons above the sample, TEM detects electrons
which are transmitted through a thin sample which are then converted to an electric signal
to produce the final image. This allows TEM to resolve features in the atomic range
including the visualization of crystal orientation in ordered metal or transition metal oxide
samples.

2.1.6 Energy dispersive x-ray spectroscopy (EDS)

EDS or EDX?°! is an elemental analysis technique which allows identification
and quantification of the sample’s chemical composition. This technique is commonly
coupled to an SEM or TEM system to be conducted simultaneously with microscopic
analysis. The EDS signal is obtained by detecting x-rays emitted from the sample during
the interaction with the electron beam. The fluorescence X-rays of the emitted x-ray is
specific to each element which provides blue print for elemental identification. A typical
EDS result is displayed as a spectrum with x-ray counts versus fluorescence X-rays to
show various elements found in the sample. The EDS can also be used to create elemental
“maps”, which shows the distribution of localized elements over a selected area of the
sample. The maps show varying intensities depending on the amount of the localized
elements. This is particularly interesting for hybrid catalysts consisting of organic and

inorganic constituents to clearly identify the elements and their distribution in a sample.
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2.2 Physical Properties
2.2.1 Mechanical Property

Polymeric materials and polymer-based composites are often thought of as being
mechanically weak compared with metals and ceramics. However, these days many
polymer-based composites are used in structural engineering applications and are subjected
to appreciable stresses. The mechanical properties of these materials have consequently
been somewhat taken seriously nowadays.’% %3

There are a bewildering number of mechanical tests and testing instruments. In this
thesis, stress-strain tests are built up to measure the deformation of a specimen as the force
is applied at a constant rate. Stress-strain curves are an extremely important graphical

measure of a material’s mechanical properties. The slope of the straight-line of the curve

is the elastic modulus of the material. In a tensile test this modulus is Young’s modulus E.

force of load F
Stress = ; (2-2)
cross-sectional area A
) L-Lo
Strain = (2-3)
Lo

Stress
Young’s modulus E = - (2-4)

Strain

where Lo is the original length of the specimen and L is the stretched length.
2.2.2 Water Uptake (WU)

WU % is a measurement which exhibits the capability of an ion conductive
electrolyte membrane to retain the water. The WU of membrane has a great influence on
the membrane’s mechanical properties as well as ionic conductivity. Increased hydration

of membrane facilitates WU property, thus inducing an enhanced ion conductivity value.
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To calculate WU, the desired membrane is firstly immersed into deionized water at room
temperature for 24 hrs to insure saturation. Then the saturated membrane is taken out and
weighed immediately after the remove of water droplets from the surface. After that, the
membrane is vacuum dried at 80 °C for 24 hrs. The dried membrane is weighed

immediately in a plastic sealing bag. The WU can be determined from the following:

WU (%) = 22242 5 100 (2-5)

dry

where WU (%), Wwet and Wary are the water uptake by weight percentage, the weight of

wet membrane and the weight of dry membrane respectively.

2.2.3 Thermal Gravimetric Analysis (TGA)

TGA®® 7 is a continuous process to study the thermal degradation of polymeric
materials and polymer-based composites. TGA involves the measurement of sample
weight as the reaction temperature is changed by means of a programmed rate of heating.
Mass is lost if the substance contains a volatile fraction. Thus, the sample weight decreases
slowly as reaction begins, then drops rapidly over a comparatively narrow temperature

range, and finally levels off as the reactant becomes spent.

2.3 Electrochemical Properties

2.3.1 Ionic Conductivity Measure via Electrochemical Impedance Spectroscopy (EIS)
The accurate measurement of ionic conductivity through the electrolyte membrane

is of prime significance for the characterization of electrolyte materials. The conductivity

property can be evaluated through the measurement of resistivity of the conductive

membrane against the flow of alternating current (AC), which is known as AC impedance
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method. The AC impedance method can be classified into the two-terminal and four-
terminal methods. The four-terminal method is suggested to be applied to measure the
resistivity of ion conductors with low resistance, which has already eliminated interference
of interfacial resistance and polarization. The two-terminal method is usually used to
measure the resistivity in material of high resistance (above 10 kQ) as the contributions of
other interferences are low enough to be neglected in the total resistance. Thus, in this
thesis, all the conductivity testing is conducted through four-terminal AC impedance
spectroscopic technique for more accurate experimental data. The ion conductivity is
calculated using the following equation:
L

0= 2 (2-6)
where o is the ionic conductivity, L is sample length (or distance between the reference
electrodes in the membrane), R is the resistance of the membrane, and A is the cross-
sectional area of the membrane.”®1%

Furthermore, the ion conduction behavior of the membrane can be elucidated by
the relationship between the conductivity and the temperature derived from the Arrhenius
equation below:

Ino = Ingy — 2% (2-7)
RT
where Ea is the activation energy for ion conductivity, R is the gas constant, T is the
absolute temperature, and o is the frequency factor.
2.3.2 Battery performance evaluation

This section provides an overview of the variety of experimental testing techniques

that may be employed to evaluate the performance of batteries in this work. Factors such
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as open-circuit voltage (OCV), operating voltage, power density, energy density, specific
capacity, coulombic efficiency, voltage efficiency, energy efficiency as well as cycling
stability are essential parameters that should be evaluated in the investigation of zinc iodide
battery in Chapter 3 and zinc air battery in Chapter 4. These parameters can be revealed
with galvanodynamic polarization and galvanostatic techniques, including galvanostatic
full-discharge and galvanostatic cycling.
2.3.2.1 Galvanodynamic polarization

The galvanodynamic polarization technique is used to evaluate the degree of
departure of a battery’s operating voltage from its OCV in response to discharging and
charging currents. It is usually carried out by applying negative (discharging) or positive
(charging) currents with progressively higher magnitudes to the battery electrodes. The
responding potentials are recorded as a function of applied current, yielding discharge and
charge polarization curves. The difference between the operating voltage and the OCV (i.e.,
discharge or charge overpotential) directly represents the sum of the voltage losses
associated with activation and mass-transfer polarization at each electrode, as well as the
ohmic resistance of each component of the electrochemical circuit. In the study of
electrolyte, we place more importance on the region of ohmic loss, which mostly comes
from the internal resistance of the electrolyte to ionic flow and the interfacial resistances
between the electrodes and electrolyte. The power density of the battery can be plotted as
a function of current density by multiplying the discharge voltage by the applied current
density, producing the power density and the corresponding current density.
2.3.2.2 Galvanostatic full-discharge and cycling
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The capacity of battery can be determined through galvanostatic full-discharge
technique by applying a fixed discharge current until a defined cut-off voltage is reached.
The capacity of battery is often normalized by the mass of electrode or the mass of the
whole battery. An extremely flat full-discharge curve indicates little ohmic polarization of
the battery. Galvanostatic cycling is an accelerated testing technique for investigating the
electrochemical durability of batteries. Through galvanostatic discharge/charge cycling,
the responded discharge and charge voltages are recorded as a function of alternately fixed
negative (discharge) and positive (charge) currents. In comparison to galvanodynamic
polarization testing, the galvanostatic cycling test involves the choice of more test
conditions, including discharge/charge current density, the number of cycles, as well as the
time length and cut-off voltage for each cycle. All of these parameters will affect the test

results.

2.3.3 Fuel cell sensor performance evaluation
The fuel cell sensor performance can be evaluated by application of membrane

electrode assembly (MEA) with a series of electrolyte membranes. The MEA is fabricated

by sandwiching the as-prepared membranes with commercial gas diffusion electrode (GDE)
(Fuel Cells Etc.). Then, the MEA is punched into desired size and assembled into sensor

housing with two Pt wires as current collectors. Before testing, the sensor housing with

MEA assembled is stabled in the humidity chamber with 25 °C and room humidity 60%

for 72 h to equilibrate the components with the desired condition. The resulting sensor

housing is then inserted into the testing device to evaluate the performance. A certain

concentration of ethanol standard solution is prepared and warmed up in the simulator, and
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the ethanol vapor is generated by purging the air with a fixed flow rate. The fuel cell sensor
is initiated by pumping in the desired volume of gas into the sensor housing. Then, the
response curves, including the parameters of peak height, peak area, response time and
recover time, are recorded by a digital multimeter. Each sample was repeated five times

and the average of each parameter was taken into account.
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Chapter 3 An All-Aqueous Electrolyte Redox Flow Battery with
Unprecedented Energy Density

3.1 Introduction
In order to meet the soaring worldwide energy demand, various renewable
energy resources are integrated into today’s electrical grids, such as wind power and solar
energy. However, these renewable power outputs are usually unstable and inconsistent due
to their fluctuation along with the change of weather or location.!?!1® Thus, a great need
for advanced energy storage systems to mitigate undulating outputs and stabilize power
grids is looming. Redox flow batteries (RFBs) are of particular interest because of the
flexible power and energy storage originating from their unique architecture.!*1% In
contrast to capsule-enclosed batteries, RFBs store electrolyte with redox-active materials
in external reservoirs.'””!1% The redox reactions occur instantly on the electrodes’ active
surfaces when liquid electrolyte is flowing into the cell. Therefore, the battery capacity can
be increased up to the megawatt-hour (MWh) range by simply expanding the volume of
reservoir, 1% 111
Among various RFB systems, all-vanadium redox flow battery is recognized as one
of the most promising commercialized candidates benefitting from its long cycle life, high
efficiency as well as excellent electrochemical reversibility. However, in the soaring high
energy demand, its merits are largely limited by the low energy density. With a certain
electrolyte volume and concentration, the energy density of a RFB is usually determined

by two factors: (1) number of transferred electrons of the redox reaction;!!? (2) flow battery

voltage.!’* Thus, enhancing battery voltage could be one very feasible and effective
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approach to achieving high energy density.

Inspired by this concept, various non-aqueous RFBs have been put forward with
elevated battery voltage because of their wide electrochemical window employing organic
solvents.!'*12! Non-aqueous lithium-RFBs are typical illustrations with elevated battery
voltage (>2.0 V), which subtly combine lithium-ion or lithium-sulfur batteries with flow
battery technology.!'> ¥ 120 However, these non-aqueous lithium-RFBs have their
inevitable drawbacks: Firstly, because of the employment of lithium metal, they are very
sensitive to moisture as well as the gas of Oz, N, CO; in the air.!'* ¢ Secondly, ionic
mobility in non-aqueous solutions is much slower than in their aqueous counterpart.® Lastly,
most of the non-aqueous lithium-RFBs are based on the size of coin-cell with a volume of
electrolyte less than 5 ml, and has incapability for scaling-up. Alternatively, semi-aqueous
lithium-RFBs were proposed by using a completely ionized aqueous redox-active species
in the aqueous catholyte to match up with a non-aqueous lithium anode.!??'?> They
demonstrate high energy densities as well as long cycle lives, benefitting from the unique
battery structure which possesses the advantages of both aqueous and non-aqueous RFBs.
However, owing to this specific battery configuration, a fragile and costly crack-free glass
ceramic membrane must be assembled to eliminate organic/aqueous electrolyte cross-over
issues, the manufacture of which will largely limit the scalability and increase the cost of
flow batteries.'?> 12> Also, the resistance of ceramic membrane is usually high, thus making
the semi-aqueous RFBs cannot discharge at a very high current density. Therefore, non-
aqueous and semi-aqueous RFBs are far from commercialization, while all-aqueous RFBs
are still irreplaceable.'?® By introducing the concept of middle electrolyte, a multiple ion-
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exchange membrane design for all-aqueous RFBs has been put forward, which creates
the flexibility to allow new electrolyte combinations and gives a promising potential of
high energy density for an all-aqueous RFB system.!?” However, this complex battery
structure also brings new challenges to commercial scalability including electrolyte
leakage and membrane fabrication.

The pursuit of high energy densities for all-aqueous RFBs has met the bottleneck
period until early in 2015, Li et al. reported a promising high energy density (167 Wh 1)
zinc-polyiodide all-aqueous flow battery, which is approaching the energy density of low-
end lithium-ion batteries, successfully demonstrating a bright future for all-aqueous high
energy density RFB systems.*° Further improvement of all-aqueous RFBs performance is
still burgeoning in these years. But little effort has been expended on the methodology of
enhancing battery voltage to improve the energy capacity of all-aqueous RFBs. This is
because in theory, the high battery voltage is not attainable in aqueous electrolytes owing
to the narrow water electrolysis potential window of 1.23 V.!?°> However, considering
kinetic, the practical water splitting potential is usually above 2 V because of the high over-
potential of hydrogen/oxygen evolution reaction at electrode surfaces.’' If the low
hydrogen evolution potential in alkaline medium could be combined with the high oxygen
evolution potential in acid medium in one system, the battery could achieve a stable cell
potential window even as high as ~ 3V.!3 Thus, the water electrolysis reaction is not the
restraining factor in aqueous solution if the battery can be designed and fabricated properly.
Then, the next logical question is how to enhance the voltage of all-aqueous RFBs.
According to the pourbaix diagram, the pH value of aqueous electrolyte has a great
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influence on the redox potential of electrode candidates.** By carefully observing the redox
potential table, we can find that some redox potentials of metal pairs exhibit a huge
difference between acid and alkaline environments. For example, a zinc redox potential of
-0.763 V (Zn2+/Zn) versus standard hydrogen electrode (SHE) is obtained in acid

electrolyte (Equation 3-1),3° whereas a redox potential of -1.260 V (Zn(OH)i'/Zn) versus

SHE is gained in alkaline solution (Equation 3-2).%’
In acid: Zn?* 4+ 2e~ > Zn E’=—0.763 V (3-1)
In alkaline: Zn(OH)3™ + 2e~ - Zn + 40H™ E%=—1.260 V (3-2)

Therefore, by simply tuning the acid-base environment for this redox pair, the battery
voltage will significantly increase (eg. 0.497 V potential enhancement for zinc redox pair
from acid and to alkaline electrolyte), which ultimately leads to an enhanced energy density.
For the first time, this ingenious design of tuning electrolytic pH value for achieving a high
energy density for all-aqueous RFBs is proposed in this work. Simply and eftectively, this
novel strategy opens a promising route for the development of all-aqueous high-energy-

density RFBs.
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3.2 Experimental Methods
3.2.1 Battery cell assembly

In anode half-cell, zinc plate with apparent area of 7 cm” served as anode and
copper foil as current collector. In cathode half-cell, graphite foil with apparent area of 7
cm? served as cathode and stainless-steel mesh as current collector. The commercially
available cation exchange membrane (Nafion 117, Dupont, USA) was used as the separator
to be sandwiched between two half cells. First, the Nafion 117 membranes were treated
with 3% H20:2 under 100°C for 1 h and then washed with deionized water at 100°C for 1
h. Secondly, the Nafion 117 membranes were transferred into 0.5 M H>SO4 at 100°C for 1
h and then washed with deionized water at 100°C for 1 h. Lastly, the Nafion 117
membranes were treated with 1 M KOH at 100°C for 1 h to change the membrane into K*
conductive membrane. The original catholytes with different concentrations were prepared
by dissolving appropriate potassium iodide (KI, > 99%, Aldrich) with iodine (I2, > 99%,
Aldrich) in deionized water. The volume of catholyte was designed to be 10 ml for each
cathode half-cell. The original anolytes were prepared with corresponding concentration

of potassium hydroxide (KOH, > 85%) for balanced osmolarity. The single cell was

assembled as shown in Figure 3-1.

Figure 3-1. Photographs of the hybrid alkaline Zn-1. flow battery cell configuration.
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3.2.2 Characterization and electrochemical measurements

The cyclic voltammogram test was conducted in a three-electrode cell using a
CHI660C workstation (CH Instruments, USA). A graphite rod, glassy carbon and Ag/AgCl
(filled with 3M KCl) electrode were used as the counter, working and reference electrodes,
respectively. Testing was performed in 0.1 M zinc acetate (ZnAc) with 3M KOH solution
to determine the potentials of the Zn(OH)i'/Zn redox pair, and in 0.1M KI electrolyte to
determine the potentials of the I3 /1™ redox pair. Discharge and charge cycling were
carried out by a recurrent galvanic pulse method at different current density. The
morphology of the membrane was imaged by SEM (LEO FESEM 1530).

3.2.3 Permeability measurements.

Permeability of ions through Nafion 117 was investigated in a membrane separated
diffusion cell. All the membranes were activated to K™ ion conductor with an effective area
of 2.54 cm? and a thickness of 170 mm. The solution volume of each half-cell was 250 mL.
The left compartment was filled with saturated Zn>* ions in 2M and 4M KOH solutions,
respectively. The right compartment was filled with 2M and 4M KI solutions, respectively.
To detect the zincate ions that were diffused during the permeability test, the permeate
solution (0.5 mL) was collected every hour and then diluted and acidified with diluted
mixed acid solution of 0.45 mol L HCI and 0.2 mol L' HNOs. Zincate ions were
transformed into zinc ion during this process. After the volume was fixed at 25 mL, the
sample solutions at different diffusion time were ready for the zinc determination via ICP-
OES (Perkin Elmer Ltd., USA). According to the standard line created by the commercial

standard zinc ion solutions, the zinc ion concentration in each acidic diluted solution was
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obtained. The permeability coefficient can be calculated by the following equation:

degr(t)

Vr dt

= Al er(D)] (3-3)
Where P is the ion permeability coefficient (cm? min ). L is the membrane thickness (im),
A is the effective area of the membrane (cm?), C and Cr are the initial concentrations of

ions in the left and right compartments (mol L"), respectively, and Vr is the volume of the

solution (mL). Assumption is suggested that P is independent of concentration.

3.3 Results and Discussions

In this study, on the basis of the above consideration, triiodide/iodide (I5/17) redox
pair is chosen as the cathode reactive species and couples with an alkaline Zn(OH)i'/Zn
anode to compose a hybrid electrolyte all-aqueous RFB. Equation 3-4 illustrates the redox
action of I3/I7 via two-electron transfer. lodide has been recognized as one of the most
promising cathode redox candidates owing to the following reasons. Firstly, benefiting
from its high solubility (over 8 mol L) in aqueous electrolyte, iodide has the ability to
deliver high energy density.'”> Moreover, the suitable I5/I~ redox potential (0.536 V vs
SHE) makes it possible to avoid water electrolysis.'?3
I3 +2e” - 317 E’=0.536 V (3-4)
L)+ I3 K=723£10 (25°C) (3-5)
As in Equation 3-5, I3 can be constructed by the addition of solid I, into I~ solution
(potassium iodide (KI) solution is employed in this work).'?* 2 The solubility of I, will
dramatically improve with the presence of excess 1. With the increasing concentration of
I,, other polyiodide species (such as 15, I7, and Ig) will also be formed. But, 15 is the

predominant electroactive species and the only isolated polyiodide that exists in aqueous
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solution. During discharge (Figure 3-2a), zinc oxidation reaction occurs at the anode in an

alkaline potassium hydroxide (KOH) anolyte, yielding soluble zincate (Zn(OH)i') ions and

liberated electrons. The electrons travel through an external circuit from anode to cathode,

producing electricity. I3 is reduced into I~ at the cathode once having received the

electrons. At the same time K" migrates from anode to cathode to complete the reaction.

During charge (Figure 3-2b), the reverse redox reactions occur at the two electrodes, in

which zincate is reduced into zinc deposited onto the anode, while I~ is oxidized back to

I3 at the cathode. Meanwhile, K" travels through the membrane from cathode to anode.

The overall working principle of the proposed alkaline anolyte Zn-I, RFB can be

described as follows:
Anode: Zn(OH)3™ + 2e™ = Zn + 40H~
Cathode: I3 + 2e™ = 31~

Overall: Zn + 15 + 40H™ & Zn(OH)3™ + 31~

(a)

v - ¥
e Discharge ¢
Cathode :

@ K @ Zn(OH), ";’ Iy or
=) K*ion transportation(duringdischarge)

E'=-1.260 V (3-6)
E°=0.536 (3-7)
E9=1.796 V (3-8)

€
== =—
Cathode

e K @Zn(OH)Z Ry, Iy @r
4= K*ion transportation(during charge)

Figure 3-2. Schematic illustration of the working principle of (a) discharge and (b) charge

processes of the designed alkaline Zn-1> redox flow battery.
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Theoretically, this newly-designed alkaline Zn-I, RFB outweighs its conventional
counterpart by a 0.497 V (Figure 3-3) increase in battery voltage and a 38.26%
enhancement in energy density, which is a very significant improvement. If we make an
assumption that Zn metal is unlimited and the concentration of I3 solution is 1 mol/L.

Then, the calculation details of energy density enhancement are as follows:

FXcXnx0CV
3600

Volumetric Energy Density (WhL™1) =
where F is the Faraday constant 96485 C/mol, n is the number of electrons
transferred during reaction per mole reactant, ¢ is the concentration of I3 solution,
OCYV is the battery’s nominal voltage.

(1) For conventional Zn-I> flow battery

In+Ii o Zn* +3C E=1.299V

) ) 96485 x 1 X 2 x 1.299
Volumetric Energy Density (WhL™1) = 2600 =69.63 Wh L1

(2) For alkaline Zn-I> flow battery

Zn+ I3~ + 40H < Zn(OH)s* + 31" E=1.796 V

] ) 96485 x 1 x 2 % 1.796
Volumetric Energy Density (WhL™1) = 3600 =96.27 WhL™!

Therefore, according to the calculation, by converting conventional Zn-I, flow battery to

alkaline Zn-I, flow battery, the theoretical volumetric energy density increases by 38.26%.

96.27 — 69.63
Volumetric Energy enhancement (%) = 2963 X 100% = 38.26%
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Figure 3-3. The standard redox potentials of various candidate redox pairs suitable for all-

aqueous redox flow battery.
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Figure 3-4. The open-circuit-voltage between conventional and designed alkaline Zn-I»

redox flow battery.
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The practical demonstration of open circuit voltage (Figure 3-4) also shows a real
0.47 V potential gap existing between the two batteries. In particular, as shown in Figure
3-5, cyclic voltammetry (CV) measurements of 0.1 M zinc acetate (ZnAc;) with 3M KOH
solution were performed to determine the potentials of the Zn(OH)i'/Zn redox pair. A
typical voltammogram shape of zinc electrodeposition is illustrated without a hydrogen
evolution peak. Also, a cyclic voltammogram of 0.1M KI electrolyte shows the pair of
[5/1” redox reaction with no oxygen evolution reaction being observed throughout the
entire scan range. All of these features demonstrate the feasibility and superiority of the

alkaline Zn-I, RFB.

2+
Zn — Zn Al — |-

3

Current/ mA
o

1Zn*— Zn
-4 |, =3I

2.0 -1.5 1.0 -0.5 0.0 0.5 1.0 1.5
Potential / V (vs Ag/AgCl)

Figure 3-5. Cyclic voltammograms of 0.1 M ZnAc, with 3 M KOH (green curve) and

0.1 M KI (yellow curve) on a glassy carbon electrode at a scanning rate of 50 mV s,
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The evaluation of the battery performance was conducted under different current
densities (10 ~ 100 mA cm). In order to keep the osmolarity balanced, equivalent
concentrations of KOH anolyte solution and KI/I, catholyte solution were prepared in
each external electrolyte reservoir. A polymer membrane (Nafion 117) was assembled
between two electrodes to limit the migration of negative ions. As shown in Figure 3-6,
the battery specific capacity was investigated under a constant current density of 20 mA

2 as a function of the concentration of KI/I, catholyte solution. The high practical

cm’
specific capacities were successfully obtained from 80.0 (2M) to 193.5 Ah L !catholyte

(6M) with the increase in catholyte concentration. But, these impressive specific capacities

are still considerably lower than the theoretical values (Figure 3-7).

KOH{anclyte) / Kl-l (catholyte)
o e F — ] —G0
20 Cut voltage 2.0V

Potential / V

0.5{---—--=-d - —— - - -——bk -
Cuit voltage 0.9V

1 Current 20 mA cm™
0.0 L L | D
0 40 80 120 160 200 240

Volumetric Capacity / Ah L™

Figure 3-6. Representative galvanostatic charge and discharge curves in different

electrolyte concentrations at a current density of 20 mA cm,
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Figure 3-7. The practical specific capacity compared with the theoretical values as a

function of the catholyte concentration.

In this work, in order to get the highest energy density, 6M anolyte and catholyte
solutions are chosen for the battery cycling test. 10 h charge and discharge times are used
for each cycle. The anolyte (KOH solution) volume is 200 mL and the concentration of
KOH solution is 6M. The catholyte (KI-1> solution) volume is 10 mL and the concentration
of KI and I» solution is 6M. The discharge current density is 20mA cm™, and the electrode
area is 7 cm?. Here, we make an assumption to calculate the concentration of zincate ion

for the state of charge (SOC) aspect:
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The following is the calculation procedure:

(1) The theoretical capacity calculation of the battery

FXcXn

Specific Capacity (AhL™') = 3600

where F is the Faraday constant 96485 C/mol, n is the number of electrons transferred
during reaction per mole reactant, c is the concentration of I3 solution. (1Ah =3600C)
6M 15 concentration: Specific Capacity (AhL™t) = % =321.6 (AhL7!)
The anolyte and zinc reactant are abundant, so the capacity limitation of the battery is the
catholyte reactant. The volume of KI-I> solution is 10 mL. Therefore, the theoretical
capacity of the battery is 3.216 Ah.

(2) The number of electrons produced after 10 h discharge

When the battery discharges for 10h, then 20mA cm™ x 7 cm? x 10h = 1.4 Ah electricity
released. Because 1Ah = 3600C and 96485C/mol ¢, the amount of ¢ produced is 0.0522
mol after 10 h discharge.

(3) The concentration of zincate ions after 10 h discharge

The ratio of zincate and electrons produced in this system is 1:2 (Zn + 4OH™ —Zn(OH)4>

+ 2¢°), so the amount of zincate ions is 0.0261 mol. The volume of anolyte solution is 200

ml. Therefore, the concentration of zincate ion after 10 h discharge is 0.1305 mol/L.

43



Based on the calculation above, we make a table in Table 3-1.

Table 3-1. Zincate ion concentration as a function of discharge time in 6M anolyte solution.

Discharge hours Oh lh 2h 4 h 6 h 8h 10h
Zincate ion concentration 0 0.01305 0.0261 0.0522 0.0783 0.1044 0.1305

Units: mol/L

The loss of capacity comes from the result of three things: (1) Polyiodide formation:
As discussed above, I3 solution can be achieved by the dissolution of I, into KI solution.
Ideally, equal amount of [, reacts with KI solution, aiming at achieving an equal amount
of I3 solution. However, in addition to I3 ions, some extended polyiodide compounds
can also be formed through interactions between fundamental blocks: I, I7, and I3.
Therefore, the practical amount of I3 ions cannot reach the theoretical value as desired,
leading to the loss of capacity compared to the theoretical values. (2) Electrolyte crossover:
The cationic exchange Nafion membrane was assembled between anode and cathode to
resist the movement of any existing anions Zn(OH)i', I3, and 1™, whereas K+ ions as
mediator can smoothly shuttle between two electrodes to conduct the charges in the battery.
The EDX of Nafion membrane after discharge was investigated on both anode and cathode

sides to confirm the elements existing in the membrane (Table 3-2).
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Table 3-2. The elemental analysis of cycled Nafion 117 membrane on anode and cathode

sides obtained from EDX.

C o F S K
Anode side 17.51 7.10 61.89 2.87 3.69
Cathode side 14.53 7.02 47.65 1.53 4.37
Zn | Au Total
Anode side 1.60 1.52 3.81 100
Cathode side 12.34 8.73 3.85 100

Units:wt%

The EDX result illustrates that Zn and [ elements are present on both sides of the
membrane, indicating that the electrolyte crossover issue exists in this system. The reason
can be ascribed to the hydrophilic nature of the membrane. Nafion membrane is a
hydrophilic polymer which conducts ions with the assistance of water molecules.
Inevitably, a small number of hydrated anions will still pass through the membrane along
with water molecules. In order to investigate the electrolyte crossover issue, the
permeability of zincate (Zn(OH)i') ion was investigated (Figure 3-8). Two different
concentrations of KOH solution (2M and 6M) were prepared in the left compartment with
corresponding concentrations of KI solution in the right compartment to simulate the actual
battery conditions conducted. Saturated zincate (Zn(OH)i') ion solutions were designed in
the left compartment to create maximum ions crossover environments. As shown in Figure
3-8, the concentrations of zincate (Zn(OH)i') ions in the right compartment increase with
the increasing of permeation time in both 2M and 6M KI solutions. The permeability
coefficients of zincate (Zn(OH)i') ions across Nafion 117 obtained are 6.74x10”"cm*min!

and 11.62x107 cm? min™! in 2M and 6M prepared electrolytes, respectively. Overall, K*

ions exist in both reservoirs and can smoothly shuttle between two electrodes to conduct
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the charges in the battery. Hydroxide (OH") ions in the left reservoirs continuously react

with zinc to form a solution of potassium zincate (Zn(OH)i').

Saturated Zn(OH); ™~ solution 2M KI solution

2M KOH
(b)
= 0.060
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Figure 3-8. (a) The photograph of diffusion cell in simulation of actual battery testing
condition. (b) The zincate ion concentration in permeate side with Nafion 117 membrane
as a function of time (insert figure: zincate ion permeability coefficients with Nafion 117

membrane in 2M and 6M solution).
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For a vanadium redox flow battery (VRFB) system, low vanadium permeability is
essential for membrane. Compared with the latest reported VRFB with ultra-low vanadium
permeability, the Nafion 117 membrane in our system still exhibits comparable
performance with low ion permeability. Overall, the vast majority of anions have been
blocked by the Nafion membrane and have reacted in their individual electrolyte reservoir,
but still a small amount of undesired hydrated Zn(OH)i', I5,and I~ ions were able to go
across the membrane, which finally results in the loss of some battery capacity.

(3) Polarization: In this work, graphite foil was used as a current collector for the
[3/17 redox reaction to simply demonstrate the design for this alkaline Zn-I, RFB.
However, the graphite foil largely limited the battery performance because of its low
surface area. Even though it is in the preliminary design stage, the alkaline Zn-I, RFB still
exhibited distinguished performance.

As shown in Figure 3-9, the alkaline Zn-I, RFB can run in a wide current density
region from 10 to 100 mA cm™. With the decrease of employed current density, the battery
produced more electricity and finally reached a remarkable specific capacity of 202.2 Ah
L catholyte. Benefiting from the high voltage design of this alkaline Zn-I, RFB, the
prominent energy density of 330.5 Wh L™ catholyte was achieved at 10 mA cm™, which is
the highest energy density obtained to date in an all-aqueous RFB system to the best of our
knowledge. The diagram in Figure 3-10 exhibits a summary of the performance of various
all-aqueous RFBs. With respect to battery potential and energy density, the alkaline Zn-
[, RFB shows the best performance among all conventional or newly-emerged redox flow
batteries.
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Figure 3-11. (a) Long-term cell cycling performance of voltage curve at 20 mA cm and
(b) the corresponding coulombic efficiency (CE), voltage efficiency (VE), energy
efficiency (EE), and energy density of the experimental Zn-I> RFB.

To investigate the battery’s ability to maintain its high energy density, the cycling
performance of alkaline Zn-I, RFB was investigated through a long-term 20-hour per cycle
testing at a current density of 20 mA cm™, which is a 44% depth of discharge cycles

according to the theoretical battery capacity. As shown in Figure 3-11a and b, the battery
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achieved a 100% coulombic efficiency during all 10 cycles (200 h), but the voltage and
energy efficiencies exhibited fluctuations from 65% to 80%. The main reasons come from
three parts on the zinc plate anode: passivation, electrode shape change and zinc
dendrites.!3® During discharge, zinc is generally dissolved into the alkaline electrolyte,
producing Zn(OH)i' ions in anolyte. However, if there is not enough OH" offered in the
anolyte and the Zn(OH)i' ions reach their solubility limit, an insulating ZnO film will be
produced and precipitated on the electrode surface, causing an increase in the internal
resistance of the electrode.!®! Also, during charge, zinc will be deposited back onto the
electrode but at a different position, resulting in the shape change of the zinc electrode and
a loss of usable capacity. Furthermore, zinc dendrites are also observed during charge due
to a result of concentration-controlled zinc electrodeposition.!3% 132 133 Therefore, after
each three or four cycles, a fresh zinc plate was used to replace the exhausted zinc electrode
to achieve stable energy density. Finally, an energy density of ~ 200 Wh L' was obtained
during all of the cycles (200 h), which is the highest reported cycling energy density for an

all-aqueous RFB.
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Figure 3-12. (a) Short-term cell cycling performance of voltage curve at 10 mA cm and

(b) the corresponding CE, VE, EE, and energy density of the experimental Zn-1> RFB.

The cycling performance of alkaline Zn-I, RFB was also investigated through
short-term cycles with long stability. In the short-term cycling testing, the discharge and
charge cycling performance of the battery was evaluated using a pulse cycling technique

with each short 2-hour cycle at a current density of 10 mA cm™. As shown in Figure 3-
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12a, the battery has a fluctuating charge voltage within the first 40 hours. This is because
during the very early stages, short term discharge cannot produce enough Zn(OH)i' (in
anolyte) and I~ (in catholyte) to afford a charge of the same time length, thus leading to
an unstable performance in charge processing in the first 40 hours. Afterwards, the battery
exhibits a very small polarization with a charge-discharge voltage gap of 0.35V. Even at
140 hours, the discharge voltage was still above 1.5 V with a corresponding charge voltage
at around 2.0 V. During the overall 70 cycles (140 h), the battery displayed an excellent
100% coulombic efficiency and a promising 80% voltage/energy efficiency (in Figure 3-

12b), which demonstrates a superior cycling stability of this alkaline Zn-1, RFB.

3.4 Conclusions

In summary, a novel strategy towards high energy density all-aqueous redox flow
battery has been put forward in this work. Theoretically, high energy density can be
achieved by enhancing battery voltage, and the electrolyte acidic/basic properties have a
great influence on redox pair potential. Thus, by tuning the pH of the electrolyte, the battery
voltage can be effectively enhanced, finally leading to an increase in energy density. With
this strategy, we demonstrate an all-aqueous alkaline Zn-I, RFB achieving a high-energy-
density of 330.5 Wh L with a 0.47 V anode potential enhancement compared to the
conventional counterpart, which is the highest energy density for an all-aqueous redox flow
battery obtained to date. In addition, the alkaline Zn-I, RFB also exhibits a promising
cycling performance with 100% coulombic efficiency, ~ 70% voltage and energy
efficiency and high energy density of ~ 200 Wh L maintained in 200 h. However, though

these preliminary results are promising, numerous challenges still exist such as electrolyte
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preparation issue, electrolyte crossover problem, electrode polarization, etc. More works
are needed to perfect this system in the future, for example the development of a separator
membrane, highly active electrocatalyst and advanced cell design.!**'40 Overall, this
alkaline Zn-I, RFB system demonstrates a new design with promising performance for an
all-aqueous redox flow battery, and more importantly, opens a feasible and effective
approach for achieving high-voltage high-energy-density all-aqueous electrochemical

energy device.
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Chapter 4 Laminated Cross-linked Nanocellulose/Graphene

Oxide Electrolyte for Flexible Rechargeable Zinc-Air Batteries

4.1 Introduction

In order to spur the development of next-generation portable electronics, it is
essential to produce batteries with high energy-density, flexibility, reliability and safety.!*!-
144 Metal-air rechargeable batteries are considered as one of the best candidates due to their
unique half-opened systems that consume inexhaustible oxygen at the air electrodes,
resulting in a high theoretical energy density.!*"15 Particularly, zinc-air batteries have
attracted most attention owing to their inexpensive materials, environmental benignity and
safe operation.!>!"!>> Recent progress in flexible zinc air battery has been demonstrated
with a polymer-based rechargeable zinc air battery which has high-energy density under
mechanical bending stress.'*! A new design concept of stretchable wearable cable-type zinc
air battery has also been proposed with unusual omni-directional flexibility.!*® Furthermore,
a flexible fiber-shaped zinc air battery with a miniaturized one dimensional structure has
been developed representing a considerable advancement in conventional battery
design.'>” However, in portable applications, their merits are largely limited by the bulky
battery configurations, as a result of relying on aqueous electrolytes.!*3: 15

To this end, one approach is to swap aqueous electrolytes for versatile, solid-sate
alternatives, making zinc-air batteries safer, lighter and more portable. The main issues
related to the solid-state electrolytes are insufficient ionic conductivity, electrolyte

retention and complex synthesis process.?* 160192 To address these challenges, researchers

have sought to highly efficient solid-state electrolytes based on graphene oxide (GO), the
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oxidation product of natural graphite flakes.'®>%> GO has been demonstrated as a
promising candidate because of its outstanding physicochemical stability and
electrochemical properties.!®1% Additionally, GO is a well-known electronic insulator
with abundant oxygen-containing groups (epoxy, hydroxyl and carboxyl groups), which
can be easily functionalized to improve its ionic conductivity.!®> 1* Owing to the wide
range of oxygen functional groups on its basal planes and edges, GO is also readily
exfoliated to yield well-dispersed solution of individual GO sheets in both water and
organic solvents, and then flow-directed assembled into a free-standing paper-like material
by vacuum filtration.!6% 170

However, despite all the progress of the development of a free-standing GO
electrolyte membrane, its advantages are diminished with the difficulty to form a
mechanically robust membrane.!’% 7! Consequently, that makes the free-standing GO
membranes less attractive for practical application in solid-state electrolytes in energy
storage systems. To enhance the mechanical strength, several fillers can be incorporated
into GO matrix. Among the multifarious materials, cellulose — the most abundant
renewable material — is recognized as a good binder and surface modifier thanks to its
low cost, high hygroscopicity, flexible porous substrate that allows strong binding of other
materials. Particularly, considerable interest has been directed to nanocellulose fibre
because of its low thermal expansion, high surface area, high surface area-to-volume ratio,
strengthening effect, good mechanical and optical properties which may find many
applications in nanocomposites.!”>!”> Meanwhile, due to its highly reactive area rich in
hydroxyl groups, cellulose can be easily refashioned through a surface-functionalization to
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conduct ions and be utilized in advanced batteries.'®

In this chapter, for the first time, we report on a laminate-structured
nanocellulose/GO membrane functionalized with highly hydroxide-conductive quaternary
ammonium (QA) groups to be applied as a robust solid-state electrolyte in flexible,
rechargeable zinc-air batteries. The QA-functionalized nanocellulose/GO (QAFCGO)
membrane is fabricated through chemical functionalization, layer-by-layer filtration, cross-

linking and ion-exchange processes (Figure 4-1).
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Figure 4-1. Schematic diagram of the overall preparation procedure (functionalization,

filtration, cross-linking and hydroxide-exchange) for the QAFCGO membrane.
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4.2 Experimental Methods
4.2.1 Synthesis of graphene oxide

Graphene oxide was synthesized by the improved Hummers’ method from natural
graphite flakes. First, concentrated H2SO4 (360 mL, 98%) and H3PO4 (40 mL, 85%) were
mixed carefully in a round-bottom flask. Graphite powder (2g) was added into the mixture
and mechanically stirred for 1 h. Then, the strong oxidizing agent KMnO4 (18 g) was added
slowly into the mixed solution, and the oxidation reaction lasted at 50°C for 16 h. After
cooling down the mixture, distilled deionized (DDI) water (400mL) and H2O> (20 mL,
30%) were added dropwise and then stirred for 30 min. Afterward, the mixture was
centrifuged and washed with DDI water, HCI1 (5%), and ethanol, respectively. Finally, the

GO nanosheets were obtained by freeze-drying.

4.2.2 Preparation of cellulose nanofibers

Three steps of pre-refining, enzymatic processing and nano-refining were
proceeded to produce the cellulose fibres from Northern Bleached Softwood Kraft pulp
(New Brunswick, Canada). First, the pre-refining was conducted by using the Noram PFI
mill (Quebec, Canada) with a revolution up to 30000 to disintegrate the original pulp. Then,
an enzyme treatment of the refined pulp was carried out with a mixture of two enzymes
(i.e., Mannanase and Xylanase) from Novozymes (Franklinton, USA) to gain a uniform
pulp suspension. Finally, the enzyme treated pulp was washed several times with DDI
water to remove unreacted residues, and then charged into the PFI mill again with the

revolution to 30000 to produce cellulose fibres.
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4.2.3 Functionalization of QAFGO and QAFC

In order to obtain quaternary ammonia-functionalized GO (QAFGO) and cellulose
(QAFC), Dimethyloctadecyl[3-(trimethoxysilyl)propyl]Jammonium chloride (DMAOP)
(42 wt. % in methanol, Sigma Aldrich) was adopted as the precursor. First, freeze-dried
GO (60mg) was dispersed in toluene (60ml) by sonication for 2 h to obtain a stable GO
suspension. cellulose fibres (300 mg) was dispersed in methanol solution (150 ml) by
sonication for 2 h to obtain a stable cellulose fibre suspension. DMAOPS was added into
GO and cellulose suspension in ratio DMAOP:GO/cellulose being 20:1 by mass. The
functionalization was carried out at room temperature under magnetic stirring for 48 h.
Then, the suspension was centrifuged and washed several times with ethanol and DDI to
remove the unreacted traces of DMAOP. At last, the QAFGO and QAFC were obtained

and stored in DDI water.

4.2.4 Fabrication of hydroxide-conductive QAFCGO membrane

The hydroxide-conductive QAFCGO membrane was fabricated with QAFGO and
QAFC through vacuum filtration, cross-linking and ion-exchange process. First, the
vacuum filtration was carried out by alternating round of QAFGO (15 ml, I mg mL™) and
QAFC (5 ml, 1 mg mL™) to obtain a laminated structure membrane. The membrane was
then chemical cross-linked with 10 wt% glutaraldehyde (GA) and 0.2 wt% hydrochloric
acid (HCl) in acetone at room temperature for 2 h. The ion-exchange was processed by
immersing the membrane in 1 M KOH solution and equilibrated for 24 h to convert
chlorine (CI) counterion into hydroxide (OH"). The OH™ exchanged membrane was then

washed with DDI water until pH of 7. The hydroxide-conductive membrane with thickness
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range of 30-50 um was thereby obtained (the thickness of A201 was recorded to be 30 pum).
4.2.5 Fabrication of solid-state rechargeable zinc-air battery

A rechargeable zinc-air battery was fabricated through a layer-by-layer method by
which the electrodes were placed face-to-face with the membrane. Zinc pellet and zinc film
were prepared as zinc electrode for regular and flexible zinc-air battery, respectively. The
zinc pellet was made of pure zinc power (purum powder, Sigma Aldrich) and the zinc film
was consisted of zinc powder, carbon nanofiber, carbon black and poly(vinylidene
fluoride-co-hexafluoropropene) polymer binder. An air electrode was prepared by Co304
nanoparticles (<50 nm particle size, Sigma Aldrich) as the bi-functional electroactive
material sprayed onto a carbon cloth (Fuel Cell Technology). Catalyst ink consisted of 10
mg Co304, 67 pl of 5 wt.% Nafion (LIQUion™ solution, Ion Power Inc.) and 1.0 ml 1-
propanol was sprayed onto a carbon cloth (Fuel Cell Technology) as the gas diffusion layer
with a catalyst loading of 1.0 mg cm™. After spraying, the electrode is dried in an oven at
60 °C for 1 h.
4.2.6 Characterization and electrochemical measurement

The morphology of the membrane and the cellulose fibres were imaged by scanning
electron microscopy (SEM) (LEO FESEM 1530) and transmission electron microscopy
(TEM) (Bruker AXS D8 Advance). Fourier transform infrared spectra (FTIR) (Avatar 320),
X-ray photoelectron spectroscopy (XPS), and (Thermo Scientific Al K-Alpha X-ray source)
X-Ray Diffraction (XRD) (INEL XRG 3000) were utilized to analyze the chemical and
crystal structure after functionlization of GO and cellulose. Electrochemical impedance

spectroscopy (EIS) (VersaSTAT MC potentiostat) was carried out in the frequency ranging
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from 100 kHz to 0.05 Hz with potential amplitude of 20 mV. The battery charge and
discharge polarization data were collected using galvanodynamic method at a scan rate of
1.0 mA s with cut-off voltage of 0.5 V for the discharge and 2.5 V for the charge.
Discharge and charge cycles were carried out by a recurrent galvanic pulse method at a
fixed current density of 1 mA cm™ with each cycle consisting of 10 min for discharge

followed by 10 min for charge.

4.3 Results and Discussions

In this chapter, a laminate-structured nanocellulose/GO membrane was synthesized
and functionalized with highly hydroxide-conductive quaternary ammonium (QA) groups
to be applied as a robust solid-state electrolyte in flexible, rechargeable zinc-air batteries.
The QA-functionalized nanocellulose/GO (QAFCGO) membrane is fabricated through
chemical functionalization, layer-by-layer filtration, cross-linking and ion-exchange
processes. For the functionalization process, dimethyloctadecyl [3-(trimethoxysilyl)-
propyl] ammonium chloride (DMAOP) has been selected as the functional precursor
containing quaternary ammonium (QA) moieties. The hydroxide conductivity and the
alkaline stability in the highly surface-active DMAOP are provided by quaternary
ammonium groups which are already attached to this organic compound. Thus, the
hydroxide conducting characteristic of the electrolyte membrane can be achieved directly
through the precursor DMAOP without complex organic synthesis. First, the trimethoxy
groups of trimethoxysilyl are hydrolyzed to form the corresponding silanols, and the
hydrolyzed silanols undergo self-condensation to yield silanol oligomers intermediates

(Figure 4-2, step 1). Then, these intermediates are adsorbed onto nanocellulose/GO
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surface rich in oxygen-containing groups through hydrogen bonding (Figure 4-2, step 2).

Finally, these silanols and their oligomers are covalently bound to the oxygen-containing

groups of nanocellulose/GO by losing water (Figure 4-2, step 3).!%
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Figure 4-2. Proposed three-step reaction mechanism for GO/Cellulose surface
functionalization with DMAOP.

In the next step, the water-based suspensions of QA-functionalized GO nanosheets
and cellulose nanofibres alternately go through vacuum filtration to form a laminate-
structured membrane (Figure 4-3a) supported by QA-functionalized GO at the top and
bottom with a flat and uniform surface (Figure 4-3b). During the filtration process, the
numerous cellulose nanofibres tend to construct a dense interwined porous network
(Figure 4-3c), and perform as binder layers to integrate each single thin GO film into a
robust membrane. The subsequent cross-linking reaction via glutaraldehyde (GA) strongly
consolidates the integrated membrane through covalent linkages between GO and

nanocellulose. GA, which contains two aldehyde functional groups, reacts with hydroxyl
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groups on the surface of GO nanosheets and cellulose nanofibres, and forms an acetal

160, 176, 177

structure, resulting in a steady-state cross-linked laminate-structured membrane.

100nm

Figure 4-3. (a) A SEM image (cross section) of the QAFCGO membrane. (b) A SEM image
(surface view) of the QAFCGO membrane with an inset photograph of QAFCGO
membrane showing flat and uniform GO surface. (c) A SEM image of the cellulose dense
interwined network structure with an inset TEM image of cellulose fibres. (d) A

Photograph of the QAFCGO membrane showing flexibility.

Figure 4-4. The stability of GO film and QAFCGO membrane in water. (a) GO film, (b)

QAFCGO membrane without crosslinking, (¢) QAFCGO membrane after crosslinking.
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Figure 4-4a shows the poor chemical stability of GO membrane which has been
completely redispersed in water after 24 h. Compared to the GO membrane, the composed
GO nanosheets with interconnected nanocellulose framework (Figure 4-4b) has
demonstrated more stable structure. Particularly, the cross-linked QAFCGO membrane
remains intact in water after 24 h without any disintegration (Figure 4-4c). Finally, after
the ion exchange process, the hydroxide-conducting QAFCGO membrane is obtained with
excellent flexibility as shown in Figure 4-3d.

To confirm the successful functionalization reaction, FT-IR spectra of GO, pristine
cellulose (PC), quaternary ammonium-functionalized GO (QAFGO) and quaternary
ammonium-functionalized cellulose (QAFC) are compared in Figure 4-5a. In the GO
spectrum, the characteristic peaks are observed at 1739 cm™! (carbonyl C=0), 1619 cm’!
(sp? carbon C=C), 1384 cm™' (O-H vibration of C-OH), 1224 cm™! (carbon-hydroxyl C-
OH), 1054 cm™ (epoxide C-O-C), 856 cm™! (epoxy rings) and a broad band at 3200 — 3500
cm! (free hydroxyl O-H), which indicates abundant oxygen-containing groups on its basal
planes and edges.'®* 1 In the spectrum of QAFGO, after functionalization, the peaks
assigned to the vibration of C=0 (1739 cm™"), C-OH (1224 cm™!), C-O-C (1054 cm™') and
epoxy rings (856 cm™) disappear.'®® Alternatively, two new small peaks at 2852 and 2921
cm’! emerge in the spectrum, owing to methyl and long chains of methylene groups in the
precursor (DMAOP), which indicates the effective grafting reaction between the oxygen
functional groups of GO and QA groups of DMAOP. In the PC spectrum, the peak at
3342 and 2900 cm™ are attributed to the O-H and sp® hybridized C-H stretch vibration in
the PC membrane. The small peak at 1641 cm™ could be assigned to the O-H of water
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absorbed from cellulose.!”® In the C-O stretching vibration region, the peaks at 1163, 1111,
1059 and 1035 cm™! are corresponding to the vibrations of C1-O-C4, C2-O2H, C3-O3H
and C6H2-O6H.'” Similar to QAFGO, two new peaks at 2852 and 2921 cm™ have
appeared after functionalization reaction, which come from the moiety of DMAOP and
confirm the successful functionalization of nanocellulose.

The XPS analysis of GO, PC, QAFGO and QAFC is carried out to assist the FT-
IR results (Figure 4-5b). In the wide-range XPS pattern of QAFGO, three small peaks
other than C 1s and O 1s are detected at binding energies of 103.1, 154.1 and 403.4 eV,
assigned to Si 2p, Si 2s and N s, respectively. Similar characteristic peaks of Si and N are
observed in the XPS pattern of QAFC. According to C 1s spectra in Figure 4-5c, the shifted
peaks of oxygenated carbon groups in GO indicate a change degree of surface oxidation
after functionalization. The decrease of peak intensity at 287.02 eV can owe to the reaction
between oxygen functional groups of GO and trimethoxylsilyl of DMAOP, which is in
agreement with the results of FT-IR. Furthermore, the significant increase of C-C/C-H peak
intensity at 288.68 eV (GO) demonstrates the increase of carbon atoms proportion due to
the attached long alkyl chains of QA groups. Similarly, the C 1s spectra of cellulose also
show a downward trend of the oxygenated carbon groups peak intensity and a growing
trend of C-C/C-H peak intensity, which further proves the present of QA functional groups

on the surface of cellulose fibers.
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Figure 4-5. (a) FT-IR spectra. (b) wide region XPS spectra. (c) deconvoluted XPS spectra
in the C 1s region. (d) XRD pattern of GO, PC, QAFGO and QAFC.

In order to analyze the structure variation of GO nanosheets and cellulose
nanofibers after functionalization, the XRD of GO, PC, QAFGO and QAFC is studied in
Figure 4-5d. In the XRD pattern of GO, a sharp and narrow peak is obtained at 26 = 10.3°,
exhibiting a d-spacing of 8.58 A which is in agreement with the literature.!®® After
functionalization with DMAOP containing bulky QA groups, the original peak at 26

=10.3° becomes much broader, giving a higher d-spacing of 10.04 A. This indicates that
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the bulky QA groups of DMAOP have successfully bound to GO and expanded the
interplanar distance of nanosheets, resulting in more free space for the entrance of small
water molecules that are vital to assist the ion transport.'® In the XRD pattern of PC, three
characteristic peaks at 16.9°,22.9° 34.5° are detected corresponding to the typical cellulose
I crystalline planes (110), (200) and (004).!7° However, the intensities of these three peaks
obviously reduce in the XRD pattern of QAFC, which indicates that a significant portion
of the cellulose I crystalline structure has converted into an amorphous phase. Such
structural transformation can facilitate the ion transport because of the increased
amorphousness with more hydrophilic domain.

The high ion conductivity is an important indication for a well-performed
electrolyte. In order to study the hydroxide conductivity of the laminated QAFCGO
membrane, the ion conductivities of QAFGO and QAFC after hydroxide exchange are
compared to that of QAFCGO. As shown in Figure 4-6a. The pristine GO and PC exhibit
low conductivities of only 2.5 and 2.0 mS cm™ at room temperature. However, after
grafting QA groups and ion-exchange of hydroxide ions, the ionic conductivities of
QAFGO and QAFC significantly improve to 39.0 and 25.0 mS cm™! respectively, which
are almost ten times higher than those of the pristine GO and PC. The remarkable
improvement of ionic conductivities is ascribed to the high mobility of hydroxide ions
dissociated from the grafted QA groups. Interestingly, the functionalization of PC not only
grafted adequate amount of QA groups onto the surface of cellulose fibers, but also
converted a significant proportion of its crystalline structure into an amorphous phase
(according to the XRD results, Figure 4-5d). The increase of dynamic and disordered
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amorphous morphology plays a critical role in facilitating the ion transport compared to
the well-ordered crystalline structure, thus further improves the ionic conductivity of
QAFC. The temperature dependencies of ionic conductivities are also measured to fully
understand the ion transport mechanism. All the samples are well hydrated and evaluated
in the range of 30°C to 70°C. As shown in Figure 4-6b, the activation energies are
calculated using the Arrhenuis equation, achieving data of 16.3, 8.4, and 10.5 kJ mol™! for
QAFGO, QAFC, and QAFCGO, respectively. According to the XRD results and activation
energies of QAFCGO, QAFGO and QAFC, two types of ion transport mechanisms
including Grotthuss mechanism and vehicle mechanism exist (Figure 4-6c).* The
suggested mechanism of hydroxide mobility is similar to that of proton mobility in water,
and it is already clear that the structure depends strongly on the surrounding water
molecules.!®! OH" transports through the hydrogen bonds network in water molecules by
forming [H30O:] conjugate and cleavages into HoO and OH™ and keeping regularity of this
process. In the presence of abundant water molecules, large amounts of hydroxide ions can
be dissociated from the grafted QA groups, and then form into hydrated hydroxide ions
with surrounding water molecules. After functionalization, the enlarged d-spacing of GO
nanosheets gives more spaces for the hydrated hyroxide ions to migrate via vehicle
mechanism. In QAFC, although some hydroxide ions can still move through the vehicle
mechanism, due to the lower activation energy, the Grotthuss mechanism is dominant, in
which the hydroxide ions can hop between two neighbor functionalized sites without any
carrier molecules. Therefore, ion migration in the QAFCGO membrane is a complex
system with two transport mechanisms occurring simultaneously. Both mechanisms have
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exhibited positive temperature-conductivity linear relationships, and finally leading to a

high ion conductivity of 58.8 mS cm™! at 70°C for the QAFCGO membrane.
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Figure 4-6. (a) lonic conductivity of the GO, PC, QAFGO, QAFC and QAFCGO. (b)
Arrhenius plot of ionic conductivity of the QAFGO, QAFC and QAFCGO membranes as

a function of temperature. (c) A schematic illustration of ion transport mechanism with

QAFGO and QAFC.
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The practical performance of the QAFCGO membrane is demonstrated in a
rechargeable, flexible zinc-air battery under atmospheric air. The battery was assembled
through layer-by-layer method, in which the QAFCGO membrane was paired with a zinc
pellet electrode and a bifuncitonal air electrode with commercial cobalt oxide nanoparticles
deposited on a carbon paper. The battery using the commercial A201 anion-exchange
membrane from Tokuyama was also fabricated for the comparison. Figure 4-7b shows the
charge and discharge polarization curves. The QAFCGO-based battery exhibits a high
open circuit voltage of ~1.4 V, similar to that of the A201-based battery. In Figure 4-7b, at
high current densities beyond 20 mA cm?, the QAFCGO-based battery shows a
remarkable advantage over the A201 battery, with smaller over potentials for both
discharge and charge processes. For instance, at high current density of 60 mA cm™, the
charge and discharge potentials of QAFCGO-based battery are 291 mV and 154 mV
smaller than those of A201-based battery. This is further supported by the fact that the
corresponding peak power density of the QAFCGO-based battery (44.1 mW cm) is higher
than that of the A201-based one (33.2 mW cm?) (Figure 4-8). The pronounced
performance indicates the great potential of the QAFCGO membrane for the solid-state
rechargeable zinc-air battery application, compared to the commercial A201 membrane.
The galvanostatic charge and discharge cycling performance of the batteries using the
QAFCGO and A201 membranes are also evaluated using a pulse cycling technique with

each cycle per 20 min at a current density of 1 mA cm™.
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Figure 4-7. (a) A schematic image of rechargeable zinc-air battery using the QAFCGO
membrane. (b) Charge and discharge polarization curves of the batteries using the
QAFCGO and A201 membranes. (c) Galvanostatic charge and discharge cycling of the
batteries using the QAFCGO and A201 membranes at a current density of 1 mA cm with

a 20 min per cycle period (10 min discharge followed by 10 min charge).

In addition, the QAFCGO-based battery exhibits much more stable cycling
performance than that with the commercial A201 one. As shown in Figure 4-7c, the A201-
based battery has shown noticeable performance degradation with large charge and

discharge polarizations after 300 min, whereas the QAFCGO-based battery demonstrates
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longer cycling time without any performance loss after 600 min. The admirable
characteristics of the QAFCGO membrane, such as high ionic conductivity, guarantees
enhanced cycling performance for solid-state batteries. Compared to the A201 membrane,
the superior battery performance using the QAFCGO membrane owes more to its higher
water uptake and smaller anisotropic swelling degree (Table 4-1). As shown in Figure 4-
7a, during discharge, oxygen from the air reacts at the cathode and forms hydroxyl ions
which migrate into the zinc electrode and form oxidized zinc species, releasing electrons to
travel to the cathode. The oxidized zinc species decays into zinc oxide, and water returns
to the electrolyte.!®? During charge, the zinc oxide reacts with water in the anode, while
the water can be recycled back at cathode with oxygen evolution. Thus, during the overall
operation process, the water and hydroxyl are recycled between the anode and cathode,
and the water is not consumed.'®> However, water evaporation over time is unavoidable
when the air electrode opened to atmosphere, leading to electrolyte dry out problems and
a shortened battery life. Since water plays an important role in the ion transport, the loss
of that can directly reduce the ionic conductivity, resulting in a large ohmic polarization of
the battery. Meanwhile, the membrane wrinkling comes from the gain and loss of moisture
during the battery charging and recharging process, which can result in an ineffective
interfacial contact between the electrode and electrolyte. Thus the electrolyte becomes less
accessible to the active materials at the electrode. Accordingly, the swelling ratio is another
key factor that affects the battery cycling performance. As shown in Table 4-1, the water
uptake of the QAFCGO membrane is 5 times higher than that of the A201 membrane,
whereas its anisotropic swelling ratio is only half of that of the A201 membrane. As a result,
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the QAFCGO-based zinc-air battery exhibits superior rechargeability and performance

stability.
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Figure 4-8. The power density plots of zinc-air batteries using the QAFCGO and A201

membranes at a current density of 1 mA cm™.

Table 4-1. Properties of the QAFCGO and A201 membranes.

lonic Water In-plane Through-plane  Anisotropic
Membrane  conductivity? uptake swelling ratio  swelling ratio swelling
(mS cm™) (99 (%) (%) degree
QAFCGO 33.3 1.24 14.3 21.8 15
membrane
A201 42.0 0.25 2 6 3
membrane

% Jonic conductivity measured at room temperature, 100% relative humidity.

As shown in Figure 4-9, the glavanostatic discharge performance of the solid-state
zinc—air battery was investigated using the QAFCGO and A201 membranes. The

measurement was carried out at a constant current of I mA cm™ under atmospheric air. The
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rapid voltage and capacity loss of the A201 membrane is due to a progressive loss of water
and ionic conductivity in the membrane during the constant current discharge. It should be
noted that simply wetting the A201 membrane by DDI water could regenerate the battery
performance for subsequent runs with the same battery configuration. The QAFHM
membrane obviously showed a higher discharge capacity (longer discharge time) than the
A201 membrane. During the long-term discharge for the QAFHM membrane, a high
voltage plateau of 1.15 V was observed within the first 300 min discharge, followed by a
steady decline from 0.9 V to 0.7 V in the next 300 min. As a result, the QAFCGO
membrane exhibited a higher discharge capacity with a more stable voltage character in

comparison to the commercial A201 membrane.
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Figure 4-9. Galvanostatic discharge of zinc-air batteries using the QAFCGO and A201
membranes at a current density of 1 mA cm™.

Porous structure zinc electrode prior to the cycling is shown in Figure 4-10a,
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where zinc particles are well-distributed at zinc electrode. After cycling, the surface of zinc
particles is partially deposited with hollow, rob-shaped nanograins (Figure 4-10b), which
is different with the well-known compact passivation layer of zinc oxide species. This
observation indicates a good reversibility of the zinc electrode. The cycled zinc electrode
was further identified by XRD (Figure 4-10c), containing zinc oxide, zinc hydroxide and
zinc. In this regard, the reaction (Zn(OH)2(H20), <> ZnO + 3H>0) will continue to occur
following the formation of Zn(OH); at the electrode surface, depending on the availability

of water and OH".
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Figure 4-10. SEM images of the (a) fresh zinc electrode and (b) cycled zinc electrode. (c)

XRD pattern of the cycled zinc electrode.
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The mechanical property and morphology of QAFCGO membrane after 600 min
galvanostatic charge and discharge cycling was performed respectively to evaluate the
durability of QAFCGO membrane in Zn-air battery application. In Figure 4-11a, the
membrane prior to the cycling presents uniform and flat GO surface. After 600 min cycling,
the membrane can still keep the intact structure, only some small cracks are observed on
the surface of membrane after long time cycling (Figure 4-11b). The mechanical property
was evaluated by tensile strength and tensile elongation. As shown in Figure 4-11c, the
elongations at break of the fresh and cycled membranes are both above 10%, indicating
well tensile deformation by pulling force. After cycling, the tensile strength decreases from

120 MPa to 80 MPa, but still exhibit good material rigidity.
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Figure 4-11. SEM images of the (a) fresh QAFCGO membrane and (b) cycled QAFCGO
membrane. (c) Stress-strain curves of QAFCGO membrane before and after galvanostatic

charge and discharge cycling.
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Figure 4-12. The scheme and photographs of the flexible zinc-air battery using the

QAFCGO membrane under stress with different bending angles.

Based on the promising battery performance presented above, we have fabricated
a flexible zinc-air battery using the QAFCGO membrane, a flexible zinc electrode and an
air electrode with cobalt oxide nanoparticles loaded on a carbon cloth. As shown in Figure
4-12. The stainless-steel mesh and copper foil were attached respectively to the air and
zinc electrode to ensure good electrical contact, and a plastic sheet was utilized as a
bending substrate. As shown in Figure 4-13a, the application of the flexible QAFCGO-
based battery is successfully demonstrated by powering an electric fan. Since in fully solid
and flexible batteries, the components tend to delaminate with different bending angles,
the battery resistance and the overall rechargeable performance will be affected. In order
to investigate the bending effects, the galvanodynamic charge and discharge polarization

and the corresponding power density are measured at 0°, 60° and 120° bending angles.
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Figure 4-13. (a) Demonstration and schematic illustration images of the solid-state,
flexible and rechargeable zinc-air battery. (b) Charge and discharge polarization curves of
the batteries using the QAFCGO under different bending angles. (c) The corresponding
power density plots of the batteries using the QAFCGO membrane under different bending

angles.

As shown in Figure 4-13b, at any given bending angles, the charge and discharge
polarization curves remain virtually uncharged even at a high current density of 80 mA cm’
2. This reveals not only a robust adhesion between the electrolyte membrane and the
electrode but also the capability of the flexible QAFCGO membrane to maintain its high
ionic conductivity under bending conditions. Only a minor loss of the output power density

(i.e., 6mW cm?)is observed at a high current density of 100 mA cm™ under the bending
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angle of 120° (Figure 4-13c¢). At this folded region with harsh bending stress, the electrodes
undergo extreme compressive deformation and the electrolyte suffers from losing water
due to the shape change of the battery. In spite of this, at various bending angles, the
QAFCGO-based battery exhibits significantly stable output power within current density

of 60 mA cm™ under stressed conditions.

4.4 Conclusions

In summary, for the first time, a functionalized nanocellulose/GO membrane with
a laminated structure is developed as an effective practical hydroxide-conducting
electrolyte for flexible, rechargeable zinc-air batteries. Cellulose fibers are first utilized as
interconnected framework to integrate graphene oxide into a flexible membrane with high
water content characteristic. Cross-linking technique is applied to guarantee its structural
stability as well as low anisotropic swelling degree. In addition, the incentive for laminated
crosslinked structure of the membrane with uniform and compact GO protective surface
and internal layer is also to eliminate the possibility of pushing the water out of the
membrane during handling or bending, and to provide good adhesion to the electrodes.
The superior hydroxide conductivity of 58.8 mS cm™ at 70°C was achieved after the
successful functionalization. The battery using the QAFCGO membrane exhibited superior
rechargeability and performance stability compared to the commercial A201 membrane.
An excellent output power density was achieved when the flexible QAFCGO-based zinc-
air battery under stress at different bending angles. This novel QAFCGO membrane opens
up an opportunity for the development of flexible, solid-state electrochemical energy

conversion and storage systems.
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Chapter 5 Green Solid Electrolyte with Co-functionalized
Nanocellulose/Graphene Oxide Interpenetrating Network for

Fuel Cell Gas Sensor

5.1 Introduction

Gas sensors have seen a booming market owing to the ever-increasing demand of
multitudinous gas detection and monitoring in industrial process, public and domestic air
quality, food and drug safety, and automotive system.*®4 18 Based on different physical,
chemical, and electronic mechanisms, gas sensor devices have various types including
semiconducting metal oxide sensor, electrochemical sensor, optical sensor, catalytic
combustion sensor, etc.*®® 87 For example, semiconducting metal oxide sensors widely
exploit 2D metal oxides materials to detect target gas by physisorption and chemisorption
processes originating from their enhanced surface to volume ratio and high surface area
oxides. Moreover, some gasochromic oxides, such as MoO3z, WOz and Nb2Os, have
sensitivity to exposed reducing gases by color changing.'® Among all the sensors,
electrochemical gas sensor, which operates by reacting with the gas of interest and
outputting an electrical signal proportional to the gas concentration, has attracted much
attention due to its selective, accurate and linear response for target gas components in a
complex environment.1® 189190 Recently, in order to overcome the aqueous electrolyte
leakage problems, electrochemical gas sensor is moving towards an all-solid-state package
with the requirement of portability and safety.'®> %! Several conventional ceramic solid
electrolytes have the capability to conduct ions at high temperature, and thus can be

employed to construct all-solid-state gas sensors, such as yttria-stabilized zirconia (YSZ)
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based oxygen sensor and sodium super ionic conductor (NASICON) based chlorine gas
sensor. 190:192.193 However, efficient solid ion-conducting electrolyte at room temperature
is still a challenge for solid electrochemical gas sensor.%

Cellulose, one of the most sustainable and environmentally-friendly materials on
the planet, is currently widely utilized in electrochemical systems.1’# 194-1% Qwing to its
specific linear chain molecular structure consisting of repeated glucose units with many
exposed surface hydroxyl groups, cellulose is easily chemical modified to conduct protons
or hydroxide ions at room temperature, and can be applied as an ion-conducting
electrolyte.'®8 197 Also, due to its hydrogen bonds and van der Walls forces between the
hydroxyl groups on the surface of fibers, cellulose can be fabricated into a stable three-
dimensional fibrous membrane.! However, because of its fibrous network structure,
cellulose membrane fails to block gases flowing through its inner porous channels,
resulting in unsuccessful application as solid electrolyte in electrochemical gas sensor
individually. Some specific 2D materials, such as molybdenum disulfide (MoS>), graphene,
graphene oxide (GO), have relatively strong absorption or barrier performance to gas
molecules, owing to their basal surfaces and prismatic edges.'® 1% For example, MoS;
shows a high affinity to selected model gas species because of the strong adsorption energy
of gas molecules to the basal surface of 2D Mo0S,.1% Among all the 2D materials, graphene
oxide (GO), which has low permeability of most gases such as methanol, ethanol, methane
and carbon dioxide,* 1% 2% js expected to be utilized as an effective additive into cellulose-
based solid electrolyte to tune its gas permeation. Moreover, due to the abundant oxygen-
containing groups, GO can be covalently crosslinked with cellulose fibers and chemical
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modified with a host of functional groups, 2* making it an ideal candidate material in

electrochemical gas sensor applications.

Ethanol / Water Excess ethanol / Water

=

Alcohol fuel cell sensor Oxygen (From air) Excess oxygen / Water
Direct ethanol fuel cell principle

Safe driving with alcohol detection

Figure 5-1. Schematic diagram of an AFCS and its electrochemical principle.

In this work, taking the advantage of the unique properties of both cellulose and GO,
a co-functionalized cellulose-based membrane with GO modification was developed and
applied as solid electrolyte in an electrochemical gas sensor for the detection of alcohol
(ethanol). As shown in Figure 5-1, the ethanol gas sensor is designed on the basis of direct
ethanol fuel cell principle, namely alcohol fuel cell sensor (AFCS). When the ethanol
molecules diffuse into the anode, the ethanol oxidation reaction (EOR) is triggered,
releasing protons and electrons. Protons travel through the solid electrolyte and react with
the oxygen from the air at the cathode, undergoing oxygen reduction reaction (ORR) and
generating water as the product. Transferred electrons from anode to cathode are collected
as the electrical signals that could provide information on the concentration of input ethanol
vapor. A promising response to the ethanol vapor was achieved for the AFCS made from
co-functionalized cellulose/GO membrane, showing excellent linearity as well as sensitive
response to the alcohol detection with a low limit of 25 ppm. The appreciable

characteristics demonstrate a new possibility for environmentally benign cellulose based
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materials utilized as ion-conducting solid electrolyte in electrochemical systems,

particularly in electrochemical gas sensor.

5.2 Experimental Methods

5.2.1 Synthesis of graphene oxide

The synthesis of GO was in accordance with the improved Hummers’ method.?’?
First, 98% H2SO4 (360 mL) and 85% H3PO4 (40 mL) were mixed carefully in a round-
bottom flask under an ice bath condition. Graphite powder (2 g) was added into the
concentrated mixed acid and mechanically stirred for 1 h. Then, the strong oxidizing agent,
KMnOg4 (18 g) was added slowly into the mixture, and the oxidation reaction was kept at
50 °C for 16 h. The oxidation reaction was terminated by cooling down the mixture.
Distilled deionized (DDI) water (400 mL) and H>O> (20 mL) were added dropwise into the
mixture and stirred for 30 min. Afterward, the mixture was centrifuged and washed with
DDI water, 5% HCI, and ethanol respectively. Finally, the GO nanosheets were obtained
by freeze-drying of GO suspension.
5.2.2 Preparation of cellulose nanofibers

The cellulose nanofibers were prepared from Northern Bleached Softwood Kraft
pulp (New Brunswick, Canada) through pre-refining, enzymatic processing and nano-
refining. First, the original pulp was disintegrated by using the Noram PFI mill (Quebec,
Canada) with up to 30000 revolutions-per-minute. Then, an enzyme treatment is proceed
with mixture of two enzymes (i.e. Mannanase and Xylanase) from Novozymes
(Franklinton, USA) to gain a uniform pulp suspension. Finally, the enzyme treated pulp

suspension was thoroughly washed with DDI water to remove any residues, and refined
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by PFI mill again with 30000 revolutions-per-minute to produce cellulose nanofibers.

5.2.3 Fabrication of functionalized cellolose/GO membrane

In order to obtain proton conductive cellulose/GO membrane, MPTMS was applied
as precursor to functionalize cellulose nanofibers and GO nanosheets with sulfonic acid
groups. First, cellulose was mixed with GO in ethanol by magnetic stirring for 2 h to obtain
auniform cellulose/GO suspension. The amount of GO in mixture varied from 0%, 3%, 6%
and 10% with respect to the cellulose mass. Then, MPTMS was added dropwise into the
cellulose/GO mixture with mass ration of 20:1 (MPTMS:Mixture), and maintained at
ambient temperature for 48 h. After washing with ethanol and DDI water to remove any
unreacted trace of MPTMS, 30% H>0; was added into the mixture and maintained at
ambient temperature for 24 h. Afterwards, the resulting solution was centrifuged and
washed with DDI water to obtain the sulfonic acid-functionalized cellulose/GO (SACGO).
The resulting proton conductive cellulose/GO membrane was fabricated by vacuum

filtration and then dried at 60°C under vacuum for 2h.

5.2.4 Characterization and electrochemical measurement

The morphologies of cellulose nanofibers, GO nanosheets and membranes were
imaged by SEM (LEO 1530) and TEM (Bruker AXS D8 Advance). The chemical and
crystal structure of cellulose nanofibers, GO nanosheets and membranes were analyzed by
FTIR (Avatar 320), XPS (Thermo Scientific Al Ko X-ray source) and tension testing
machine (ADMET 7603-5kN). A mixed Gaussian-Lorentzian function was used while
analyzing XPS peaks with a corrected Shirley background. The conductivities of

membrane performed via electrochemical impedance spectroscopy (EIS) (Princeton
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Versastat MC potentiostat) in frequency ranging from 100 kHz to 1 Hz with perturbation
voltage amplitude of 100 mV.
5.2.5 Electrochemical gas sensor evaluation

The electrochemical gas sensor performance was evaluated by application of MEA
with a series of cellulose/GO membranes. The MEA was fabricated by sandwiching the as-
prepared membranes with commercial GDE (Fuelcell Etc.). The commercial GDE were
coated with 60% Pt/C catalyst at a Pt loading of 0.5 mg cm™ for both anode and cathode.
Then, the MEA was punched into desired size and assembled into sensor housing with two
Pt wires as current collectors. Before testing, the sensor housing with MEA assembled was
stabilized in the humidity chamber (BTL-433) with 25°C and RH 60% for 72 h to
equilibrate the components with the desired condition. The resulting sensor housing was
then inserted into the testing device to evaluate the performance. Each sample was repeated

five times and the average of each parameter was taken into account.

5.3 Results and Discussions

As shown in Figure 5-2, 3-mercaptopropyl trimethoxysilane (MPTMS) is selected
as functional precursor to conduct the functionalization. First, trimethoxysilyl groups on
MPTMS are hydrolyzed and self-condensed to form the corresponding silanol oligomers
intermediates. After being absorbed onto the oxygen-containing groups through hydrogen
bonding, these intermediates are covalently bonded to the surface of cellulose nanofibers
and GO nanosheets through the removal of water molecules. Then, the mercapto groups
on the tail end of MPTMS are oxidized to sulfonic acid (SA) groups, enduing both cellulose

and GO the ability to conduct protons. Lastly, the SA-functionalized mixture of cellulose
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nanofibers and GO nanosheets are vacuum filtered into membrane.
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Figure 5-2. (a) Schematic diagram of the overall preparation procedure (functionalization,

filtration) for the SACGO membrane. (b) Proposed three-step reaction mechanism for
cellulose/GO surface functionalization with MPTMS.

As shown in Figure 5-3 schematic illustration, the cellulose nanofibers are
wrapped and covered by GO nanosheets, and reciprocally GO nanosheets are inserted into

the network of cellulose nanofibers, resulting in a three-dimensional interpenetrating
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network structure. The numerous cellulose nanofibers interlace into a stable network
structure by hydrogen bonds and Van der Waals force,?%* giving the membrane a tough and
robust skeleton. Meanwhile, the GO nanosheets are inserted into and assembled with the
whole cellulose fibrous skeleton, creating barrier layers to prevent ethanol gas penetration.
The TEM image (Figure 5-4a) shows an entangling and complex network-like structure
of cellulose nanofibers. After the addition of GO, the cellulose nanofiber network is
uniformly covered by the GO nanosheets (Figure 5-4b). The surface morphologies of
membranes are further characterized by SEM. In the absence of GO, the SA-functionalized
cellulose (SAC) membrane exhibits a fibrous and rough surface (Figure 5-4c), while the
SA-co-functionalized cellulose/GO (SACGO) membrane shows a dense and smooth
surface (Figure 5-4d) due to the coverage of GO nanosheets within this cellulose-based

system.

Figure 5-3. Photographs of SAC and SACGO membranes, and schematic illustration of

SACGO membrane’s inner three-dimensional interpenetrating structure.
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Figure 5-4. (a) A TEM image of cellulose nanofibers. (b) A TEM image of cellulose
nanofibers wrapped and covered by GO nanosheets. (¢) A SEM image of SAC membrane
with a fibrous network surface. (d) A SEM image of SACGO membrane with a flat and
dense surface (SACGO membrane here indicates the cellulose matrix mixing with 6%

weight percentage of GO, i.e. 6-SACGO).

To confirm the successful sulfonic acid functionalization reaction, Fourier
transform infrared (FT-IR) spectra of non-functionalized cellulose/GO (CGO) membrane
and SACGO membrane are compared in Figure 5-5a. In the spectrum of CGO membrane,
the peak at 3344 cm™! is assigned to vibration-stretching hydroxyl groups, while peak
occurred at 2900 cm™! is assigned to vibration-stretching of C-H.?** Small peaks at 1300-
1450 cm™ region are corresponding to the HCH and OCH in-plane bending vibration, C-
H in-plane bending and CH> rocking vibration of cellulose.?®> The representative peaks

located around 1037-1162 cm! are due to C-O stretching and C-O-C asymmetric vibration.
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The glucose ring stretching produces two peaks at 1112 and 898cm™. 204 296 After
functionalization, the FT-IR spectrum of SACGO membrane reveals relatively weakened
assigned peaks of O-H stretching, C-O-C vibration, and C-O stretching, which indicates
the successful grafting reaction between the oxygen-containing groups on cellulose/GO
and MPTMS. Alternatively, a new small peak at 809 cm™! emerges in the spectrum, owing
to the vibration of Si-O-C in the silane groups of the functional precursor MPTMS. %207

The X-ray photoelectron spectroscopy (XPS) analysis of CGO and SACGO
membrane is carried out to complement the FT-IR results. The structural changes are
analyzed by high-resolution spectra of C 1s, where five different peaks before
functionalization are deconvoluted in Figure 5-5b, namely O-C=0 (289.1 ¢V), O-C-O
(287.9 eV), C-O-C (287.2 eV), C-O (286.5 eV), C-C/C-H (284.9 eV).1%%208.209 Qimilarly,
after functionalization, the C 1s spectra of SACGO membrane also shows these five
characteristic peaks (Figure 5-5c¢), but the peak intensity of C-O-C significantly decreases,
which is in agree with the results of FT-IR, indicating the successful reaction between
oxygen-containing groups of cellulose/GO and MPTMS. Meanwhile, a new peak at 285.6
eV assigned to C-S, C-O-Si of the grafted precursor MPTMS emerges,?!%?!! indicating the

presence of the SA functional groups on the surface of cellulose nanofibers and GO

nanosheets, corroborating our perious FT-IR results.

88



Vy 3

(a) SACGO

z \
>
© Si-O-C
~| CGO vibration
(]
(@]
C
@© C-H stetch Glucose ring
= -n stretc stretch
é HCH and OCH bending
a C-H bending
% CH, rocking
= O-H stretch C-O-C asymmetric vibration

Glucose ring stretch \\
. C-O stretch
4000 3500 3000 1500 1000 500

Wavenumber (cm™)

Intensity (a.u.)

SACGO

Intensity (a.u.)

C-O

(c)

C-C,C-H

C-S,C-0O-Si

201 200 289 288 287 286 285 284 283 282 291 290 289 288 287 286 285 284 283 282
Binding Energy (eV) Binding Energy (eV)

Figure 5-5. (a) FT-IR spectra. (b-c) Deconvoluted XPS spectra in the C 1s region of CGO
and SACGO membranes. (d) Cross-sectional SEM image of SACGO membrane. (e—i)
EDX mapping images of the cross-section of SACGO membrane (SACGO membrane here

indicates the cellulose matrix mixing with 6% weight percentage of GO, i.e. 6-SACGO).
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To further elucidate the existence and distribution of the grapted functional groups
on cellulose and GO surface, a cross-sectional energy-dispersive X-ray spectroscopy (EDX)
mapping of SACGO membrane is exhibited in Figure 5-5e-i. It can be found that elements
Si and S (contained in the silane and sulfonic acid moieties of the graphted groups) with C
and O are homogeneously distributed through the thickness of the membrane, indicating
the successful functionalization in SACGO membrane. From the SEM cross section view
of SACGO membrane (Figure 5-5d), a three-dimensional layered structure is observed
through SACGO membrane. The typical structure of membrane has been proved to be
effective to tune the ionic conductivities through the control of water uptake and ion

transport channels.!>% 17
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Figure 5-6. In-plane and through-plane conductivity of PC and PGO membrane (PC:

pristine cellulose; PGO: pristine graphene oxide without functionalization).

In consideration of proton conductivity value (o), it is important to note that, proton
conductivity is commonly measured along the plane of the membrane, i.e. in-plane proton

conductivity.?!> 21> However, in practice, the proton conductivity perpendicular to the
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membrane, i.e. through-plane proton conductivity, is much more relevant for most
applications.’'* Different membrane casting methods and membrane pre-treatment
procedure could lead to morphological anisotropy and hence result in anisotropic ionic
conductivity.?!? Therefore, relying only on in-plane conductivity to estimate the ion
transportation ability is inaccurate in case of membrane exhibiting morphological
anisotropy. In this work, in order to study the in-plane and through-plane proton
conductivity for cellulose and GO composite system, the membranes were prepared by
mixing 3%, 6% and 10% weight percentage of GO into cellulose matrix, donated as 3-
SACGO, 6-SACGO and 10-SACGO. As shown in Figure5-7a, the in-plane conductivity
(8.73 mS cm!) of SAC membrane is significantly improved compared to that of the non-
functionalized pristine cellulose (PC) membrane (0.44 mS cm™!, Figure 5-6), indicating the
successful graft of SA groups onto cellulose nanofibers. With further addition of GO into
cellulose matrix, the in-plane conductivity gradually raises up to 26.86 mS cm™ (10-
SACGO membrane), which means that the existence of SA-functionalized GO facilitates
the migration of protons along the plane of the membrane. That is because GO exhibits
effective ionic conductivity along the surface of 2D nanosheets. Meanwhile the insertion
of SA-functionalized GO into cellulose nanofiber network could form opened and layered
ion transport channels along the membrane inner structure.?’> Similarly, as shown in
Figure 5-7b and 5-6, the through-plane conductivity of SAC membrane is also remarkably
higher than that of non-functionalized PC membrane (9.07 vs. 0.59 mS cm™'). However,
with increasing GO weight percentage into cellulose matrix, the through-plane
conductivity exhibites a gradual descending trend from 9.07 (SAC membrane) to 3.21 mS
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cm™! (10-SACGO membrane). The decrease of through-plane conductivity is mainly due

to the GO nanosheets self-assembly along the plane that blocks the ion transportation

through the direction of the thickness.?!®
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Figure 5-7. (a) In plane and (b) through plane proton conductivities of the SAC and

SACGO membranes. (c) Anisotropic conductivity values of SAC and SACGO membranes.
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In order to further investigate the protons transportation, the anisotropy values of
cellulose/GO membranes are calculated and exhibited in Figure 5-8 according to the ratio
of in-plane to through-plane conductivities. The SAC membrane exhibits isotropic
characteristic with anisotropy value of 0.96, indicating that the protons can almost be
transported equally in both horizontal and vertical directions, and allowed to move freely
in the membrane (Figure 5-8(1)). However, after the addition of SA-functionalized GO,
the in-plane conductivities of 3-SACGO and 6-SACGO membranes are obviously higher
compared to those of through-plane counterpart with the anisotropy value of 1.67 and 3.66,
respectively. This anisotropic ionic conductivity is mainly due to the insertion of SA-
functionalized GO into the cellulose nanofiber network, which creates proton
transportation channels along the plane of the membrane as well as the impermeable
blocking layers that limit the protons to transport through the thickness of the membrane
(Figure 5-8(2)). Particularly, for 10-SACGO membrane, the in-plane conductivity exceeds
its through-plane counterpart by eight times higher, in which the SA-functionalized GO
layers stack within the cellulose matrix causing a huge impediment for protons transporting
across the membrane but fast proton transportation channels along the GO nanosheets
(Figure 5-8(3)). Therefore, the excess addition of GO into cellulose matrix (e.g. 10-
SACGO membrane) is not suitable for practical applications because of the dramatic

decrease of through-plane conductivity.
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Figure 5-8. A schematic illustration of ion transport mechanism with SAC and SACGO

membranes with different GO additive levels.

Water uptake of the membrane is a critical factor for proton conductivity. In the
presence of water molecule, protons can be dissociated from the grafted SA groups and
then hydrated into oxonium ions.!*® With the aid of oxonium ions, protons can be passed
along the hydrogen bonds, or directly transports as a moving H3O" “vehicle”.?> 3% 32
Accordingly, water molecule is indispensable during ion transportation, and high water
uptake would be favourable for ionic conductivity. As shown in Figure 5-9, the water
uptakes of the cellulose/GO membranes are around 90%, which is obviously higher than
that of the commercial proton-conducting Nafion membrane (34.5%).2!7-2!¥ That is owing
to the excellent hydrophilic nature of cellulose nanofibers and the fibrous and porous
network of the membrane which play an important role in absorbing and retaining water

within the internal structure.!®® In consequence, the high water uptakes of these

cellulose/GO membranes assist protons in moving along and through the plane of
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membrane, resulting in promising ionic conductivity.
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Figure 5-9. Water uptakes of SAC, SACGO membranes, and commercial Nafion 117.

The practical performance of the cellulose/GO membrane as solid electrolyte for
AFCS is demonstrated in a setup consisting of flow meter, water trap, alcohol simulator,
sensor, data logger, and computer analyzer (Figure 5-10). The core component of sensor
is membrane electrode assembly (MEA), in which the membrane is sandwiched between
two commercial gas diffusion electrodes (GDEs) loaded with Pt/C catalyst. In order to
mimic the relative temperature and humidity of human breath, a constant of air is pumped
through the alcohol simulator. Then a certain concentration of ethanol vapor will be carried
out with the air and enter into the sensor. In the sensor, the ethanol vapor is sampled, and
the electrochemical reaction occurs. Next, the electrical signal is generated, collected, and
finally analyzed in the terminal computer, outputting a typical response current curve
characterized by four different parameters, namely response time, recovery time, peak

height and peak area. In theory, peak area corresponds to the quantity of transferred
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electrons which is in proportion to the amount of reacted ethanol molecules. Accordingly,

the ethanol concentration shows a linear relationship with the peak area, and can be used

for calculating by Equation (5-1)

Apeak
c= 5-1
nFV -1

where c is the ethanol concentration in the vapor, 4peq is the peak area, n is the number of
transferred electrons in the electrochemical reaction, F is the Faraday constant, and V is

the fixed volume of ethanol vapor sampled into the sensor.
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Figure 5-10. Photographs of sensor testing setup and housing with MEA, and diagram of

the experiment set-up and typical response curve for sensor testing.
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Figure 5-11. The schematic of protons and ethanol vapor transportation in cellulose/GO

membrane.

In Figure 5-13a, the performance of sensors made from non-functionalized PC,
SAC and SACGO membranes are tested in ethanol standard solution equivalent to blood
alcohol concentration (BAC) of 50 mg dL™\. BAC is defined as the number of milligrams
of alcohol per 100 mL of blood. Evidently, the SACGO membrane has the highest peak
area and peak height among these three membranes, indicating its potential application in
AFCS. Compared to the PC, the SAC membrane with functionalized sulfonic acid groups
can easily conduct protons in its inner structure, resulting in higher sensitivity to ethanol.
However, as shown in Figure 5-11, the residual ethanol vapor after electrochemical
reaction may pass through the SAC membrane from the anode to cathode because of its
porous network structure, and finally causing the gas permeates problem. Therefore, with
the addition of SA-functionalized GO which is less permeable to most gases, the SACGO
membrane exhibits better sensor performance due to its resistance to ethanol vapor mass
transfer. After 30 days, the SACGO membrane-based sensor shows an almost unchanged

response curve from its initial test, demonstrating its excellent stability (Figure 5-13b).
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Additionally, in Figure 5-13c, the sensor prepared form SACGO membrane can effectively
respond to an ethanol standard solution equivalent to BAC of as low as 10 mg dL,
corresponding to the detection limit of 25 ppm ethanol in human breath. The peak area of
SACGO based sensor is also calculated as a function of different concentrations of ethanol
standard solution, which shows great linearity (Figure 5-13d). Selectivity is another
critical issue for gas sensor. In order to further investigate selectivity performance, The
SACGO based sensor was tested in response to water, ethanol, and acetone vapor in the
equal liquid concentration. As shown in Figure 5-12, the SACGO based sensor
demonstrates excellent selectivity of ethanol over water and acetone. Virtually, no response
curves of water and acetone were observed, but obvious ethanol response was detected in

the same concentration.
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Figure 5-12. Response curves of SACGO-based sensor to water, ethanol and acetone

vapors from standard solutions of the same concentration.
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Figure 5-13. (a) Response curves of sensor employing PC, SAC and SACGO membrane.
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SACGO-based sensor to the ethanol vapor from different standard solutions. (d) The peak
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membrane here indicates the cellulose matrix mixing with 6% weight percentage of GO,

1.e. 6-SACGO).
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5.4 Conclusions

In conclusion, for the first time, a co-functionalized cellulose-based proton-
conducting membrane with GO modification is fabricated and successfully applied as solid
electrolyte in an electrochemical gas sensor for the dection of alcohol. Both promising in-
plane and through-plane conductivities as well as high water retention within the three-
dimensional interpenetrating network structure are achieved for SACGO membrane as an
effective proton-conducting solid electrolyte, indicating successful graft of sulfonic acid
groups onto cellulose and GO surface. An AFCS set-up is created and further demonstrated
the promising electrochemical performance of cellulose/GO membrane, where stable and
linear response curves to ethanol vapor are obtained with the ethanol detection limit of as
low as 25 ppm. Therefore, this novel concept of cellulose/GO system in this work will
open a possible route for the development of ion-conducting solid electrolyte in
electrochemical device, particularly in electrochemical gas sensor. In conclusion, for the
first time, a co-functionalized cellulose-based proton-conducting membrane with GO
modification is fabricated and successfully applied as solid electrolyte in an

electrochemical gas sensor for the dection of alcohol.
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Chapter 6 Conclusion and future work

6.1 Conclusions

In this thesis, approaches to hybrid aqueous electrolyte design (Chapter 3) and
multifunctional solid electrolyte design (Chapter 4 and 5) were successfully implemented
to develop a high-energy-density flow battery, a rechargeable and flexible zinc-air battery,
as well as a micro fuel cell alcohol sensor.

In Chapter 3, the present work deals with a novel strategy towards an all-aqueous
redox flow battery with unprecedented high energy density. In these years, the improvement
of high energy density for all-aqueous redox flow battery is burgeoning. In 2015, Li et al.
reported a promising high energy density (167 Wh L) zinc-polyiodide all-aqueous flow
battery. Last year, Weng et al. reported a zinc/iodine-bromide battery to achieve an energy
density of 202 Wh L', which is the highest energy density achieved for aqueous flow
batteries as ever reported. In this present work, we demonstrate an all-aqueous hybrid
alkaline zinc/iodine flow battery achieving a high-energy-density of 330.5 Wh L., It is an
unprecedented record for an all-aqueous redox flow battery obtained to date, which is even
1.6 times of the highest reported energy density value. Theoretically, the electrolyte
acidic/basic properties have a great influence on redox pair potential. By tuning the pH of
electrolyte, the battery voltage can be effectively enhanced, finally leading to an increase in
energy density. Inspired by this concept, an all-aqueous hybrid alkaline zinc/iodine flow
battery is designed and demonstrated with an unprecedented high-energy-density as well as

a 0.47 V battery potential enhancement compared to the conventional counterpart.
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Meanwhile, this hybrid zinc/iodine redox flow battery also exhibits a promising cycling
performance with 100% coulombic efficiency, ~ 70% voltage and energy efficiency in 200
h. Overall, this hybrid alkaline zinc/iodine system demonstrates a new design with
promising performance for an all-aqueous redox flow battery, and more importantly, opens
a feasible and effective approach for achieving high-voltage high-energy-density all-
aqueous electrochemical energy device.

In Chapter 4, the present work deals with a functionalized nanocellulose/graphene
oxide membrane with a laminated structure to be used as a hydroxide-conducting solid-state
electrolyte in flexible and rechargeable zinc-air batteries. The introduced functional groups
in the graphene oxide and nanocellulose significantly boost the hydroxide conductivity (e.g.,
58.8 mS cm™ at 70°C) due to the enhanced ion-exchange capacity and the increased
amorphousness of the membrane. Meanwhile, a cross-linking bonding network is formed
between the functionalized graphene oxide and nanocellulose, providing the membrane
with a superior mechanical property and excellent water retention. This modification
facilitates the ion transport during the battery operation, particularly under the stress of
bending conditions. A rechargeable solid-state zinc-air battery prototype is fabricated using
the novel electrolyte membrane, exhibiting superior charge and discharge performances and
output power density compared to the battery using the benchmark commercial alkaline
anion-exchange membrane (A201, Tokuyam, Japan). Most importantly, under extreme
bending conditions, the flexible zinc-air battery maintained not only its superior flexibility
but also the high power density during the discharge and charge process.

In Chapter 5, the present work deals with a co-functionalized nano-
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cellulose/graphene oxide membrane with three-dimensional interpenetrating structure to be
used as a proton-conducting solid-state electrolyte in an electrochemical gas sensor for the
detection of alcohol. This solid electrolyte was fabricated through a green, efficient and
scalable approach. The numerous cellulose nanofibers interlace into a stable network
structure by hydrogen bonds and Van der Waals force, giving the membrane a tough and
robust skeleton. Meanwhile, the graphene oxide nanosheets are inserted into the whole
cellulose fibrous skeleton, creating impermeable barrier layers to prevent ethanol gas
penetration. The introduced functional groups in the nanocellulose and graphene oxide
significantly boost the proton conductivity due to the enhanced ion-exchange capacity.
Importantly, the modification of GO facilitates the protons transportation in both in-plane
and through-plane channels of the membrane. An alcohol fuel cell sensor equipped with the
novel electrolyte membrane was fabricated on the basis of direct ethanol fuel cell principle,
exhibiting excellent linearity, sensitivity as well as low ethanol detection limits

approaching 25 ppm.

6.2 Recommended future work

Based on the results from the studies conducted in this thesis research, the
following recommendations are proposed for future work.

(1) Further development on the separator membrane of Zn iodide flow battery. In
Chapter 3, the loss of capacity of the presented zinc iodide flow battery is discussed, and
electrolyte crossover issue is the one of the main causes of the problem. The cationic
exchange Nafion membrane is assembled between anode and cathode. Theoretically, the

movements of any existing anions Zn(OH)i', I3,and [~ are resisted, whereas K" ions as
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mediator can smoothly shuttle between two electrodes to conduct the charges in the battery.
However, as illustrated by EDX results, Zn and [ elements are present on both sides of
the membrane, indicating that the electrolyte crossover issue exists in this system. That is
because Nafion membrane is a hydrophilic polymer which conducts ions with the
assistance of water molecules. Inevitably, a small number of hydrated anions will still pass
through the membrane along with water molecules. Thus, a small amount of undesired
hydrated Zn(OH)i', I3, and 1™ ions are able to go across the membrane, which finally
results in the loss of some battery capacity. To overcome this issue, a new design of
separator membrane should be proposed to replace the Nafion membrane in this system.
Here, three suggested points can be taken into consideration for the development of
separator membrane: i) anion group functionalization. In this system, K* ions as mediator
should smoothly shuttle between two electrodes to conduct the charges in the battery. Thus,
anion group functionalization is essential to provide abundant positive conducting sites for
the movement of K" ions. ii) hydrophilic modification. In order to prevent undesired
hydrated ions moving accompanied by water molecules, hydrophilic modification should
be conducted on the separator membrane to eliminate the ions crossover issue. iii) 2D
structure inorganic nanofillers can be incorporated into the membrane system to tune the
ion transportation pathway, thereby facilitating the movement of K* ions and blocking the
negative charged ions crossover as well.

(2) Further investigation on zinc dendrite suppression for zinc-based batteries.
Zinc dendrite is one of the major phenomena to limit the performance of zinc electrode,
which is formed during electrodeposition as sharp and needle-like metallic protrusions. In
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rechargeable zinc-based batteries, the zinc dendrites form during the charging process and
will bring out two major drawbacks, i.e. capacity loss and short circuit. Firstly, the sharp
and needle-like protrusions are easily to break, resulting in fracture and disconnection from
electrode and finally leading to capacity loss. Secondly, the sharp zinc dendrites have the
possibility to puncture the separator membrane and cause the short circuit issue.
Particularly, for solid-state zinc air battery, the solid electrolyte membrane serves as
separator as well, and the two electrodes are only separated and closely touched with the
membrane, which has large risk of short circuit if zinc dendrite forms. To overcome this
issue, special solid electrolyte or separator should be designed with the ability to recover
from zinc dendrite formation. Here, a new strategy of self-healing membrane has been put
forward to solve this problem. As shown in Figure 6-1?!°, a conventional membrane was
fabricated by embedding microcapsules with an isophorone diisocyanate core. When the
membrane suffers from physical damage, the microcapsules will release a reactive
isocyanate healing agent which can form a polyurea matrix that plugs the damage. This
kind of microcapsule-embedded self-healing membranes are a promising approach to

fabricating versatile, next-generation membranes for zinc-based batteries.
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Damaged Healed
membrane membrane

Figure 6-1. Schematic illustration of the self-healing process of microcapsule-embedded
membranes. Reprinted with permission from reference 219, with permission of American

Chemical Society.

(3) Further design to solve electrode/electrolyte interfacial issue for solid-state
flexible electrochemical devices. In the solid configuration, the interfacial property
between the solid electrolyte and a pair of electrodes is a big challenging. In aqueous
system, the electrodes are totally wetted by liquid electrolyte, facilitating a three-phase
reaction zone. In contrast, in solid-state system, the interfacial reactions are largely limited
by the solid “dry” electrolyte membrane. Thus, the interfacial resistance of solid system is
largely higher than that of liquid one. Particularly, for some flexible and bendable devices,
at some folded regions with harsh bending stress, the electrodes undergo extreme

compressive deformation and the electrolyte suffers from losing water due to the shape
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change of the battery, resulting in the loss of battery performance. In response to this
problem, an idea of all-in-one piece of flexible device with integration of electrode and
electrolyte is proposed. As shown in Figure 6-2, one-piece flexible zinc-air battery is
designed instead of the conventional individual components. To achieve this target, an
ionic liquid material could be use to fabricate a solid electrolyte, meanwhile the ionic liquid
can also be applied as ionomer for both zinc and air electrodes. The ionic liquid are entirely

permeable in electrolyte and electrodes, making them one integrated piece.

Conventional flexible zinc-air battery One-piece flexible zinc-air battery
Zinc electrode Zinc electrode

Solid electrolyte

Air electrode Air electrode

, Zinc electrode

Interfacial gap
Interfacial gap Solid electrolyte
Air electrode

Figure 6-2. Schematic illustration of one-piece flexible zinc air battery.

Zinc electrode

Solid electrolyte

Air electrode
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