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Abstract

This thesis concerns the structural and electrochemical study of different materials and
their composites. First, Tin phosphite SnHPO3 and its composite with reduced graphene oxide
(SnHPO3/RGO) as new anodes for lithium-ion batteries. Second, RGO based materials doped
with nitrogen (N-RGO), phosphorus (P-RGO), both nitrogen/phosphorus (PN-RGO) and both
iron oxide/nitrogen composites Fe3O4/N-RGO, as catalysts for oxygen reduction reaction
(ORR). Third, an original biological route to synthesize RGO using different types of bacterial
species is tested. SNnHPOs and its composites are synthesized using the hydrothermal method.
Structural and morphological characterizations confirmed the formation of these materials
without any impurities. The electrochemical tests for SnHPO3 are performed using two binders.
CMC binder has allowed a better electrochemical behavior compared to PVDF. For
SnHPO3/RGO, the obtained results proved that RGO plays an important role in enhancing the
electrochemical performance of SnHPOs electrode. The SnHPO3/RGO composite with
5%RGO showed the most stable cycling performance. The RGO doped materials are
successfully synthesized and characterized. Electrochemical tests have shown that Fe3O4/N-
RGO composite has the best catalytic activity for ORR in alkaline solution compared to the
other catalysts. The obtained results for bacterial reduction effect on graphene oxide confirmed

that bacteria could partially reduce graphene oxide up to 98.2%.

Keywords: Tin phosphite, Anode, Hydrothermal method, Reduced graphene oxide,

Lithium-ion batteries, Catalyst, Oxygen reduction reaction, Bacterial reduction.
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General introduction

There is an increasing and needed trend towards fossil fuels consumption reduction
mainly due to environmental impact. The use of new sustainable and environmentally friendly
energy, such as wind, solar, geothermal, water, and tidal energy, has attracted great attention in

the past decades as a substitute for traditional primary energy [1].

A much simpler way to improve the utilization efficiency of renewable energy is the
energy storage. Therefore, the exploration of high-performance energy storage devices is

urgently required in order to most efficiently use renewable energy sources [2].

Currently, electrochemical energy storage technologies are becoming global concerns
due to the emergent need for the wireless communication, the electrification of transportation,
the space applications and the developed market for mobile electronics [3]. Each of these
applications has different requirements. Consequently, there is a long list of energy storage
technologies (Figure i), of which some are already commercial, while others are still in research
and development or demonstration stages. These technologies include lead-acid, lithium-ion,
nickel-cadmium, nickel metal hydride and metal-air batteries, among others [4], [5].

7

—

500 4 2 e Licair
=] (future systems) (future systems)
400 - 7
Li-metal
300 - Li-ion batteries (future systems) By
(liquid or polymer electrolyte) f

Li-ion
(future systems)

200 A

100

Li-metal polymer

Ni-MH smaller

>

T L4 T 2 T = T Y T - T 2 T ~ T

ey
0 100 200 300 400 500 600 700 800 90
Volumetric energy density / Wh I

Gravimetric energy density / Wh Kg-1

Figure i. Comparison of volumetric and gravimetric energy density for different energy

storage technologies [6]

Each energy storage technology has its own performance characteristics that make it

more or less suitable for a specific application. While some energy storage systems are strictly



stationary; others are adaptable to mobile applications. Altogether, rechargeable batteries

dominate portable and mobile energy storage applications [4].

Compared to other battery technologies, lithium-ion batteries (LIBs) have the most
powerful performance such as prolonged service life, larger number of charge/discharge cycles
and higher potential for energy storage, as they store much higher energy per unit weight or
volume [7]. LIBs are a vital component in everyday life applied in many fields. The largest
market has been portable electronics such as smart phones, tablets and laptops. The battery has
also found use in medical devices for example in hearing aids and glucose sensing [8].
Additionally, LIBs are used in large-scale smart grids and in aerospace applications, including
satellites and aviation. The application targets of LIBs have spread into the electric vehicles
(EVs) [9].

The commonly used graphite as anode has good cycle life performance and low
production cost. However, two major negative points have led research to find alternative
anodes. First, its practical reversible capacity (280 - 320 mAh/g) [10] which is not sufficient
for the future market requirements. Secondly, its use causes a risk of short circuit involved by
the formation of lithium dendrites at low operating potential (0.1 V Vs Li*/Li). Therefore, it is
urgent to find other anode materials. Many alternatives to graphite, currently used as a negative

electrode, have been studied such as lithium alloys, and transition metal oxides [11].

On the other hand, metal-air batteries have been known to provide clean and efficient
power sources for a wide range of applications [12]. The theoretical electrochemical
performances associated with these technologies are far superior to those of lithium-ion
batteries. The energy density provided by current lithium-ion batteries still pales in comparison
to the combustion engine [13].

Metal-air batteries are a new development in battery technology that replaces its cathode
with an air-breathing electrode. In these systems, one necessary reaction at the cathode is the
catalysis of oxygen reduction reaction (ORR), which is the rate-determining factor affecting
overall system performance [14]. The Oxygen reduction is considered one of the most important
electrocatalytic reactions because of its role in electrochemical energy conversion, several
industrial processes, and corrosion. Consequently, for many years it has been the focus of

electrochemical interest [15].



The performance and efficacy of these metal-air batteries significantly depend on the
reaction kinetics of the oxygen reduction reaction (ORR), which is notorious for its extremely
slow Kkinetics. Thus leading to insufficient performances in corresponding devices. To
overcome this, various electrocatalysts cathode with high activity towards ORR are normally
used in which precious metal catalysts, especially Pt-based catalysts, are considered the most
active [16]. Platinum has been the only commercially available catalysts for ORR and the best
catalyst for over 170 years, due to its high activity and stability in both aqueous acidic and
alkaline environments. However, these precious metal catalysts are known to be extremely

expensive, limited in world supply and not sufficiently efficient [17].

Therefore, developing higher ORR catalytic activity, inexpensive and abundantly found
material electrocatalysts for ORR is very demanding. Great efforts have been made to develop
new materials as ORR catalysts. Non-precious metal alternatives to replace precious metals in
which Fe, Co, Ni, Mg and other metals are being explored to fabricate catalysts with remarkable
ORR activity [18]. Moreover, although ORR electrocatalysts have been intensively explored
and developed, significant breakthroughs have yet been achieved in terms of catalytic activity,

stability, cost and associated electrochemical system performance.

The focus of this research is in these two areas, either in the search for new materials
likely to be used as negative electrodes for lithium-ion batteries and as catalysts for metal-air
batteries. We were interested in tin phosphite SnHPO3 and its composite with reduced graphene
oxide (RGO) as a possible anode material for Li-ion batteries, due to its open-framework with
large free channels sizes. In addition, to investigate potential active non-precious catalysts for
the oxygen reduction reaction to be used in metal-air batteries, the research focuses too on
reduced graphene oxide based materials doped with nitrogen, phosphorus, both

nitrogen/phosphorus and both iron oxide/nitrogen composite.
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Introduction

Introduction

Li-ion batteries are a proven technology for providing clean and efficient energy and
can be used in a variety of applications. The first lithium battery was built in the 1970s by
Michael Stanley Whittingham, who used lithium metal and titanium (IV) sulfide as
electrode [19]. However, lithium metal is highly reactive, as a result, these initial lithium battery
cells suffered from safety problems. Therefore, this chemistry found no use, but provided the
basis for further work. To address this issue, it was more appropriate not to use metallic lithium,

but rather compounds that are capable of donating lithium ions (Li*).

The widespread growth of LIBs has been primarily driven by the introduction of
innovative materials. In the same period, reversible intercalation in graphite as anode and
cathodic oxides as cathode was researched and proposed by Jirgen Otto Besenhard [20]. In the
late 1970s, Samar Basu demonstrated the electrochemical intercalation of lithium in
graphite [21]. However, the battery cells experienced rapid deterioration with each recharge.
This inconvenience was refined by Rachid Yazami, who tackled this problem in the early 1980s
through his research on the reversible electrochemical intercalation of lithium in graphite [22].

Since that, lithium-ion batteries (LIBs) have found a central place in solid-state
electrochemistry, and much efforts have been made to develop and improve the battery
performance, until they were first successfully commercialized by SONY corporation in 1991
and made them popular energy storage devices [23].

Many alloy systems, such as LixAl, LixSi, LixSn, and LixSb have been extensively
studied as anode material for LIBs because of their theoretical capacities two or three times
higher than that of graphite anodes [24], [25]. One of the most interesting materials as active
Li-ion anodes is tin metal (993 mAh/g theoretical capacity to generate LissSn) [26]. However,
there are few drawbacks that hinder their practical application. Due to the lithium
insertion/extraction (lithiation/delithiation), tin electrode is subjected to a huge volume
expansion which causes the pulverization of tin particles and leads to a loss of electrical and
mechanical contacts within the active material and with the current collector [27]. As a result,
metallic tin electrode performs poor cyclic retentions and thereby leads to severe capacity decay

and short cycle life [28].
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The performance of tin alloys electrodes can be enhanced significantly when using an
active-inactive phase MM’ where M (Sn in this case) is the active element and M’ the inactive
element or matrix toward lithium. This latter provides structural stability to the electrode by
holding Sn particles well dispersed and absorbing their volume expansion, minimizing

consequently its negative effects [29].

Compounds such tin oxides and tin phosphates have been widely studied [30]. They
have received a large attention thanks to their theoretical capacities which are two or three times
higher than that of carbon-based materials (SnO2: 781 mAh/g and Sn2P.0O7: 572 mAh/g; all for
Lis,4Sn) [31]. These materials are known to produce a conversion reaction with lithium during
the first cycle. Lithium reacts with oxygen in SnO, by forming Sn particles that reacts reversibly
with Li (LixSn alloys) and Li,O phase [11] which acts as the matrix buffering the volume
change, giving more stable cyclability. In the case of SnP,07, the matrix formed is made of
LisPO4 and LisP207 phases [32].

With the above interesting results, we have focused of other possible active-inactive
phase tin based materials. Tin phosphite SnHPO3 seems to be an interesting candidate due to

its open-framework with large free channels sizes.

The objective of the present work is to synthesize tin phosphite SnHPO3 using a simple
hydrothermal method, and study its electrochemical behavior for the first time as anode for
lithium-ion batteries. We demonstrated that the lithiated phosphite phase acts as the matrix that
holds Sn particles after the first cycle. The open-framework and the large size channels buffer

tin nanoparticles volume expansion while maintaining lithium conduction.

The first chapter describes the fundamental aspects of lithium-ion batteries and the
common materials used. The bibliographic research of the use of tin based materials and
phosphite in Li-ion batteries are also introduced. This chapter focuses also on the addition effect

of reduced graphene oxide and that of binders.

In the second chapter, experimental procedure of the prepared materials,
characterization techniques principles and electrochemical measurement methods are

addressed.

In the third chapter, the results of structural, morphological and electrochemical

characterizations are investigated for the prepared materials.
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1.1 Lithium-ion batteries (LIBs)

1.1.1 Electrochemical principles of a lithium-ion battery

Li-ion batteries consist of two lithium-hosting electrodes, anode and cathode, immersed
in an electrolyte kept apart by an electrolyte-permeable separator. Each component of the

electrode has a specific function [33].

Current commercial batteries are using LiCoO: or LiFePO4 as cathode materials and
graphite as anode material. Although some battery manufacturers have opted for non-graphite
anodes as LisTisO12. The aforementioned compounds are mixed with conductive additives such
as carbon material to improve the electrical conductivity and the diffusion coefficient, and a
binder (such as Poly Vinylidene Flouride). This latter improves the mechanical stability and
flexibility of the electrode [34].

Liquid electrolyte is used in the majority of lithium-ion batteries. It contains a mixture
of lithium salt such as LiPFs, LiBF4, LiCIO4 which dissolves in a mixture of organic alkyl
carbonate solvents like ethylene (EC), dimethyl (DMC), diethyl (DEC) and ethylmethyl (EMC)
carbonate with high ionic conductivity. They facilitate the mobility of lithium ions while being
electrically insulating in order to prevent short circuits, and hence a key factor in the battery

performance [35].

Two types of metallic current collectors are used to deliver electronic current from/to
the electrodes to/from posts that connect to the external circuit: aluminum foil for the cathode
and copper foil for the anode. The main requirements for current collectors are conductivity

and stability/inactivity under the operating conditions inside the cell [36].

The separator, that is ionically transparent and electrically insulating, is sandwiched
between the two electrodes, and have the function of preventing direct contact between the
anode and the cathode while ensuring lithium ion mobility. The most common separator
materials are polyethylene and polypropylene [33].

The rechargeable battery cell stores electrical energy as chemical energy in the two
electrodes, anode (reductant) and cathode (oxidant), and has a reversible redox reaction at both
electrodes. During cycling, lithium ions migrate back and forth between the anode and the
cathode, as illustrated in Figure A.1.1. When a LIB is charged, lithium ions are extracted from
the cathode (LiC00y), diffuse across the electrolyte, and are inserted into the anode (graphite)

while external electrons move inward to the negative electrode (graphite). During discharge,

4
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the electrons and ions flow in reverse directions. However, in a half-cell consisting of electrode
material (can be cathode or anode) and lithium metal, Li ions are extracted from the electrode
material and deposited on the surface of the lithium metal during the charge process, and Li

ions are inserted into the host electrode material during discharge [37].
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Figure A.l.1. Schematic of the charge/discharge process in a lithium-ion battery [38]

The charging process of a Li-ion battery represented in Figure A.l.1 is described by
redox equations [39]:

Cathode: LiIMO, — Li;-xMO> + xLi*
Anode: xLi* + xe” + Cg — LixCs

During intercalation of Li ions, the organic electrolyte is simultaneously reduced, and
the resulting insoluble products form an irreversible passivating solid-electrolyte interphase
(SEI) layer on the graphite surface. The formation of a resistive and unstable layer, sometimes
denoted the surface layer (SL), can also occur on the cathode through electrolyte oxidation as a
result of irreversible chemical reactions between the electrode and electrolyte [40].

1.1.2 Battery key characteristics

The most relevant characteristics of a battery are its specific energy and power, capacity,
durability, cycle life, safety and cost. These parameters are key issues for improving the
performance of lithium-ion batteries and are in turn linked to the electrode (anode and cathode)

and electrolyte materials used.
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The specific energy is one of the central development criteria in Li-ion batteries. It
describes how much energy the device can store per mass or volume. It depends on the type of
cathode and anode materials used as well as their nano and micro-structures. Current
commercial Li-ion batteries store charges through faradic redox reactions with high energy
density of about 200 Wh/kg. It can be expressed in Watt-hour (Wh) as the integral of power

over time:
E=[UxIdt  [41]

The specific power is often described as how much power in KW could a battery provide
for a kWh of capacity. The maximum power a Li-ion battery could provide depends on its
voltage, the kinetics of the charge migration and the transfer of the device, the density of lithium
ions and the electrodes’ conductivity. It corresponds to the product of voltage times current at
any instant of time. Its unit is watt (W) and can be expressed by the following equation:

t UxI
pP= 0 ? dt [42]

As for the capacity, it quantifies the amount of electric charge it can deliver at the rated

voltage. In other words, it is a measure of how much lithium is reversibly incorporated into the

anode during charging. The battery capacity is measured in milliAmpere-hour (mAh).

B nF
" 36M

Qi [43]

Another important property of a battery is its durability. Battery degradation occurs in
tough operating conditions such as low or high operation temperatures, overcharge and deep
discharge [44]. The most relevant durability indicator is the cycle life, which is the number of
times a battery can be charged and discharged over its lifetime under standard operating
conditions, before its key performance metrics (i.e. capacity and power) drop to 80% of initial
values. According to the industry standard, a battery has reached the end of its lifetime, when
the (specific) capacity has reached 80% of its “initial” value [45].

On the other hand, cycle ageing is additionally subject to the battery charge and
discharge conditions. In practical terms, battery ageing is caused by the loss of cyclable lithium
and active electrode materials, and is noticed as capacity fade and loss of power. The loss of
cyclable lithium is related to side reactions, while the loss of electrode active materials is due
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to factors such as dissolution, structural degradation and particle isolation [46]. These are the

major problem in the application of lithium-ion battery.

1.1.3 Materials for lithium-ion batteries: Electrolyte, Cathode and Anode

Despite the success of current LIBs designs, the rapid growth of global energy demand
necessitates to develop LIBs with substantially better electrochemical performance, including
higher power/energy density, longer cycle life and faster charge/discharge rates, especially for
transportation applications. To meet these needs, it is more and more necessary to search for

alternatives to the different battery components (electrolyte, cathode anode...).

1.1.3.1 Electrolyte for Li-ion batteries

Several types of electrolytes have been used in lithium-ion batteries. The most common
can be classified as organic liquid, ionic liquid, polymer and inorganic solid electrolytes [47].

Organic electrolytes are the most well-known form of electrolytes for LIBs owing to
their fascinating characteristics, including higher ionic conductivity and good/stable contact
with various electrodes. They consist of a solution of a lithium salt in organic solvents. The
most commonly studied organic solvents are ethylene carbonate (EC), propylene carbonate
(PC), dimethyl-carbonate (DMC), diethyl carbonate (EMC), dimethoxyethane (DME) [38].

Due to being a pure ionic mixture, ionic liquids (ILs) have a higher conductivity than
common organic electrolytes. By definition, ionic liquids only consist of ions and are in a liquid
state below 100 °C. lonic liquids are believed to be excellent solvents for battery electrolytes
according to recent investigations, owing to their outstanding advantages, including high
thermal and electrochemical stability, non-flammable properties, and high ionic conductivities.
The most commonly employed ionic liquid cations for electrolytes are BMP*(Pyrl3),
EMIm*(C2mim) and BMIm*(C4mim), while TFSI™ and FSI™ are two widely used anions for
ionic liquids [48].

Polymer electrolytes offer other advantages over their liquid counterparts, mostly in
safety issues. They are a useful component for solid electrolytes, due to their excellent
mechanical, thermal and electrochemical stability, which prevents dendrite formation on the
anode. Currently, the most widely studied polymer hosts are poly(vinyl chloride) (PVC),
poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA), poly(ethylene oxide) (PEO),
poly(acrylonitrile) (PAN), poly(vinylidene fluoride) (PVdF), poly(methyl methacrylate)
(PMMA), and PVdF-HFP etc [49]. A solid electrolyte can also act as a separator of the

7
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electrodes. The use of solid electrolytes can also aide in the use of high capacity materials, such
as metallic anodes and sulfur cathodes, by suppressing dendrite formation in the case of the
anodes, and polysulfide shuttling in the case of sulfur [50].

1.1.3.2 Cathode for Li-ion batteries

The physical and chemical properties of the cathode materials, such as high electronic
conductivity, high ionic diffusion, high capacity, low lithium diffusion barrier, good structure
stability that can prevent significant structural change after charge/discharge process, are the
key factors that determine the electrochemical performance of the LIBs [51].

The cathode materials that have been widely studied are represented by three types:

layered oxides, spinel oxides, and phosphates.
- Layered lithium transition metal oxides LiMO2 (M = Co, Ni, Mn)

Transition metal oxides are intercalation compounds that have been widely used as
cathode materials since the 1990s. Lithium cobalt oxide LiCoO: is the cathode that dominates
the lithium-ion battery market owing to its attractive volumetric energy density, high rate
capability and excellent cycling stability. The main disadvantage of this type of electrode is its
low inherent safety; due to the limited thermal stability of cobalt-oxide, high cost and toxicity.
Also, this electrode suffers from low reversible capacity, which can reach only 120 - 140 mAh/g
corresponding to 0,5 lithium for the commercial batteries [52]. These issues make this material
used only for small cells and not for large scale applications, and thus the research and

development of alternative cathodes is highly recommended.
- Spinel LiMn204

Spinel-type lithium manganese oxide LiMn20O4 is an important type of cathode materials
that was first commercialized in 1996. It is an attractive alternative to LiCoO- cathodes due to
its low cost, wider abundance of Mn, low toxicity and higher thermal stability of manganese
oxide and excellent structure stability at the discharging voltage around 4 V. Nevertheless, the
discharge of LiMn2O4 proceeds in two steps, around 4 V and 3 V with capacity of only
120 mAh/g. In addition, it was rapidly shown that it suffers from severe capacity fading at high
temperatures related to dissolution of manganese into electrolyte, resulting in the deterioration
of cathode’s cycling performance. This issue could be suppressed significantly by partial
substitution of Mn with other metals (Co, Mg, Cr, Ni, Fe, Al, Ti, Cu, Zn etc.) [53].
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- Olivine LiFePO4

LiFePOs is one of the most fully developed cathode materials among olivine phosphates
and already has been used commercially in LIBs since 1999, with a capacity about 170 mAh/g
at discharge potential of about 3.4 V. It is the first cathode material with abundant amount of
raw materials and environment friendly. It has satisfactory cycle stability at low currents, better
thermal stability and safety upon lithium (de)insertion compared to metal oxides, excellent
cycling performances due to the small volume change (approximately 6%) during charge and
discharge [54]. Nevertheless, these compounds face a critical challenge of low diffusion
coefficient of Li*, low electronic conduction ionic conductivities, resulting in poor rate

performance, which greatly limits the application of LiFePOg in high rate conditions [46].

Olivine phases containing alternative transition metal ions such as LiMnPQOg4, LiCoPOs,

and LiNiPOg4 have also been investigated [40].

1.1.3.3 Anode for Li-ion batteries

In the case of anode, three types of materials have been reported with different reaction

mechanisms.
- Intercalation

The first mechanism is known as the intercalation reaction, it is based on the insertion

of Li* ions into layered structures, such as graphite and various carbon nanomaterials.

Graphite with a specific capacity of 370 mAh/g is usually employed as a classical
intercalation material in current commercial lithium-ion batteries. In fact, most types of carbon
materials possess high capacity (200 - 600 mAh/g) and good power capability [55]. However,
they suffer from the lithium dendrites formation that can appear on the anode surface, leading

to internal short circuiting of LIBs.

Ti-based oxides, such as TiOz or LisTisO12 are another class of anode materials that have
been also extensively studied as intercalation materials [56]. They have been considered as
promising materials for lithium storage due to their high safety, good cycle life, low cost and
high power capability. However, these materials undergo low theoretical capacities, low
electronic conductivity and low energy density during cycling.
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- Alloying

The second mechanism for anode materials is based on alloying reactions between
lithium and some elements to form LixM alloys. Si, Sn, Sb and Ge are the most extensively
studied alloying anodes for Li-ion batteries. The capacities from alloying reactions reach
extremely high values at low operating potentials, with Si and Sn being the most attractive
because of their high energy storage capacities, abundance in the earth shell and environmental
compatibility. For example, Sn anode can alloy Li with the stoichiometry of Lis4Sn, leading to
a capacity of around 993 mAh/g [57]. Unfortunately, practical use of alloy electrodes as a bulk,
is handicapped by the huge volume changes (up to about 300%) associated with the (de)alloying
process. This causes severe structural destruction, which is accompanied by mechanical and
electrical disconnection within the battery components leading to a drastic diminishing of

energy storage capacity of electrodes.
- Conversion

The third reaction mechanism of anode materials is the conversion reaction. Recently,
conversion materials with high capacity provided through reversible replacement redox
reactions between Li" and transition-metal cations, have been developed as attractive
alternatives to the next-generation LIBs. This type of mechanism involves electrochemical
reactions that are leading to the formation of new chemical species, often with structures
different from the initial structure.

Different conversion-type anode materials has been studied as LIBs anode electrodes,
for example, oxides, fluorides, sulfides, selenides, nitrides, phosphides and even hydrides [40].
The main advantage of such alternative reaction pathways is the large increase in
electrochemical capacity and lower production cost. They could ensure better safety of the
battery by avoiding the problem of lithium dendrite formation with graphite. As a consequence,
conversion electrodes can be developed with outstanding capacity improvements over graphite

or insertion oxides.

While the prime challenge of the conversion-based materials is to suppress the major
structural changes caused by the volume change, leading to severe capacity fading and poor
cycling stability. Also, this type of materials suffer from poor electronic and ionic conductivity

and continuous electrolyte decomposition.

10
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Some of the above materials such Sn-based compounds (oxides, phosphides,
phosphates, etc) can alloy with Li and can undergo a conversion reaction [58]. Such conversion-
alloying materials exhibit higher capacity than pure conversion systems.

1.2 Tin and tin based anode materials

Different alloy systems with lithium, such as LixAl, LixSi, LixSn, and LixSb have been
extensively studied as alternative anode materials for LIBs because of their theoretical

capacities two or three times higher than that of graphite anodes [59].

1.2.1 Tin anode materials

Currently, among the most interesting materials as active Li-ion anodes is tin metal
which reaches 993 mAh/g theoretical capacity to generate LissSn alloy [57]. Several alloy
compounds are formed during Sn lithiation. Wang et al. [60] have studied the electrochemical
behavior of Li-Sn alloys at 25 °C. Each alloy is formed at a different potential Vs pure lithium

as it can be seen in the following table.

Table A.1.1. Formation potentials of LixSn alloys at room temperature

Alloy potential (V) Composition interval
0.380 Liz5Sn-Lis4Sn
0.420 Li2.eSn-LizsSn
0.485 Li2.33Sn-Li263Sn
0.530 Lio.7Sn-Li233Sn
0.660 Lio.4Sn-Lio.7Sn

However, its practical application is limited due to the huge volume expansion during
cycling (260% of the initial volume compared to 12% for carbon graphite) [61]. This results in
important structural changes, which causes cracks and disintegration of tin particles and leads
to an electrical and mechanical disconnection within the active material and with the current
collector. Consequently, metallic tin electrode suffers from large irreversible capacity loss,

short cycle life and a poor cyclability.

The electrochemical behavior of metallic tin is shown in Figure A.1.2. The results of
the galvanostatic cycling show a rapid drop in capacity during cycling. This is attributed to the

strong volume expansion of the element Sn causing loss of electrical contact during cycling and

11
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therefore loss of capacity. These results are in agreement with those of cyclic voltammetry
(CV). Figure A.1.3 shows the presence of several peaks corresponding to the formation and
deformation of different alloys. The capacity continues to increase until the 5 cycle as the
peaks intensify indicating gradual activation of the material, then decreases considerably (cycle

20) indicating the loss of reversible capacity [62].
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Figure A.1.2. Capacity as a function of the number of cycles during the galvanostatic
cycling of Sn metal at C/50 and a voltage range of 0.07 V - 2 V [62]
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Figure A.1.3. Cyclic voltammetry (CV) of Sn metal at 0.1 mV/s [62]

12



Chapter I: Literature survey

The performance of this electrode has been enhanced when using tin based materials as

alternative to metallic tin.

1.2.2 Tin based anode materials

Tin oxides and tin phosphates materials present higher theoretical capacities compared
to carbon anodes (SnO2: 781 mAh/g and SnzP.07: 572 mAh/g; all for Lis4Sn) [63], [64]. In
addition, they exhibit better reversible capacity and capacity retention than metallic Sn. These
compounds are known to produce a conversion reaction with lithium during the first cycle. In

the case of tin oxide SnO., lithium reacts with oxygen to form Li>O phase and metallic tin [65]:
SnO2 + 4Li* + 4e” — 2Li>0 + Sn

As for tin pyrophosphate Sn2P,0Oy, lithium reacts with phosphate group to form LisPO4

and LisP20O7 phases and metallic tin.
ALi" + SnyP207 + 4™ — LisPOs + LiPO3 + 2Sn [66]
4Li* + SnoP207 + 46~ — 2LiaP207 + 2Sn [63]

The metallic tin produced in both electrodes is dispersed within these phases, which
form an active or inactive matrix toward lithium for the following cycles. When metallic tin Sn

particles react reversibly with lithium, it forms intermetallic alloys LixSn:
XLi* + xe~ + Sn — LixSn [66]

The matrix such lithium oxide and lithium phosphate phases provides structural stability
to the electrode by holding Sn particles well dispersed and buffers their volume expansion,
giving more stable cyclability. In addition, the matrix acts as a good electrical conductor that
can significantly improve the electron transport and facilitates rapid diffusion of Li ions. As a
result, the electrode presents better electrochemical performance. However, in some cases after
several cycling, it still suffers from capacity fading due to tin nanoparticles aggregation to form

clusters again and volume changes become problematic.

1.2.3 Tin based materials composite with graphene

Alloying materials are often made into composite structures to accommodate expansion

and increase conductivity, for example, as composites of porous carbons, graphene, CNTSs, etc.

13
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Several studies have investigated the effect of graphene on the electrochemical
performance of tin oxide SnO> [67]. It has been found that the incorporation of carbonaceous

materials is a common solution to attenuate the structural deformation of SnO2-based anodes.

Due to the elastic characteristic and good conductivity of carbon-based materials, these
matrices can not only limit the volume variation, but also improve the conductivity of the
electrode and improve the electron transport, which could greatly improve the lithium storage
performance of SnO.-based anodes [68]. As an ideal conductive and flexible matrix, graphene
has been used extensively to prepare SnO,-graphene nanocomposites as anodes for LIBs due
to its fascinating structure and electronic properties. Hybridization of SnO2 with graphene has

been shown to effectively promote reversible capacity, battery life and performance [69].

Song et al. [70] demonstrated that the Sn/SnO>/Graphene nanocomposite electrode
strongly contributes to improving the electrochemical performance of LIBS. This electrode
exhibited excellent performance with higher specific capacities, increasing to 1270 mAh/g after
100 cycles. This can be explained by the reversible conversion reaction of SnO> and lithium

and which indicates the reversible decomposition of Li2O.

These results show that this nanocomposite contributes to strengthening the

electrochemical performance of Sn-based anode materials for LIBs.

1.2.4 Phosphite as an alternative matrix

Among other matrices, the investigation of phosphite poly-ions, regarded as the
development of phosphates poly-ions, is attractive [71]. The synthesis of open-framework metal
phosphites by incorporating the pseudo-pyramidal phosphite groups [HPOs]*~ in place of
tetrahedral phosphate units [PO4]* into the frameworks has resulted in a new class of metal
phosphite compounds with more open frameworks [72]. Both oxoanion units have similarities
but compared to the phosphate group, metal phosphites exhibit rich compositional and
structural diversity, because the presence of three-connected (HPO3)>~ centers favors to reduce
the M-O-P connectivity. Furthermore, the hydrogen phosphite group has fewer available
coordination centers and low-average charges per oxygen, which can lead to the formation of

more open interrupted open frameworks with large pore sizes and low framework density [73].
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1.3 Phosphites materials for lithium-ion batteries

By aiming at new materials, the phosphite oxoanion (HPO3)?™ has been the source of
many new inorganic and organic phosphites [74]. To date, a large amount of alkaline, alkaline
earth and transition metal phosphites open frameworks with different properties and interesting

structures have been synthesized and characterized [75], [76].

Organic phosphite has been investigated in literature as electrolyte additive to improve
the safety characteristics of LIBs and as flame retardants to improve the thermal stability of the

electrolyte. Inorganic phosphite has been studied as cathode for Li-ion batteries.

1.3.1 Phosphite as electrolyte additive

Organic phosphite has been largely studied in electrochemistry field as electrolyte
additive for Li-ion batteries. Under high operating voltage of 4.6 V - 4.8 V, organic carbonate
solvents in the electrolyte are thermodynamically unstable and easily undergo oxidative
decomposition, which is accompanied by the formation of a resistive and unstable surface layer
on the cathode. This results in a large initial irreversible capacity loss, poor cyclic stability,
cathode destruction and serious fading of the electrochemical performance of the cathode
materials, hindering their practical application in lithium-ion batteries [77]. Thus, electrolyte
additives contribute to the formation of a protective solid electrolyte interphase (SEI) film on
cathode, which could effectively passivate the cathode and results in a decrease in detrimental
electrolyte oxidative decomposition reactions on the cathode surface. A variety of phosphite-
based additives are well known in improving the electrochemical performance of high-voltage
LIBs, such Trimethyl phosphite (TMP) [78], Tris (trimethylsily) phosphite (TMSPI) [79] and
Triphenyl phosphite (TPPi) [80]. They all have shown a good impact on improving the cycling
performance of the cathode compared with the baseline electrolyte.

Among other interesting applications of organic phosphite-based additives are the flame
retardants. Safety concerns have been an obstacle for the development of high power and large
size Li-ion batteries. These latter suffer serious hazards resulted from the chemical reactions
between electrode materials and electrolyte constitutes at high temperatures. These reactions
are known to be very exothermic. Consequently, the cell can be violently vented and the
flammable electrolyte solvents can be ignited to combust [81]. To suppress the electrolytic
flammability of Li-ion batteries, various phosphite-based flame-retardant (FR) additives into

the normal liquid electrolytes have been investigated such Tris (2,2,2-trifluoroethyl) phosphite
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TTFP [82]. Its presence favors the formation of solid electrolyte interface (SEI) film on the

graphite electrode and increases thermal stability of LiPFe-based electrolytes.

1.3.2 Phosphite as cathode for Li-ion batteries

Few inorganic phosphite has been also studied in electrochemistry field as cathode for
Li-ion batteries. Chung et al. [83] reported Li1s[Fe*"s.43Fe™ "' 57(HPO3)g] 1.5 H20 as the first
phosphite oxoanion compound for lithium exchange reaction. This lithium-mixed-valency
iron (I1111) phosphite showed a reversible capacity equivalent to 12 mAh/g for more than

100 galvanostatic cycles.

Asl et al. have studied two new lithium iron (I11) phosphite, LiFe(HPO3)2 [84] and
LisFe2(HPO3)sCl [85] as cathodes. Cyclic voltammetry (CV) results of both cathodes showed
the high reversibility of the redox processes. These new phases exhibit acceptable capacity

retention upon successive cycling and a reversible capacity of only 70 mAh/g.

However, the capacities of all these phosphites based cathodes are very low and cannot

fulfill the demand for high performance batteries.

1.3.3 Phosphite as anode for Li-ion batteries

With all these interesting applications of phosphite materials, very few attention has
been received on the use of this latter as anode for Li-ion batteries. Our group is the first who
has conducted research on the synthesis of new inorganic phosphite anode materials. The
synthesis technique used is hydrothermal method. Titanium (lI1) phosphite Ti2(HPO3)s was
synthesized for the first time [86]. Galvanostatic measurements of the prepared cells proved
that Ti2(HPO3)s is electroactive toward Li* insertion/extraction at low potential. However, the
phosphite anode shows a subsequent capacity fading issues and poor cycling life. Our
preliminary interpretation suggests that this probably the result of a large volume change of
Ti2(HPOz)s during the charge-discharge processes. One of the solutions to improve the
electrochemical performance of this material consists of its synthesis in the form of a composite
with graphene: the material Ti2(HPO3)3/r-GO [87]. This composite exhibits better reversibility
of the delithiation lithiation process with good resistance to electrochemical cycling after the
first cycle.

Another new phosphite material has been synthesized by our group LiTi(HPOz3). [88].
It shows a good stability of cycling performance. Besides, its operating voltage of 0.7 V, being

reduced compared to what has been observed in the case of pure phosphates or oxides, would
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result in a high energy density system and could overcome the safety problems related to the

decomposition of the electrolyte.

With this research work we are aiming to establish that inorganic phosphite compounds
could also find application as anode materials for LIBs. To circumvent this limitation, pursuing
for other possible inorganic phosphite based anode would be an ideal way to accommodate the

volume expansion resulting from lithium insertion.

Using inorganic phosphite as matrix for tin anode seems to be interesting. Thus, tin
phosphite SnHPO3z would be an attractive candidate. To the best of our knowledge, this

phosphite has never been studied before as material for LIBs.

1.4 Tin phosphite SnHPOs structure

The single crystal X-Ray Diffraction (XRD) analysis shows that SnHPO3 crystallizes in
the monoclinic space group C 1 ¢ 1. It displays a layer structure similar to graphite sheets.

However, the inter-layer interaction in SnHPO3 is weak [89].

Its structure is composed of sheets that extend perpendicular to the long b axis
(Figure A.1.4) and consisting of SnOs and POs trigonal pyramids fused together at their bases.
The POs group has almost exact trigonal symmetry. The SnOs pyramids are less
symmetric [90]. The layered topology of SnHPOs is demonstrated using Scanning Electron

Microscopy (SEM), showing the bulk stacking of the SnHPO3 nanosheets.

The (HPO3)* anion offers three P-O bonds and one P-H bond. Each tin atom
coordinates three separated PO3s groups. Each oxygen atom bridges one tin and one phosphorus
atom. Although the hydrogen atom in SnHPO3 was not determined. It must be bonded directly
to the phosphorus atom as shown by spectroscopy for other phosphites [91]. If this is indeed
the case, then the hydrogen atom lies at the top of the PO3s pyramid at roughly tetrahedral angles
with the oxygen atoms.
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Figure A.1.4. Unit cell structure of SnHPO3 on the ab plane

1.5 Effect of binders

In addition to the active material, other components such as binders also have significant
influence on the electrochemical performance of LIBs, including the cycle life and irreversible
capacity loss, an appropriate binder can bring better electrochemical results [92]. Binders play
acrucial role in assuring a structural stability and mechanical performance of the anode material
by holding active materials and conductive additives together and adhering them onto metal
current collectors. Thereby, the anode material can resist large volume changes during

cycling [93].

Polyvinylidene difluoride (PVDF) is the traditional binder used in the negative
electrodes for commercial LIBs, owing to its good electrochemical stability and good binding
strength with the other electrode components [94]. However, organic solvents like N-methyl
pyrrolidone (NMP) is required as a dispersant to form the slurry, which are costly, flammable,
volatile and causes environment pollution. Also, the reaction of F atoms existing in the binder's
structure with lithium metal to form stable LiF can cause deterioration of the binder during the
charging-discharging cycling performance of batteries. This reaction between Li and PVDF is
exothermic and can cause self-heating. Therefore, PVDF is highly unstable in presence of
lithium salts [95]. Consequently, an eco-friendly and cost-effective binder is needed to
substitute the PVVDF binder used in commercial lithium ion batteries to further enhance the
electrochemical performance of this latter.

Carboxymethyl cellulose (CMC), a new water-soluble binder, has been successfully

used in electrode material for LIBs as alternative to PVDF. CMC shows better accommodation
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of volume change during cycling and environmental-friendly features. Further it is significantly
less expensive compared to PVDF [96]. CMC is a cellulose derivative with carboxymethyl
groups bounded to some cellulose hydroxyl groups. Many studies have confirmed that binders
containing functional carboxyl groups and hydroxyl groups present a better function in Si-based
anodes than non-functional groups such as PVDF [97]. The surface functional groups of the
binder are believed to generate stronger hydrogen and/or covalent chemical bonds among the
electrode components, that is, active materials, carbon black and the current collector. The
deionized water introduced while making electrodes leads to the free carboxylic acid (-COOH)
which can resist the detachment of the active material from the current collector and effectively
inhibiting the volume expansion and pulverization of the particles [93]-[95]. This strong
interaction has been found to favor the long cycle stability of the anode material and to provide
better cycle performance than the electrodes with PVDF binders which bind via weak Van der

Waals interactions.

In this study, the synthesis and the electrochemical performances of tin phosphite
SnHPOs3 as anode material for LIBs have been comparatively investigated by using PVDF and
CMC as binders.

1.6 Research context

Taking into account the advantages of the open framework of phosphites, we have
imagined using it as matrix for Sn. For this reason, in our research study, we have focused on
the synthesis and electrochemical study of tin phosphite based materials as anode for Li-ion

batteries.

We demonstrated that the phosphite matrix could help holding tin particles after the first
cycle and buffer their volume expansion while maintaining lithium conduction. Also, we have
studied the effect of the addition of graphene. This latter is very famous in enhancing the
electrochemical performance of several studied materials. The results of structural,
morphological and electrochemical characterizations of the tin based anode materials are

discussed.

The work presented in this thesis is the result of a collaboration between Mohammed
V™" University and Laboratory of Materials and Environmental Chemistry at the Faculty of
Science and Technology of Cadi Ayyad University in Marrakech. This work is financially

supported from Moroccan Ministry of National Education, Vocational Training, Higher
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Education and Scientific Research-Mohammed V" University under project PPR
(Development of new nanomaterial for electrochemical energy storage: Na-air and Li-ion
batteries).

20



Chapter I1I: Experimental setup

Chapter II: Experimental setup
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I1.1 Material synthesis

11.1.1 Hydrothermal synthesis method

Hydrothermal synthesis is one of the most commonly used methods for preparation of
new materials exhibiting a wide variety of properties. It has found its place in several branches
of science and technology, covering a range of fields. It is basically a solution reaction-based
approach in a closed system under conditions of high pressure and moderated temperature.
Hydrothermal synthesis can be used in so many ways primarily because it can utilize a wide
temperature range, with a wide variety of compatible precursors. The process dissolves and

recrystallizes a substance that is poorly soluble or insoluble under normal conditions [98].

Hydrothermal reactions are often carried out in standard acid digestion bombs. These
bombs consist of a PTFE crucible insert that fits into a stainless steel sleeve, or autoclave.
Reactants are loaded into the PTFE liner or Teflon, which provides excellent chemical
inertness. The liner is loaded into the autoclave, which serves as the pressure vessel by sealing

the PTFE liner and providing structural support [99].

There are significant advantages of hydrothermal synthesis method over others;
Hydrothermal synthesis can generate materials which are not stable at elevated temperatures.
Materials with high vapor pressures can be produced by the hydrothermal method with
minimum loss of materials. Also, hydrothermal method produces higher quality crystals in
greater yield with controlled morphologies [100].

11.1.2 Synthesis of tin phosphite (SnHPO3)

Tin phosphite (SnHPOs) was synthesized using a simple hydrothermal method. A
stoichiometric mixture of phosphorus acid HsPOs (0.8199 g) (Aldrich, 99%),
tin (I1) chloride dihydrate SnCl,. 2H,0 (0.2395 g) (Sigma-Aldrich, 98%) in a molar ratio of
10:1 and oxalic acid C2H204 (0.1764 g) (SDS, 99.5%) was placed in 40 mL Teflon-lined steel
autoclave and heated at 180 °C for 3 days. The obtained white precipitate was filtered and
washed with distilled water several times and was left to dry at ambient temperature. The role

of oxalic acid in the reaction was to avoid the oxidation of phosphite to phosphate [101].
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11.1.3 Synthesis of tin phosphite/reduced graphene oxide composites
(SnHPO3/RGO)
The SnHPO3/RGO composites are prepared using the hydrothermal method by a two-
step method. In the first step, graphene oxide (GO) and tin phosphite (SnHPO3) were

synthesized.

11.1.3.1 Synthesis of graphene oxide (GO)

Graphene oxide (GO) has been synthesized chemically. The first step of the process is
to prepare graphite oxide (GTO) from natural graphite using the Hummers method [102] as

follows:

A 91 mixture of concentrated sulfuric acid and phosphoric acid
97% H>SO4 : 85% H3PO4 (135:15 mL) was added to a mixture of graphite (1.125 g) and
potassium permanganate KMnOs (6.75 g) and left to stir for 30 min. The reaction was then
heated gradually to 50 °C and stirred for 24 h. The reaction was cooled to room temperature
(20 min) and then poured onto a beaker of ice (600 mL), followed by the addition of hydrogen
peroxide 30% H.O> (9 mL). Then, the mixture was centrifuged and the remaining solid material
was washed with hydrochloric acid 5% HCI (200 mL) for three times to remove the impurities
and with deionized water for several times until a neutral pH was obtained. The final resulting
material was dried for 14 h at 70 °C to obtain graphite oxide powder (GTO).

The second step is to prepare graphene oxide (GO). Graphite oxide powder (GTO) was
added to a mixture of deionized water and ethanol, and treated with ultrasound for 1 h to obtain

graphene oxide (GO).

11.1.3.2 Synthesis of tin phosphite/reduced graphene oxide composites
(SNHPO3/RGO)

Different percentages of GO were tested in this study. We have used 3%, 5%, 8%, 10%,
90% and 100% of graphene oxide (GO).

The SnHPO3/RGO composites was prepared by adding the previously synthesized tin
phosphite (SnHPO3) to the graphene oxide suspension (GO), followed by stirring for 2 h. The
mixture obtained is then poured into a 40 mL Teflon-lined steel autoclave and placed in an oven
at 175 °C for 20 h. Finally, the resulting precipitate is obtained after washing with distilled
water and drying at 60 °C. The as-prepared SnHPO3/RGO composites were denoted

23



Chapter I1I: Experimental setup

SnHPO3 + 3%RGO, SnHPO3; + 5%RGO, SnHPOs; + 8%RGO, SnHPO3; + 10%RGO,
SnHPO3 + 90%RGO and 100%RGO (pure RGO).

11.2 Lithium-ion battery cell assembly and testing

11.2.1 Cell assembly

The electrochemical performance of SnHPO3z and SnHPO3/RGO materials as anode for
Li-ion batteries were investigated using CR2032 coin cells. The cells were assembled inside an
argon-filled glovebox with H,O and Oz contents below 0.1 ppm and SnHPO3 or SnHPO3/RGO
as the working electrode, metallic lithium foil as both the counter and reference electrode,
Whatman paper as separator and a 1 M solution of LiPFs dissolved in ethylene carbonate and

diethyl carbonate (EC:DEC, 1:1 in volume ratio) as electrolyte.

The working electrode consisted of 75% (wt.%) of the prepared SnHPO3z or
SnHPO3/RGO as the active material, 15% (wt.%) carbon black as a conductive agent and
10% (wt.%) polyvinylidene fluoride (PVDF) or carboxymethyl cellulose (CMC) as binders
blended all together using an agate mortar. Then, N-methyl-2-pyrrolidone (NMP) as solvent in
the case of the PVDF binder or deionized water in the case of the CMC binder were added to
the mixture until sufficient homogeneity is obtained. The resulting slurry was then coated on a
copper foil current collector using a doctor blade instrument, cut into disks, and finally vacuum
dried at 110 °C for 12 h.

11.2.2 Electrochemistry testing

The battery cycling was performed using an MPG-2 Bio-Logic multichannel
potentiostat. Galvanostatic cycling tests of the cells were conducted at a rate of C/20 for
SnHPOs3 electrodes with PVDF and CMC binders and at a rate of C/10 for SnHPO3s and
SnHPO3/RGO electrodes with only CMC binder in a voltage range of 0.01 - 2.5 V Vs Li*/Li at
room temperature. Cyclic voltammetry (CV) were performed to determine the characteristics
of lithium insertion/extraction reactions for the electrodes investigated. The tests were carried

out in the same voltage range with a scan rate of 0.01 mV/s.
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Chapter III: Results and discussions
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In this section results of different structural and electrochemical characterization
methods are presented and discussed. Raw tin phosphite phase and its composites with reduced
graphene oxide (RGO) have been synthesized with hydrothermal method. Different amounts of
graphene oxide (GO) have been used during composite syntheses for comparison. Techniques
such as XRD, FTIR, SEM and EDX have been used. Electrochemical characterization has been
carried out with galvanostatic cycling and cyclic voltammetry. Two different binders have been
tested when preparing the slurry of raw tin phosphite. Their effect on its electrochemical

performances is given here.

I11.1 Characterizations of tin phosphite (SnHPO:3)
I11.1.1 Structural and morphological characterizations of ShHHPO3
111.1.1.1 X-Ray Diffraction (XRD)

Powder X-Ray diffraction pattern of the prepared SnHPO3 and a simulated pattern based
on their single crystal data are shown in Figure A.lll.1.a. The diffraction positions on
experimental pattern are in good agreement with the simulated one and no other peaks were
observed, which confirms the purity of the SnHPO3 phase. Refinement of this phase has been
done with Rietveld analysis using a Fullprof program and pseudo-Voigt function was chosen
to describe the line shape of diffraction peaks. In a first step refinement, correction parameters
for systematic line shift errors due to sample (zero shift), unit cell parameters, background
coefficients, Caglioti coefficients U, V and W which describe the full width at half maximum
(FWHM) of the line and y parameter which manages the Pseudo-Voigt weighting have been
refined. In a second step refinement, scale factor, atomic positions, occupancy factors, isotropic
displacement parameters and preferred orientation were refined. All diffraction peaks can be
indexed in the monoclinic symmetry with C1 cl space group and unit cell parameters
a=7.0818 (3) A, b=12.3377 (5) A, c = 4.6845 (1) A and p = 120.8854 (11) °. This result is in
adequacy with a previous report of Macdonald et al. on SnHPO3z phase [90].
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Figure A.lll.1.a. Rietveld refinement patterns of SnHPO3 (The upper symbols illustrate the
observed data (circles) and the calculated pattern (solid line). The vertical markers show
calculated positions of Bragg reflections. The lower curve is the difference diagram b. unit

cell structure of SnHPO3

Table A.111.1 gathers the structural and microstructural refinement parameters of the
Monoclinic structure of phosphite SnHPO3 data obtained from the Rietveld method of the
analyzed powder. The unit cell structure of SNnHPO3 is represented on Figure A.111.1.b. In this
structure Sn atoms fully occupy the site with Wyckoff position 4a, P atoms fully occupy the
site with Wyckoff position 4a, whereas O atoms occupy 3 types of 4a positions with the
following labels: O (1), O (2) and O (3).

The crystallite size (D) is determined using Scherrer's formula expressed by equation:

D =KX\ /fcosb

With K = 0.9 (Scherrer’s constant), 0 is the Bragg angle, A (nm) is the wavelength and S (rad)
is the full width at half of the maximum (FWHM). The values of mean crystallites size of are
33 nm.
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Table A.111.1. Refined Structural parameters by Rietveld method for tin phosphite ShnHPO3
SnHPO3 72 =3.281
Molecular weight (g/mol) = 198.69
Monoclinic, S.G : Clcl

RF =1.484, Re = 2.440

a=7.0818(3)A,b=123377(5)A,c=4.6845(1) A, Rp =10.2
B (°) =120.8854 (11) , V = 351.26 (2) A3, Rwp = 8.87
Crystallite size (D) = 33 (5) nm Rexp=5.21

Atomic coordinates, (Biso) isotropic displacement parameters (Biso) and Occupancy

Atom  Wyckoff sites x/a y/b zlc Biso (A?) Occupancy
Sn 4a 0.38782  0.36380  -0.04887  3.22216 1
P 4a -0.00316 0.37197 0.12003 1.68430 1
0(1) 4a 0.13637 041699  0.40577  1.85729 1
0 (2) 4a -0.14791  0.29497  0.18165  3.89100 1
0@ 4a 0.09430  0.30741  -0.06020  1.83922 1

111.1.1.2 Fourier Transform Infrared Spectroscopy (FTIR)

Figure A.l11.2 shows the FTIR spectra of the as-prepared SnHPOs. It represents the
bands corresponding to the vibrations of the (HPO3)?>" phosphite oxoanions. At higher
wavenumbers, a strong and sharp peak observed at around 2391 cm™* which corresponds to the
stretching vibrational mode v(P-H), and a peak at around 1019 cm™ corresponding to the
deformation mode &(P-H) [103]. At lower wavenumbers, approximately 1071 cm™ and
970 cm™?, appear the bands corresponding to the anti-symmetrical stretching mode vas(P-O) and
to the symmetrical stretching mode vs(P-O) respectively. Finally, the symmetrical and anti-
symmetrical deformation vibrations, 0s(P-O) and Jas(P-O) are detected in the range of
550 - 451 cm* of the (HPOs)? anion [104].
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Figure A.111.2. FTIR spectrum of SnHPO3

Table A.111.2. Wavenumbers and attributions of vibration modes of SnHPO3

Wavenumbers (cm™) Assignments Reference
2391 v(P-H) [103]
1071 Vas(P-0) [104]
1019 5(P-H) [103]
970 vs(P-0) [104]
550 - 451 8s(P-0) and &a5(P-0) [104]

111.1.1.3 Scanning Electron Microscopy (SEM)

The morphology and structure of the prepared SnHPO3 was investigated using scanning
electron microscopy (SEM) analysis which was performed before and after grinding. The

sample has been crushed into powder shape to perform the electrochemical tests.

The SEM images of the as-obtained sample in Figures A.ll1.3.a and b show long
needle-like crystals at two different magnifications x1300 and x5000 respectively. The surface
aspect of the needles seems to be smooth. The crystals sizes are between 12 and 100 pm in
length and between 7 and 10 um in width. The image b further displays that the sample presents
a flower-like structure composed of the interconnected needles. No other structure appeared in
the sample indicating the formation of a pure crystalline phase of SnHPOs. Figures A.111.3.c

and d show the morphology of the sample after grinding. The long needle-like crystals shape is
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lost giving rise to inhomogeneous crushed elongated particles with overlapping layers having
various sizes and shapes. These stacking sheets are indicated by red arrows. However the sizes
keep much more smaller than those of the needles.

5/24/2018 ‘Mag WD HV Spot VacMode Sig ’ 50 O;Jmi‘ - 5/24/2018 | Mag WD HV Spot VacMode Sig —10.0pm——
12:57:11 PM|1300x/20.5 mm 15.0 kV' 3.0 Low vacuum SE CNRST-UATRS 11:50:21 AM 5000x 10.2 mm 20.0 kV. 4.0 Low vacuum SE CNRST-UATRS

x10000 7 x20000

SED 20.0kV WD10mmP.C.30 x10,000 1pm SED 20.0kV WD10mmP.C.30 x20,000 1pm
Faculty of Science Rabat Faculty of Science Rabat

Figure A.l111.3. SEM images of SnHPO3 a. and b. as prepared, Magnifications x1300 and
x5000, c. and d. after grinding, Magnifications x10000 and x20000

Energy dispersive X-Ray (EDX) analysis (Figure A.lI11.4) reveals the presence of
exclusively Sn 23% (at.%), P 29% (at.%) and O 48% (at.%) and no other element was detected
which confirms the purity of the sample. The EDX mapping was carried out for Sn, P and O
elements. It shows that the areas colored with white and pink represent the high percentage of
these elements in the sample. Comparing the three maps, one can conclude that there is a

homogeneous distribution of these elements among the sample.
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Figure A.ll11.4.a. SED image of SnHPO3 b. c. and d. EDX mapping of Sn, P and O in
SnHPOs. The color scale varies from low (black) to high (white) concentration e. Element

spectrum

111.1.2 Electrochemical measurements of SnHPO3

Electrochemical characterization has been done using two different binders PVDF and
CMC to evaluate the effect of each on SnHPOs3 electrochemical behavior. In this section we

present galvanostatic cycling and cyclic voltammetry results of raw SnHPO3.

111.1.2.1 Cyclic Voltammetry (CV)
Figure A.111.5.a. shows the cyclic voltammetry (CV) of the 1% three cycles for ShHHPO3
scanned in a potential range of 0.01 - 2.5 V with a scan rate of 0.01 mV/s using PVDF binder.
All potentials are referred to Li*/Li electrode. We observe three peaks during the first cathodic

scan. One at around 1.3 V corresponding to the decomposition of tin phosphite upon initial
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reaction with Li producing the reduction of the Sn?* into metallic Sn and probably lithium
phosphite phases. A second weak peak at 0.7 V, which corresponds to the formation of solid
electrolyte interphase (SEI) layer. These two peaks only appeared in the first scan cycle
indicating that the reaction occurring at this point is irreversible. Finally, the last cathodic peak
observed at around 0.2 V corresponds to the formation of tin alloys LixSn. Whereas, upon the
reverse anodic scan, a peak observed around 0.48 V is related to the dealloying of LixSn. These

peaks are visible in the second and third cycles, revealing a reversible reaction.
This reversible reaction of Li alloying with Sn is presented below [105]:
XLi" +Sn + xe~ <> LixSn

Quite similar voltammetric profile has been obtained for tin (IV) pyrophosphate SnP207,
based on literature studying the electrochemical behavior [64], [66], [106]. The three first
cathodic peaks are often assigned to the electrolyte decomposition on the active anode surface
to form the SEI and to the reduction of tin pyrophosphate to form irreversible lithium phosphate
phases and metallic tin. Based on a 3'P MAS-NMR study, Edfouf et al. reported that the lithium
phosphate matrix consists of LisP207 and LisPO4 [63]. In our case, the precise electrochemical

reactivity of the phosphite matrix is not yet known.

For CMC sample in Figure A.111.5.b, the first scan exhibits a quite similar voltammetry
profile compared with PVDF. However, some differences can be noted. The reduction peaks
around 1.3 V and 0.2 V and the oxidation peak at 0.49 V are sharper and more intense when
using PVDF binder. This indicates that for this later, other irreversible reactions are probably

happening during this first reduction.

In the next cycles for CMC, the reduction and oxidation peaks almost overlap, which
shows the excellent cycling stability of electrodes using this binder. These features demonstrate
that after expansion and shrink of active material, the electrode can still remain good electrical

contact and ionic conductivity.
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Figure A.ll11.5.a. Cyclic voltammograms (CV) results of tin phosphite SnHPO3 using
PVDF binder Vs Li*/Li at 0.01 mV/s scan rate and 0.01 V - 2.5 V Vs Li*/Li as voltage
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Figure A.l111.5.b. Cyclic voltammograms (CV) results of tin phosphite SnHPO3 using
CMC binder Vs Li*/Li at 0.01 mV/s scan rate and 0.01 V - 2.5 VV Vs Li*/Li as voltage range

In the CMC sample, one can observe a small oxidation peak around 1.2 V which is

probably due to a re-oxidation of the lithium-phosphite matrix, as in the case of the mesoporous

tin-phosphate [64] and lithium-oxide matrix in SnO2 [11]. This peak is observed also for the

second and third cycles in the case of CMC sample and only in the first cycle for PVDF sample.

This is an indication of a quasi-reversible reaction of formation and deformation of lithium

phosphite compounds.
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111.1.2.2 Cycling performance

Figure A.111.6.a and b show the 1%, 2" and 3" cycles of the tin phosphite electrode
SnHPO3 using PVDF and CMC binders respectively at C/20. In this initial cycling, we suppose
the insertion of one Li (x=1).

The processes of lithium ions insertion-de-insertion into SnHPO3 can be divided into
three stages. Upon discharging, one plateau at around 1.5 V is observed corresponding to the
irreversible reduction of Sn?* to metallic tin Sn® (Stage I) [106]. The region between 1.4 V and
0.5 V (Stage II) corresponds to the formation of a solid electrolyte interphase (SEI) layer on the
surface of the active material and the lithium phosphite compounds [66]. In stage 111, metallic
tin is then cycled reversibly and forms lithium tin alloys LixSn, which corresponds to the second
reversible plateau at 0.4 V [95].

Subsequent charging, a first reversible plateau at about 0.46 V is observed and is
attributed to the dealloying of LixSn to metallic Sn and Li, followed by a second plateau at
around 1.1 V mainly originates from the re-oxidation of the lithium phosphite matrix as
observed in CV scans [107].

The discharge capacity of the electrode using PVDF fades rapidly from the initial
1247 mAh/g to 480 mAh/g in the second cycle. In contrast, the electrode using CMC binder
shows higher capacity of 711 mAh/g in the second cycle. This first capacity loss is caused by
the huge irreversible reaction between Li and tin phosphite and also by the formation of the SEI

layer.

34



Chapter 11I: Results and discussions

25
a) SnHPO5 (PVDF)
2.0-
2 1.5
@
)
S
°
> l.l)-l
0.5
0 200 400 600 800 1000 1200 1400
Capacity (mAh/g)

Figure A.l11.6.a. Discharge-charge curves results of tin phosphite SnHPO3 using PVDF
binder at C/20 Vs Li*/Li and a voltage range of 0.01 V - 2.5V Vs Li*/Li
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Figure A.111.6.b. Discharge-charge curves results of tin phosphite ShnHPO3 using CMC
binder at C/20 Vs Li*/Li and a voltage range of 0.01 V - 2.5V Vs Li*/Li

Figure A.111.7 compares the cyclability of both electrodes. The electrode using CMC
binder displays a better cycle performance compared to that of using PVDF, indicating PVDF
is not an effective binder for this kind of electrode. This is mainly attributed to the effective
binding and better contact among the binder CMC and the active material. As a result, CMC

supply a good accommodation for the huge volume change of tin during cycling and it is
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proposed to be advantageous to stabilize the electrochemical performance, resulting in an

interesting capacity retention.
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Figure A.111.7. Discharge capacity Vs cycle number results of tin phosphite SnHPO3 using
PVDF binder (blue) or CMC binder (red) at C/20 Vs Li*/Li and a voltage range of

0.01V-25V Vs Li'/Li

Figure A.111.8 shows the cyclability of tin phosphite SnHPO3 using CMC at two
different rates C/5 and C/50. In this result we suppose the insertion of eight Li (x=8). The figure
demonstrates that the use of CMC binder can help maintaining the capacity at about 300 mAh/g

from the 30" cycle and up to 100" cycle which is consistent with the previous results.
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Figure A.111.8. Discharge capacity Vs cycle number results of tin phosphite SnHPO3 using
CMC binder at C/5 (blue) and C/50 (red) Vs Li*/Li with x = 8 and a voltage range of
0.01V-25V Vs Li*/Li

In order to further improve the electrochemical performance of raw tin phosphite, we
have synthesized its composite with reduced graphene oxide. This latter is known to enhance
the electrical conductivity within the electrode and to accommodate the volume expansion of
tin element during cycling. In the following, structural, morphological and electrochemical
characterizations of the composites using different GO percentage are given in comparison with
raw SnHPOg.

As a result of the comparison study done on raw tin phosphite using different binders,
we have decided to use CMC binder to prepare the slurries used to test electrochemical

performances of the following composite materials.

111.1.2.3 In situ XRD analysis of SnHPOs3 electrode

In order to investigate the lithium extraction/insertion mechanism of the SnHPO3
electrode, in situ XRD was performed, in Materials Science and Nano-engineering (MSN)
laboratory at Mohammed V1 Polytechnic University (UM6P), Ben Guerir, Morocco, according

to the following protocol:

A specific in situ cell composed with a beryllium window and electrically insulated,
was assembled in an argon-filled glove box with H,O and O contents below 0.01 ppm, using

70% of the active material and 30% black carbon with lithium metal as anode. The electrolyte
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was 1 M LiPFs in ethylene carbonate (EC) and dimethyl carbonate (DMC) with 1:1 v/v.
Whatman GF/D borosilicate glass fibres was used as separator. After assembling, the cell are
connected to a potentiostat (Biologic SP150 type measurement) and placed in a Bruker D8
DISCOVER diffractometer, with copper ko radiation (A = 1.54056 A). A galvanostatic
discharge/charge cycle is carried out at C/5 rate, between 0.01 V and 2.5 V Vs Li*/Li. The
diffraction patterns were collected at room temperature, every 30 min in 20 angular ranges
10°-28° and 29°-45°. Figure A.111.9 shows the in situ X-Ray diffractograms obtained during

the first cycle of discharge and charge as well as the corresponding galvanostatic curves.
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Figure A.l111.9.a. In situ XRD of the SnHPO3 electrode during the first cycle in the voltage
window of 2.5V - 0.01 V Vs Li*/Li b. High resolution In situ XRD of the SnHPO3
electrode during the first cycle in the voltage window of 2.5 V - 0.01 V Vs Li*/Li
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To better understand the structural evolution of SnHPO3 during the first cycle of
discharge and charge, we can divide the electrochemical reactions sequence, based on in situ
X-Ray diffractograms as well as the corresponding galvanostatic curves into four stages
(Figure A.111.9):

- Stagel1l:25V-0.7V

We observe that all peaks belong to the monoclinic phosphite structure of the pristine
material from the beginning of the discharging process until the 0.7 V with same diffraction
peaks located at the identical 20 positions. We notices on the difractogramms at the discharge
starting two packs with very weak intensity located at 30.70° and 32.08°, corresponds a typical
reflections of B-Sn structure (Tetragonal system with space group 141 /amd and unit cell
parameters a = 5.8190 A and ¢ = 3.1753 A in good agreement with the expert highscor
PDF # 001-0926 of B-Sn . The existence of the 3-Sn phase with small amount is probably due
to the partial reduction of Sn?* cations to the Sn metallic state, by the effect of carbon and
manual grinding. No significant shift in 20 was observed on the in situ X-Ray diffractograms
and no sudden appearance of other peaks was observed, this implying an electrochemical solid
solution reaction mechanism associated in potential range 1.5V - 0.7 V. This phenomenon can
be assigned to the intercalation of Li ions into the tin phosphite structure without destroying it.
The unit cell volume structure corresponding of the X-Ray diffractograms in solid solution
restricted range (Sloping profile part) was calculated by Bail method using the Rietveld
technique (Figure A.111.10.a). The results are illustrated in Figure A.111.10.b. Essentially, a
slight increase in the cell volume is observed (350.4 A% at 1.5 V to 352 A% at 0.7 V),

corresponding to a very small volume change (> 1%).
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Figure A.111.10.a. Rietveld refinements of in situ XRD data of ShnHPO3 electrodes at
starting discharge and at the discharged to 0.7 V of SnHPOs b. Lattice volume variation
versus potential in the lithium ions insertion range of SnHPO3 c. Illustrative schema of

structure evolution of SnHPO3 during the first cycle of discharge-charge

This slight increase in volume is directly related to the progressive occupation by the

lithium ions between the host structure located in parallel planes to (a, c). In this step, SnHPO3
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reacts with Li to form a lithium phosphite matrix while the Sn (1) is reduced to metallic Sn,

according to the following electrochemical reaction:
(1)  SnHPOs + xLi* + xe~ — LixSn1-0.5¢*HPO3 + 0.5xSn°

The maximum lithium amount inserted into the host structure of SnHPO3z was drawn
into the discharge capacity at the end of solid solution part (at potential 0.7 V) of the first
discharge in galavanostatic curve, (knowing that the maximum theoretical capacity of SnHPO3
corresponding to the exchange of two lithium per formula is equal to 270 mAhg?) this quantity
of capacity is equal to 25 mAh/g which is equivalent to x = 0.18 per formula as the maximum
quantity of lithium ions per formula can be inserted before the host structure destruction,

according to the following equation:
(2) SnHPOs + 0.18Li* + 0.18e~ — Lio.18Sno.01HPO3 + 0.09Sn°
- Stage2and3: 0.7V-04V

No reflections from SnHPO3 are detected in the diffraction pattern in this range, while
a large diffusion peak representing the amorphous fraction of the composite appears in the range
20°<20<28°.

Reflections from B-Sn phase are also presented. This step is accompanied by
irreversible reduction of the Sn (11) in phosphite to tin metal Sn (0), and a conversion of the
phosphite matrix, where the HPO3*~ units are reacting with Li to form at the end an amorphous
phase as described in following electrochemical reaction below:

(3) Lio.18SNoe1HPO3+ 0.82Li* + 0.82e” — 0.91Sn° + LiHPO3 (amorphous)

This step is also accompanied by the formation of a passivation layer solid electrolyte
interphase (SEI) owing to electrolyte decomposition on the electrodes. The octahedral
asymmetry hosted by Sn?* cations caused by second order Jahn-Teller distortions (SOJT) is the

main reason of the lithium insertion limit and conversion of SnHPO3z phosphite matrix [89].
- Stage 4: below 0.4V

Below a potential of 0.4 V until the end of discharge processes, the peaks intensities of
B-Sn are completely disappeared at the end of the discharge step. This behavior can be due to

the amorphization of phosphite matrix in the electrode material during lithiation presses and the
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subsequent formation of the lithium tin alloys (LixSn). Tin is then cycled reversibly and forms
lithium tin-alloys. The reversible reaction of lithium with tin [105] described in following redox

reaction below:
(4)  xLi"+Sn+xe — LixSn

Schema on Figure A.111.10.c summarized structure evolution of the SnHPO3 during the

first cycle of discharge.
- Stage 5 (charging process)

During the charging process no peaks reappear in X-Ray diffractogramm, the material
stays amorphous electrochemically active. These phenomena can be due to the amorphization
and re-oxidation of tin phosphite. Any other phase recrystallized in the electrode material
during the charging process. The subsequent dealloying of LixSn to metallic Sn and Li

according to the following RedOx reversible reaction:
(5)  LixSn — xLi* + xe™ + Sn

I11.2 Characterizations of tin phosphite/reduced graphene oxide composites
(SnHPO3/RGO)

111.2.1 Structural and morphological characterizations of ShHHPO3/RGO
composites

111.2.1.1 X-Ray Diffraction (XRD)

Figure A.ll11.11 shows X-Ray patterns resulting from various SnHPO3:/RGO
composites containing different amounts of reduced graphene oxide (RGO). For comparison
the pattern of pure RGO has been added. All composite samples containing 3%, 5%, 8% and
10% of RGO show the presence of the SnHPOs3 diffraction peaks with no secondary phase. The
characteristic peak of reduced graphene oxide (26 = 24.2°) is not visible on these composites
due its low amount. However, the sample with 90% of RGO shows only the peak corresponding

to RGO due to the low amount of SnHPOs3 present.
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Figure A.111.11. XRD pattern of pristine SnHPOz and SnHPO3/RGO composites

111.2.1.2 Fourier Transform Infrared Spectroscopy (FTIR)

Figure A.111.12 presents the FTIR spectrum of the SnHPO3/RGO composites with 3%,
5%, 8% and 10% of RGO in comparison with pure RGO. The bands corresponding to the
vibrations of the phosphite oxo-anions are still observed in all the composites as shown in
Figure A.111.2 The spectrum of RGO indicates specific bands at 1996 cm™ and 2100 cm™

corresponding to C=C bond [108]. These two bands are present in all the composites.
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Figure A.l111.12. FTIR spectrum of raw SnHPO3 and SnHPO3/RGO composites
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Table A.111.3. Wavenumbers and attributions of vibration modes of SnHPO3/RGO composites

Wavenumbers (cm™) Assignments Reference
2391 v(P-H) [103]
2100 v(C=C) [108]
1996 v(C=C) [108]
1071 Vas(P-0) [104]
1019 3(P-H) [103]
970 vs(P-0) [104]
550 - 451 85(P-O) and a5(P-0) [104]

111.2.1.3 Scanning Electron Microscopy (SEM)

SEM images of all SnHPO3/RGO composites with 3%, 5%, 8% and 10% of RGO at
different magnifications x5000, x10000 and x20000 are shown in Figure A.111.13. All the
composite samples have been grinded manually using agate mortar before analysis. This
random grinding causes a difference on the powders aspect. All the composite samples have
shown particles of different shapes and sizes. However, overlapping sheets observed in pristine
SnHPOs are still present even after adding reduced graphene oxide. Neither the transparent
RGO sheets nor their effect on the particles morphology are visible on the images. This can be

due to the low amount of GO added to the composite.

The EDX mapping was carried out for Sn, P, O and C elements for all composites.
Figure A.111.14 shows the corresponding results. Areas colored with white and pink represent

the high percentage of these elements in the sample.

Element mapping of Sn, P and O show a homogeneous distribution of these elements in
all the composites surfaces. The images can be even overlapped showing the presence of
SnHPO3 phase. As for carbon element, it seems to be homogeneous with the other elements in
3%, 5% and 10% composites but not in the 8% one. The distorted distribution of carbon element
in this last sample is probably due to the presence of the conductive carbon adhesive tape on
the upper right of the image.
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Figure A.111.13. SEM images of SnHPO3/RGO composite with 3%RGO, 5%RGO,
8%RGO and 10% RGO, Magnifications x5000, x10000 and x20000
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Figure A.111.14. SED image of SnHPO3/RGO composite with 3%RGO, 5%RGO, 8%RGO and 10%RGO, and EDX mapping of Sn, P and O

in SnHPO3. The color scale varies from low (black) to high (white) concentration
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111.2.2 Electrochemical measurements of SNnHPO3/RGO composites

Electrochemical measurements for SnHPO3/RGO composites has been carried out using
CMC binder. In this section, we present galvanostatic cycling and cyclic voltammetry results
of SNnHPO3/RGO composite with different percentage of reduced graphene oxide (RGO): 3%,
5%, 8%, 10% and pure reduced graphene oxide (RGO).

111.2.2.1 Cyclic Voltammetry (CV)

Figure A.111.15 shows the cyclic voltammetry (CV) of the 1% three cycles for
SnHPO3/RGO composites scanned in a potential range of 0.01 V - 2.5 V with a scan rate of
0.01 mV/s using CMC binder. All potentials are referred to Li*/Li electrode.

One can note that the intensity of CV profiles are quite different when adding RGO.
Redox peaks seem to be more intense with higher RGO quantities showing a better reactivity
within the composite. When it comes to the peaks position, the ShHPO3/RGO composites with
3%, 5%, 8% and 10% of RGO present a similar mechanism compared to the one of raw
SnHPOz. The first irreversible cathodic peak at 1.3 V, which corresponds to the decomposition
of tin phosphite, is also observed in the SnHPO3/RGO composites with 3%, 5%, 8% and 10%
of RGO and as the percentage of RGO increase the peak is more intense. As for the pure RGO,

this peak disappears completely.
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Figure A.111.15. Cyclic voltammograms (CV) results of tin phosphite ShHHPO3/RGO

composites using CMC binder Vs Li*/Li at 0.01 mV/s scan rate and
0.01 V- 2.5V Vs Li*/Li as voltage range a. SnHPO3 + 3%RGO b. SnHPO3 + 5%RGO
¢. SNnHPO3 + 8% RGO d. SnHPO3 + 10%RGO e. Reduced graphene oxide (RGO)
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111.2.2.2 Cycling performance

Figure A.111.16 shows a comparison of the 1% cycle of both pristine tin phosphite
SnHPO3 and tin phosphite composite SnHPO3/RGO with 3% of RGO using CMC binder at
C/10, and supposing the insertion of one Li (x=1). The processes occurring during the lithium
ions insertion-de-insertion observed in Figure A.I11.6 are present in the two profiles, with the
increasing of the discharge and charge capacities after adding reduced graphene oxide. These
results prove that reduced graphene oxide play an important role in enhancing the
electrochemical performance of the tin phosphite electrode.

25
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Figure A.111.16. Discharge-charge curves results of the first cycle of SnHPO3 and
SnHPOs3 + 3%RGO using CMC binder at C/10 Vs Li*/Li and a voltage range of
0.01V-25V Vs Li*/Li

The cycling performance of all the SnHPO3/RGO composites at C/10 is compared in
Figure A.l11.17. As it can be seen, all composites show a quite similar profile compared to the
raw SnHPO3. One can observe that ShHPO3/RGO composites with 5% and 8% of RGO deliver
the highest discharge capacity during the first cycle, reaching 2387 mAh/g. In the second and
third cycles, SnHPO3/RGO composite with 8% of RGO presents higher discharge capacities
compared to SNnHPO3/RGO composite with 5% of RGO.
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Figure A.111.17. Discharge-charge curves results of tin phosphite ShnHPO3/RGO

composites using CMC binder at C/10 Vs Li*/Li and a voltage range of
0.01V-2.5V Vs Li*/Li a. SnHPO3z b. SnHPO3 + 3%RGO c. SnHPO3 + 5%RGO
d. SnHPO3 + 8%RGO and e. SnHPO3 + 10%RGO

Figure A.111.18 compares the cyclability of the SnHPO3/RGO composites. The sample

with 8%RGO shows a rapid fade of its capacity to 17 mAh/g over the 100" cycle. It is the
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SnHPO3/RGO composite with 5% of RGO that shows the most stable cycling performance
compared to the other composites. As the electrode reaches the 15" cycle, the discharge
capacity remains stable at = 500 mAh/g. It still can deliver this capacity over the 100" cycle.
These results proves that the optimal amount of RGO that can be added to the pristine ShnHPO3

is 5% to obtain a stable electrochemical performance and higher capacity retention.
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Figure A.111.18. Discharge capacity Vs cycle number results of tin phosphite
SnHPO3/RGO composites using CMC binder at C/10 Vs Li*/Li and a voltage range of
0.01V-25V Vs Li'/Li
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Conclusion

Tin phosphite SnHPO3 synthesized using the hydrothermal method has been tested for
the first time by our team as anode material for LIBs. The structural and morphological
characterizations and the electrochemical performances of this electrode have been

investigated.

Structural characterization of the active material shows good agreement between
experimental and simulated patterns in XRD. Phosphite groups have been confirmed by FTIR

analysis.

Understanding the electrochemical behavior mechanism have been comparatively
investigated using traditional binder PVVDF and water-soluble binder CMC. Cyclic voltammetry
and galvanostatic cycling results obtained showed clearly that CMC binder has allowed a better
behavior of SnHPO3 as anode material in comparison with PVVDF binder. This is due to its
volume change accommodation in tin phosphite electrode during cycling, also to the lower
irreversible capacity during the first cycle allowing a higher reversible capacity during the
following cycles. As a result, CMC, thanks to its chemical formula, further improves the electric
conductivity, mechanical strength and thus, the cycle performance of the battery. Thereby, the
use of CMC binder is efficient and beneficial for the SnHPO3 material to achieve good anode

performance and to develop cost effective and sustainable batteries.

To further optimize the electrochemical performances of tin phosphite electrode, we
have synthesized other tin phosphite based materials using graphene oxide and with the same
hydrothermal method. The choice of this composite is based on the high theoretical capacity of
tin, on the open framework structure of phosphite and on the good electronic conductivity of
graphene.

The obtained results proved that reduced graphene oxide plays an important role in
enhancing the electrochemical performance of tin phosphite electrode. The SnHPO3/RGO
composite with 5% of RGO showed the most stable cycling performance compared to the other
composites, which can deliver higher and stable discharge capacity of = 500 mAh/g over the

100" cycle compared to other composites with different percentage of RGO.
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The good cycling stability and the high discharge capacity of this electrode make our
material a potential candidate as an anode for Li-ion batteries. The originality of this work was
to propose tin phosphites SnHPO3 and SnHPO3/RGO as a new class of anode material for

lithium-ion batteries.

In order to investigate the depth of the lithium extraction/insertion mechanism in tin
phosphite SNnHPOs electrode, in situ X-Ray measurements were performed and discussed. This
analysis showed that the lithiation delithation of tin phosphite proceeded into a complex Redox
reaction sequence, started at high potential by progressive incorporation of Li into the tin
phosphite host structure, and SnHPOs3 reacted with Li to form a lithium phosphite matrix. Then
the phosphite matrix amorphized, and the lithium tin alloys (LixSn) reversible system occurred
at low potential of discharge processes. De-alloying of LixSn to metallic Sn and Li are also
detected in the charging process without any phase recrystallized. The existence of the
amorphous, in situ X-Ray measurements are limited to detect the nature and chemical
composition of the alloys and the amorphous phase formed during lithiation/delithiation of tin
phosphate. Therefore, the perspectives of our work will consist in completing these studies by
in situ Sn Mossbauer and ex situ FTIR measurements and optimizing all the parameters

necessary for the development of new high performance composite materials.
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Part B:
Oxygen reduction reaction (ORR) on doped
and un-doped reduced graphene oxide
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Introduction

Introduction

Metal-air batteries have been targeted as a promising technology to meet the energy
requirements for future electric vehicles and other energy demanding devices, thanks to their
various advantages such as high energy density, light weight and environmental
friendliness [109], [110].

Oxygen reduction reaction (ORR) is one of the key steps in these systems. The
development of efficient electrocatalysts for the oxygen reduction reaction (ORR) with good
quality, low price and environmental friendliness is highly urgent for the commercialization of
metal-air batteries [111]. Traditional Platinum-based catalysts are the most active ORR
catalysts. However, the rareness and high cost of Pt limit the large-scale production and
commercialization of the metal-air battery technology [112]. Therefore, it is extremely
desirable and challenging to explore low cost, stable and high performance electrocatalysts for
oxygen reduction reaction (ORR) to accelerate the practical applications of metal-air batteries.
Thus, many research studies on non-precious metal catalysts have been developed as
alternatives for the expensive platinum /carbon catalysts [113], [114].

Graphene, one of the most promising 2D materials, stands out as a new-generation
carbon support owing to its high electrical conductivity, high thermal and chemical stabilities,
high surface area, and strong adhesion to active catalyst nanoparticles [115], [116]. Graphene
itself is a great alternative as an electrocatalyst for ORR. However, 2D graphene sheets easily
reaggregate or restack during drying due to physical interactions (e.g. van der Waals forces and
n-1t stacking). Which significantly reduces the accessible surface area and limits electron
transport. Besides, graphene usually possess a limited number of reactive sites, which result in
a low catalytic activity. Therefore, there is still a big challenge to further optimize its
electrocatalytic performance [117].

Major efforts have been made to use electrode materials based on it. Many promising
noble metal-free catalysts for ORR application are synthesized. As an example, doping
graphene with nitrogen, which demonstrates outstanding ORR activity and good stability in
alkaline solution, as published in recent reviews [118]-[120]. Phosphorus as well, is considered
as a great candidate for doping graphene, since it has a lower electronegativity than carbon and
a higher electron-donating ability [121]. Thus, it is of great interest to explore the unique

properties of phosphorus doped graphene.
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Co-doping graphene is also interesting. It has been demonstrated that ORR activity was
improved by modifying the electronic properties and surface polarities using co-doped
graphene with nitrogen and another heteroatom (B, S or P) [122], [123]. Other materials
containing non-precious metals (Co, Fe, Mn...) supported on carbon have been successfully
synthesized to form catalytic active sites. Iron (Fe), in particular, in its oxide, carbide or
hydroxide forms, has demonstrated its effect to enhance the ORR activity of the neighboring
graphitic carbon [124]-[126].

To further improve the ORR activity, some researchers have studied and demonstrated
the use of transition metal into N-doped graphene [127], [128]. Experimentally, the synergistic
effect between the N-doped graphene and transition metal results in a much better catalytic
activity compared to either N-doped graphene or transition metal only [129].

The aim of this work is to study and compare the electro-catalytic properties of the
prepared reduced graphene oxide (RGO) based materials using the oxygen reduction reaction
(ORR). We report a facile synthesis, characterization and ORR tests for reduced graphene oxide
doped with nitrogen (N-RGO), phosphorus (P-RGO), both nitrogen/phosphorus (PN-RGO) and
both iron oxide/nitrogen (FesO4/N-RGO) composite.

The first chapter contains a brief description of metal-air batteries that involve the
oxygen reduction reaction. The mechanism reaction of this latter is presented. A brief review
regarding the most efficient catalysts for the oxygen reduction reaction is discussed. This
chapter also introduces a literature survey on graphene, as an interesting catalyst for the oxygen
reduction reaction and present an original biological synthesis method using different types of

bacterial species for RGO production.

The second chapter focuses on the experimental procedure to prepare the reduced
graphene oxide based materials for ORR application and also on a biological route to synthesize
reduced graphene oxide. The characterization techniques principles and electrochemical

measurement methods are addressed.

In the third chapter, we investigate the results of structural and electrochemical

characterizations for the prepared materials.
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1.1 Metal-air batteries (MABS)

1.1.1 Electrochemical principles of a metal-air battery

Metal-air batteries (MABSs) are mostly investigated for their much higher energy

densities than lithium-ion batteries and for so many other attractive advantages [130].

This type of batteries generates electricity through a Redox reaction between metal and
oxygen in air. They are featured with open cell structure, which admits the supply of the cathode

active material - oxygen - continuously and almost infinitely from an external source (air).

Metal-air electrochemical cells are batteries that use a pure metal electrode as anode and
air electrode as cathode, typically with a separator soaked in metal-ion conducting
electrolyte [131]. During discharging of a metal-air electrochemical cell, metal is oxidized and
transformed to metallic ions at the anode. The released electrons circulate through the external
circuit. At the same time, oxygen from the surrounding air diffuses into the cathode, accepts
the electrons from the anode and is reduced to hydroxide ions, as illustrated in Figure B.1.1.
When the cell is charged, the process is reversed, with metal plating at the anode and oxygen

evolving at the cathode [132].

atmosphere

Figure B.1.1. Schematic configuration and working principle of an aqueous metal-air
battery. The insert illustrates the oxygen reduction reaction taking place at the porous air
cathode [133]
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Electrode reactions of rechargeable metal-air batteries vary with the metal electrode and
the type of electrolyte used. Generally, for metal-air batteries with aqueous electrolytes the
electrode reactions are in the following form [134]:

At the anode: M < M"™ + ne”
At the cathode: Oz + 2H20 + 4™ <> 40H"

Where M stands for the metal (Zn, Al, Mg, Fe, etc.) and n represents the metal ion charge

number.

1.1.2 Different types of metal-air batteries

A series of metals have been used including zinc (Zn), aluminum (Al), magnesium (Mg),
iron (Fe), lithium (Li), sodium (Na) and potassium (K) because of their stable oxidized states.

The characteristics of several MABs are summarized in Table B.1.1 [135].

Table B.1.1. Comparison of different types of metal-air batteries [135]

Battery types Li-air Na-air K-air Mg-air Al-air Fe-air Zn-air
Theoretical voltage (V) 2.96 2.27 2.48 3.09 2.71 1.28 1.65
Practical voltage (V) ~2.6 ~2.2 ~2.4 ~1.6 ~1.8 ~1.0 ~1.2
Theoretical specific energy (Wh kg!)®  3458° 1106° 935¢ 4110°¢ 4274 955¢ 1086"
Practical energy density (Wh kg™) 400-800 / ~700 ~500 ~80 ~500
Electrolyte for batteries Aprotic  Aprotic  Aprotic Saline Saline & Alkaline  Alkaline  Alkaline
Rechargeable Yes Yes Yes No No Yes Yes

" oxygen uptake inclusive; P pased on Li>0; at the end of discharge in non-aqueous medium; ° based on NaO,; T pased on KO::
® based on Mg(OH)s, electrolyte inclusive: based on AI(OH)s, electrolyte inclusive: # based on Fe(OH),, electrolyte inclusive: " based on ZnO.

All the MABs described in Table B.1.1 have relatively high theoretical specific energy,
approximately two to ten times higher than that of LIBs. Among them, the Al-air (4274 Wh/kg),
Mg-air (4110 Wh/kg) and Li-air (3458 Wh/kg) batteries have higher theoretical specific energy
than other batteries. Research in the field of Na-air, K-air and Fe-air batteries is still in its
infancy, while Li-air, Zn-air, Mg-air, and Al-air are the most promising for production scale

development in the near future [136].

Most MABs of Li, Na, and K use aprotic electrolytes. Compared to aqueous MAB,
nonagueous metal-air batteries are not yet sufficiently developed and suffer from even more
serious challenges. First, suitable electrolytes for nonaqueous metal-air batteries are yet to be
identified. This is because the superoxide or peroxide product is oxidative and would cause the

decomposition of most common electrolytes used in conventional lithium-ion batteries. Second,
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improving battery discharge performance would require the integral optimization of the

electrolyte-cathode couple [133].

On the other side, metals such as Li, Mg, Al and Zn can react violently in acidic medium
with a great deal of released heat. The resulting severe anode corrosion and complicated thermal
management make the acidic electrolyte inappropriate for practical application. In addition,
there are few electrocatalytic materials that are stable under the strongly acidic circumstances
and the aggressive oxidizing environments at oxygen cathode. Thus, alkaline solutions are

commonly used for aqueous electrolyte-based metal-air batteries [131].

1.2 Oxygen reduction reaction (ORR)

Oxygen reduction reaction (ORR) is of major importance to energy-converting systems,
in particular in the metal-air batteries (MABS). It has been the subject of extensive investigation
over the last century because it allows to determine the performance of MABs, namely their

cyclability, energy efficiency and cycle life [137].

1.2.1 ORR mechanism reaction

ORR is a two-part reaction that requires an electron donator and an electron acceptor,
which typically occurs at the cathode and anode of metal-air devices. The reactions at the
cathode and anode are primarily controlled by the electrolyte solution, which can be alkaline or
acidic. In both media, ORR occurs between hydrogen and oxygen to produce electron flow and

power.

Oxygen reduction in alkaline aqueous solutions occurs mainly through two different
pathways: the direct four-electron transfer pathway from Oz to hydroxide ions (OH") or the
two-electron transfer pathway from O, to hydrogen peroxide H>O> as an intermediate step,
followed by further reduction to form OH™ with another 2e™ release. In metal-air batteries, a
four-electron transfer pathway is preferred because the reduction is done directly without going
through intermediates and results in a high energy efficiency. Besides, the peroxide ion formed
during the reduction in the two-electron transfer pathway is corrosive and will cause battery
degradation [138].

The reaction pathways of ORR in alkaline aqueous electrolyte and their corresponding

thermodynamic electrode potentials Vs SHE at standard conditions are presented below [139]:
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Direct four-electron transfer pathway:

Oz + H20 + 4e” <> 40H" (E° =0.401 V)
Two-electron transfer pathway:

O2+H0+2¢" < HO2 + OH™ (E° =-0.065 V)
HO, + H,0 + 26 <> 30H" (E° = 0.867 V)

It is desirable for the ORR to occur at potentials close to thermodynamic potentials as
much as possible. For the thermodynamic potentials to be obtained, the charge transfer kinetics
of the ORR must be quick.

1.2.2 ORR catalysts

The kinetics of the ORR at the cathode are very important, as they are the factor for the
performance of metal-air batteries. Unfortunately, the ORR Kinetics is normally very slow
which results in reducing the ORR performance. Therefore, to achieve the large-scale
commercialization of metal-air batteries, the ORR Kinetics at the cathode must be overcome.
For this reason, tremendous efforts have been made to explore efficient oxygen electrocatalysts
for the ORR [140].

Even though Pt-based catalyst is considered to be one of the best electrocatalysts for
ORR, there are several significant limitations that hinder its widespread utilization, namely its
scarcity and high cost. This has led to more research being conducted in an effort to develop
stable, inexpensive and non-precious ORR electrocatalysts with an excellent catalytic
performance [141]. The alternative electrocatalysts explored included noble metals and alloys,

transition metal materials and carbon-based materials.

- Noble metals
One promising set of catalysts that have been widely used as cathode materials for ORR
are Pt, Pd, Ag, Rh, Ir and Ru. These materials have been recognized as the most active
electrocatalyst for ORR, and they remain the benchmark in the evaluation for new
electrocatalysts [142]. Among these, Pd, which has the same electron configuration and lattice
constant as Pt, as they belong to the same row in the periodic table, showed the most improved
ORR towards alcohol in an alkaline medium, while it is reported to be inactive in an acid

medium.
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Several methods to reduce the cost and enhance the activity of the Pt-based catalysts are
continuous exploiting, including decreasing the particle size, reducing the thickness of Pt layers,
alloying with transition metals and enhancing the synergistic effect [143].

- Transition metal oxide

Among low-cost alternatives to state-of-the-art Pt noble-metal electrocatalysts,
transition metal oxides such as Mn, Co, Cu, Ni, Fe oxides have drawn extensive attention due
to their abundant reserves, environment friendliness, low cost and excellent catalytic activity,
making them more convenient for practical application. Transition metal oxides were proposed
among the best ORR catalysts to substitute the noble metal catalysts in alkaline solution.
Therefore, they have inspired a new wave of research on the transition-metal-oxides-based
catalysts for ORR [144].

Although drawbacks such as poor conductivity and insufficient stability still existed, the
relatively high catalytic performance, excellent corrosion resistance in various electrolyte
media and outstanding catalytic selectivity still make them potential electrocatalysts for ORR.
Numerous efforts have been concentrated on transition metal-based catalysts in the past decade,
by adopting methods of nanosizing, heteroatom doping and loading conductive substrate, the
catalytic activity, conductivity and the sluggish kinetics of transition metal catalysts have been

greatly improved [145].

- Carbon-based materials
Carbon materials are a new kind of electrocatalysts that is expected to have extensive
applications. They have demonstrated to show multiple advantages, including high electronic
conductivities, large surface area, tunable molecular structures, abundance, and strong tolerance

to acidic and alkaline environments [146].

This family of materials includes graphite nanoplatelets, carbon nanotubes (CNTSs),
graphene sheets and three-dimensional (3D) carbon architectures like fullerenes [147]. The sp2-
type carbon materials possess high electroconductivity, which are suitable for supports of
catalysts. Extensive efforts have so far been devoted to carbon-based ORR catalysts. Recently,
carbon materials doped with heteroatoms such as nitrogen, boron, sulfur, etc. have attracted
increasing attention as efficient metal-free ORR catalysts. When the carbon materials are doped

with heteroatoms, especially by N atom, they can exhibit high catalytic activity for ORR [148].
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Transition metal and nitrogen co-doped carbonaceous catalysts (M/N/C, M = transition
metal) are a category of non-precious metal catalysts that are recognized as the most promising
substitutes for the expensive Pt-based catalysts currently used. M/N/C catalysts have high
activity toward the oxygen reduction reaction, are much cheaper than precious metal catalysts,
and use abundant rather than scarce resources [149]. Unsurprisingly, they have become one of
the most important subjects of research in this area during the past decade. M/N/C catalysts
have excellent ORR performance in both acidic and alkaline media and it has been proved by
many research works that the metal air batteries MABs with M/N/C catalysts as air cathode
exhibited excellent activity and stability. The application of M/N/C catalysts in various kinds
of MABs has been widely and intensively explored, including in Li-air batteries, Zn-air
batteries, Al-air batteries, and Mg-air batteries. M/N/C catalysts generally exhibit good

performance in these types of batteries, comparable to that of precious-metal catalysts [150].

1.3 Graphene as electrocatalyst for oxygen reduction reaction (ORR)

Graphene, the first two-dimensional (2D) atomic crystal, is one of the most recent
carbon nanomaterials that have attracted widespread attention because of its fascinating
properties and enormous potential for various applications [151].

There is a constant research for highly efficient renewable energy technologies, and it
would be surprising if graphene were not involved in this race. The prospect of using graphene
in energy harvesting and storage devices such as metal-air batteries is being considered
particularly interesting. Therefore, to meet the increasing demand for high-energy density

batteries, much effort has been made to explore this material [152].

Studies have showed that graphene and doping graphene with other elements could
improve ORR activity up to three times higher than platinum and display greater chemical
stability [147].

1.3.1 Structure of graphene

Many two-dimensional (2D) crystalline materials have been identified and analyzed.
The first material in this new class is graphene, a nanomaterial consisting of a single atomic

layer of carbon [153].
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Figure B.1.2. Structure of graphene [154]

It can be considered as a surface consisting of sp2 hybridized carbon atoms arranged in
a hexagonal (honeycomb) lattice, with a carbon-carbon distance of 0.142 nm [155]. In graphene
planes, each carbon atom has four bonds, three ¢ bonds with its three nearest neighbors and one

7 bond that is oriented out of plane, this is what makes graphene a metal conductor [156].

Graphene forms a basic structure of other carbon materials like graphite, carbon
nanotubes and fullerenes.

Figure B.1.3. Structure of fullerene Ceo molecule, carbon nanotube and graphite; can all be
thought of as being formed from graphene sheets [157]

For example, graphite (carbon allotrope of 3D) consists of graphene sheets stacked on
each other and separated by a distance of 0.34 nm, with a 60° rotation of a plane relative to the
other. The fullerene Ceo (carbon allotrope of 0D) may be considered to be made by wrapping a

graphene sheet section. Carbon nanotubes (CNTs) (carbon allotropes of 1D) can be made by
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rolling graphene sheets. However, in reality these carbon allotropes are not synthesized from

graphene [158].

1.3.2 Properties of graphene

This one-atom-thick material of carbon has revealed various novel properties. It
uniquely combines extreme mechanical strength, exceptionally high electronic and thermal
conductivities, impermeability to gases, as well as many other supreme properties, all of which

make it an exciting material and highly attractive for numerous applications [159].

e Graphene is practically transparent conductor. In the optical region, it absorbs
only 2.3% of the light. Thus, suspended graphene does not have any color, and its optical

transmittance is =~ 97.7% [160].

e The electron mobility of graphene depends weakly on temperature, suggesting
that an ultrahigh mobility could be realized in graphene at room temperature. By
minimizing impurity scattering, mobility in excess of 2 x 10° cm? V! s™! was achieved in

suspended graphene, an exceptionally high value [161].

e Graphene has remarkable mechanical properties. It is substantially 100 times
stronger than steel and it is very stretchable, with intrinsic strength of 130 GPa, and high
Young’s modulus = 1.0 TPa [162]. It has a perfect periodic structure, even if the procedures
for realization are very basic. The perfect crystalline order seems to derive strong
interatomic bonds, which gives a more resistant material than diamond, yet very
flexible [163].

e Graphene has a very high electrical conductivity (= 6000 S/cm), because

electrons can flow without being slowed down by network defects [164].

e The thermal conductivity of graphene has been measured to be approximately
5000 Wm™ K™, which is ten times than that of copper (401 Wm™ K™) at room
temperature [165].

e Graphene has a large theoretical specific surface area ~ 2600 m?/g [166].
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These exceptional properties have made graphene one of the most interesting topics of
study at the moment, which suggest that graphene could replace other materials in existing
applications.

1.3.3 Graphene as electrocatalyst for ORR

Several reports on graphene-based electrocatalysts for ORR are currently being widely
studied [167], [168].

Domga et al [169] have reported the synthesis of nitrogen and phosphorus co-doped
graphene (NPG) using ammonium dihydrogen phosphate as both nitrogen and phosphorus
precursor. The obtained results demonstrated that, the reduction mechanism of oxygen follows
nearly four-electron transfer process in O saturated alkaline medium. In addition, this catalyst
exhibited higher ORR stability than the commercial Pt/C. The large N and P content in the
catalyst with all the active sites have facilitated faster ORR kinetics as well as it stability. Thus,

the NPG is a highly economical, promising and sustainable alternative electrocatalytic material.

Liao et al [170] have developed a Cu-containing nitrogen-doped reduced graphene oxide
(Cu/N-RGO) composite as a promising electrocatalyst for ORR. By investigating its catalytic
performances, it was found that the 3%Cu/N-rGO catalyst could provide superior catalytic
activity for ORR being close to that of the traditional Pt-C electrocatalyst and displayed a four-
electron pathway. Such outstanding catalytic properties are attributed to the abundant active
sites and the synergy between Cu and N in Cu/N-RGO.

1.4 Synthesis of reduced graphene oxide (RGO)

Graphene has been prepared in various ways such as micromechanical exfoliation of
graphite [171], epitaxial growth [172], chemical vapor deposition (CVD) [173] and reduction of
graphene oxide (GO) [174]. From the aforementioned methods the most suitable for large-scale
graphene production is reduction of graphene oxide (GO). This method is based on oxidation of
graphite to obtain graphite oxide (GTO), followed by exfoliation into graphene oxide using a
treatment of sonication. GO can be regarded as a monolayer or a few stacked layers of graphite
oxide. After that, the GO sheets are reduced to remove the oxygen-containing groups on the

surface and the edges of graphene oxide to obtain reduced graphene oxide (RGO) [154].
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Several methods have been developed to reduce graphene oxide in order to prepare RGO
nanosheets in large quantities with high structural quality and high thermal stability. The
reduction can be performed thermally, chemically, electrochemically, biologically etc. [158].

I.4.1 Chemical route synthesis

Chemical reduction of graphene oxide has been performed with several reducing agents,
such as hydrazine [175], hydroguinone [176], sodium borohydride [177], and ascorbic acid [178].
However, it often needs to introduce excessive reducing agents and brings impurity contamination,
also it requires a reaction time of many hours, high temperature, and hazardous hydrazine as a
reducing agent. Thus, this technique is not a green approach to the production of reduced graphene
oxide [179].

1.4.2 Biological route synthesis

Most of the research has been focused on large-scale production of graphene through
the chemical reduction of chemically derived graphene oxide (GO). However, these approaches
may cause environmental or economic concerns when large-scale production is
considered [180].

In order to overcome the toxicity problem, many efforts have been attempted to explore
green, environment-friendly and effective routes to achieve the reduction of GO. These have

included methods involving bacterial respiration [181].

The use of living biological systems to produce graphene have been recently
investigated. The implementation of such greener, more sustainable alternatives for the
synthesis of graphene in large quantities via biological reduction of graphene oxide can thus

produce highly stable, conductive, large areas of graphene sheets [182].

Recently, there have been several reports on the microbial reduction of GO to produce
graphene. This approach needs the use of bacterial species as reducing agents such as
Shewanella cells [183], Azotobacter chroococcum cells [184] and E.coli cells etc. [185]. Such

biological paths have shown some promising results for GO reduction.
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1.5 Research context

In this thesis work we have chosen to investigate and compare the electro-catalytic
activity of the different reduced graphene oxide (RGO) based materials doped with heteroatoms
and metals using oxygen reduction reaction (ORR).

We demonstrated that these materials could be a good alternative to the preparation of
active, efficient and inexpensive catalysts. In addition, we have studied the bacterial reduction

effect on graphene oxide using different types of bacterial species.

The work presented in this thesis is the result of a collaboration between Mohammed
V™ University and “Institut National de la Recherche Scientifique (INRS)” Canada. This work
is financially supported from Moroccan Ministry of National Education, VVocational Training,
Higher Education and Scientific Research-Mohammed V" University under project PPR
(Development of new nanomaterial for electrochemical energy storage: Na-air and Li-ion

batteries).
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In this chapter, we report a facile synthesis methods to prepare the graphene oxide
(RGO) based materials: reduced graphene oxide doped with nitrogen (N-RGO), doped with
phosphorus (P-RGO), doped with both nitrogen and phosphorus (PN-RGO) and doped with
both iron oxide and nitrogen (Fes04/N-RGO) composite.

I1.1 Chemical synthesis of reduced graphene oxide based materials

The reduced graphene oxide based materials are synthesized using graphite oxide
(GTO) as the starting material. This latter is prepared using the Hummers method as described

in part A.

11.1.1 Nitrogen doped reduced graphene oxide (N-RGO) synthesis

Graphite oxide (1 g) was stirred in ethanol (50 mL) for 1 h, and treated with the
ultrasound for 30 min. Then, ammonium nitrate NH4sNOs (1 g) was added into the suspension
as nitrogen precursor. The mixture was stirred and heated at 60 °C to evaporate ethanol. The
dried mixture was finely grinded and transferred into a muffle furnace and calcined at 350 °C
for 1 h to obtain N-RGO [186].

11.1.2 Phosphorus doped reduced graphene oxide (P-RGO) synthesis

P-RGO was prepared following the same procedure as for N-RGO using Ammonium

dihydrogen phosphate NH4sH2PO4 as phosphorus precursor.

11.1.3 Phosphorus, Nitrogen co-doped reduced graphene oxide (PN-RGO)
synthesis
PN-RGO was also synthesized following the same procedure as for N-RGO using
Ammonium dihydrogen phosphate NHsH2PO4 and ammonium nitrate NH4sNOs as phosphorus

and nitrogen precursors respectively.

11.1.4 Iron oxide and Nitrogen co-doped reduced graphene oxide (FesOa4/N-
RGO) synthesis
Graphite oxide (80 mL) aqueous dispersion with a concentration of 1.5 mg/mL was
added to iron (111) acetate [FesO(CH3COz2)s(H20)3]CH3CO> (133.3 mg) and firstly treated with
the ultrasound for 5 min, then polypyrrole (266.6 mg) was slowly added to form a stable
complex solution by sonication for 10 min. Subsequently, the stable suspension was

hydrothermally treated at 180 °C for 12 h. After that, the as-prepared sample was freeze-dried
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overnight, followed by thermal treatment at 600 °C for 3 h under Argon atmosphere to obtain
Fe304/N-RGO [187].

1.2 ORR electrochemical measurements

11.2.1 Catalyst ink preparation

The as-prepared reduced graphene oxide based catalysts (10 mg) were mixed with
Nafion (95 uL) which serves as a binder and ethanol (350 pL). The mixture was mixed using
vortex mixer and sonicated for 1 h. Then, 9 pl of this ink were taken and deposited on the
surface of the glassy carbon electrode, dried at room temperature and used as a working

electrode for all the electrochemical tests.

11.2.2 Electrochemistry testing

Electrochemical measurements were performed on a computer-controlled Pine
(AFRDE4) potentiostat with a three-electrode electrochemical cell. A platinum wire, saturated
calomel electrode (SCE) and rotating ring disk electrode (RRDE) with a collection efficiency
of 0.37, were used as counter electrode, reference electrode and working electrode respectively.
All of the experiments were conducted at room temperature using O, and N saturated
0.1 M KOH alkaline electrolyte.
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Figure B.11.1. A photograph of an electrochemical cell with three electrodes

The catalytic activity of the samples was evaluated by cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) techniques. The potential range was scanned between
-1V and 0.2 V Vs SCE at a scan rate of 50 mV/s for CV and 10 mV/s for LSV. The rotating
speed of the working electrode for the LSV was 1600 rpm.

The potential shown in the results was converted to reversible hydrogen electrode
(RHE).

11.3 Biological synthesis of reduced graphene oxide based materials

In this study, the bacterial reduction of graphene oxide is investigated using two
protocols. The first one consists of testing different bacterial strains and study their reduction
effect on graphene oxide (GO). The second protocol is to test the strain that delivered the highest
reduction rate of graphene oxide (GO) and to investigate its reduction effect using different
samples in order to study the bacterial reduction ability and to confirm the obtained results in

the first protocol.

11.3.1 The first protocol

In this test, the bacterial reduction of graphene oxide is tested using fourteen different

strains of extremophilic/thermophilic bacteria originated from the desert of Morocco with
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references 253, 306, 155, 2, 30, 79, 339, 85, 24, 45, 46, 61, 76 and 177 and two different
concentrations of graphene oxide 0.5 mg/ml and 1 mg/ml. The protocol was realized through
the following steps.

11.3.1.1 Preparation of bacterial biomass

First, we prepare the Luria Broth (LB) culture medium that is designed to support the
growth of bacteria. It is a medium that must provide a source of energy and elements such as
carbon, nitrogen, sulfur, phosphorus and growth factors. It is prepared exclusively with pure
chemicals by mixing tryptone (10 g), sodium chloride (10 g), yeast extract (5 g) and distilled
water (1 L). After mixing the reagents, the medium is buffered with hydrochloric acid (HCI)
and sodium hydroxide (NaOH). The pH of the medium is measured, then it is adjusted using
HCI and NaOH until a fixed neutral pH of 7 is obtained. Finally, the culture medium is sterilized

in an autoclave at 120 °C overnight.

Each of the fourteen bacterial strains were cultured in the medium and incubated on a

rotary shaker at 37 °C and 180 rpm for one day.

In order to compare the bacterial reduction effect, all the strains used must have the
same optical density (OD) that is the growth state of a bacterial culture. This will help ensure
that cells are harvested at an optimum point that corresponds to an appropriate density of live

cells.

First, we measure the initial optical density for each strain using an UV-Visible
spectrophotometer (OD;). Then, to have a final optical density (ODs) of 0.7 for all strains, we
calculate the volume of the bacterial culture (V) needed for each strain for a final volume (V)

of 20 ml, using the following equation:
ODi.Vp=0Ds. Vs — Vi = (ODs .V1)/OD;

The OD of 0.7 corresponds to 7.108 Colony Forming Units per milliliter (CFU/mL);
that is the number of viable bacteria in a sample, which has the ability to multiply via binary

fission under the controlled conditions.

Therefore, for each bacterial culture the calculated volume (V1) was pipetted and then
the biomass of the bacteria was recovered by centrifugation (5000 rpm, 20 min). Afterwards,

the biomass was washed twice with sterile water to remove traces of the culture medium.
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11.3.1.2 Reduction of graphene oxide (GO)

Suspensions of graphene oxide (GO) (10 ml) with two different concentrations (0.5 and
1 mg/ml) are prepared using graphite oxide (GTO). This latter is mixed with distilled water and
treated with the ultrasound for 1 h. Then, the GO suspensions are added to each of the prepared

bacterial biomass and incubated on a rotary shaker at 37 °C and 180 rpm for 5 days.

a) a b)
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Figure B.11.2. A photograph of a GO suspension (1 mg/ml) mixed with bacterial biomass
(253 strain) before a. and after b. incubation

11.3.1.3 Lysis of bacteria

To separate bacteria from reduced graphene oxide, the thermal shock method for the
lysis of the bacteria by its bursting are tested. The bacteria disintegrates and its density

decreases. Subsequently, after centrifugation, the graphene precipitates downwards and the
bacteria remains in the supernatant.

The mixture reduced graphene oxide-bacteria is frozen at —20 °C for 2 h and is then
thawed using a water bath at 100 °C for 15 min. Next, the mixture is centrifuged at 2000 rpm
for 15 min. However, good separation of bacteria from reduced graphene oxide could not be
obtained and bacteria were precipitated down with RGO.

Therefore, a sucrose solution is used to separate bacteria from reduced graphene oxide,
since a density value of 1.6 g/ml is obtained for the sucrose solution. This value is between

2.2 g/ml of graphene density and ~ 1 g/ml of bacteria density, thus allowed a better separation.
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11.3.1.4 Separation of bacteria from reduced graphene oxide by sucrose
solution
A 20% sucrose solution is prepared, sterilized in an autoclave at 120 °C overnight and
poured into the centrifuge tubes (35 ml). 10 ml of reduced graphene oxide-bacteria mixture is
then pipetted and slowly added to the solution in order to remain at the surface of the tube

without mixing. The tubes are next centrifuged at 5000 rpm for 30 min.

After centrifugation, three different colored zones are noticed: at the bottom reduced
graphene oxide precipitate, in the middle sucrose solution and above a brown supernatant that
contains bacterial debris. Finally, the obtained reduced graphene oxide precipitate is washed

with ultrapure water for three times.

b

Figure B.11.3. A photograph of the tube before a. and after b. centrifugation

11.3.1.5 Calculate the percentage of reduced graphene oxide

In order to know the percentage of graphene oxide remaining and the percentage of
reduced graphene oxide formed after the reduction, the optical density OD of graphene oxide
is measured using the UV-Visible spectrophotometer at 230 nm (the wavelength corresponding

to the maximum absorbance of graphene oxide).

The curve of the optical density (OD) is plotted as a function of GO concentrations: The
Beer-Lambert law [188].
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Table B.11.1. Measurement of the optical density (OD) of graphene oxide as a function of its

different concentrations

C (mg/mL) 0.02 0.035 0.05 0.07 0.09 0.1 0.15
oD 0.6028 0.9556 1.3251 1.7462 2.2308 2.3889 3.2960

3.5
3.0

a

g 2.5

g 2.04

@

2

= 15

2

2 1.0- - OD

= —— Linear OD
0.54 : y =23.538 x

T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

GO concentration C (mg/mL)

Figure B.11.4. Optical density (OD) curve as a function of GO concentrations

The concentration of graphene oxide remaining [GO remaining] corresponding to the
OD measured after reduction is obtained from the curve in Figure B.11.4.

Finally, the concentration of reduced graphene oxide formed [RGO formed] is

calculated by the difference with graphene oxide remaining [GO remaining].
[GO initial] — 100% GO
[GO remaining] — %GO remaining
%GO remaining = [GO remaining] / [GO initial] x 100%

%RGO = 100% - %GO remaining
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11.3.2 The second protocol

In order to be sure that the color change of GO during reduction is due to the bacteria
and not to the temperature or other parameters, a second test is realized with only 253 bacterial
strain, which delivered the highest percentage of reduced graphene oxide in comparison with

other strains, and using different samples.

The bacterial culture and graphene oxide (GO) suspensions 0.5 and 1 mg/ml are

prepared through the same procedure as the 1% test.
In this test, the following five prepared samples are:
- Graphene oxide (GO) suspension, the control sample: GO control.

- Graphene oxide (GO) suspension mixed with the bacterial biomass:
GO + 253 biomass.

- Graphene oxide (GO) suspension mixed with the bacterial culture (bacteria

biomass in the presence of its culture medium LB): GO + 253 biomass + LB.

- Graphene oxide (GO) suspension mixed with only the culture medium sterilized
(without bacteria): GO + LB sterilized.

- Graphene oxide (GO) suspension mixed with only the culture medium after
bacterial growth (without bacteria): GO + LB after growth.

Each of the samples is incubated on a rotary shaker at 37 °C and 180 rpm for 5 days,
same as the 1% test. Next, only the samples that contain bacteria (GO + 253 biomass and
GO + 253 biomass + LB) are frozen at —20 °C for 2 h and is then thawed using a water bath at
100 °C for 15 min for bacteria lysis. After that, the 20% sucrose solution is used to separate

between reduced graphene oxide and the bacteria, as showed in the 1% test.
Finally, all the five samples are washed with ultrapure water for three times.

The optical density OD of the samples after the reduction are measured and then the

percentages of reduced graphene oxide are calculated using the Beer Lambert law.
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Chapter III: Results and discussions
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I11.1 Characterizations of reduced graphene oxide based materials synthesized by
chemical route

111.1.1 Structural and morphological characterizations of reduced graphene
oxide based materials

111.1.1.1 X-Ray Diffraction (XRD)

The structure of the prepared reduced graphene oxide based materials is analyzed by
XRD. As shown in Figure B.Il11.1, GO exhibits a strong peak (002) at 26 = 10° typical of
graphene oxide corresponding to an interlayer distance of 0.88 nm, which is due to the presence
of various oxygen-functional groups and water molecules originated from the oxidation process
of graphite [189].

N-RGO pattern shows a new broad peak (002) at 20 = 25.56° with a decrease of the
interlayer spacing to 0.34 nm. This result shows that the reduction of GO is completed [190],

and that most of the functional groups were removed after doping with nitrogen.

Same for P-RGO, the characteristic peak of GO is replaced by a broader and weaker
peak (002) at 20 = 24.3° with an interlayer spacing of 0.36 nm, higher than that of N-RGO,
suggesting that the phosphorus creates higher disorder than nitrogen [191].

Concerning the PN-RGO pattern, the peak is located at the same position as for P-RGO
20 = 24.3°.

For Fes04/N-RGO XRD pattern, both FesO4 (JCPDS No. 65-3107) [192] and reduced
graphene oxide peaks are observed showing the probable high amount of graphene. It is
interesting to observe that the diffraction hump of graphene appears at 20 = 25.5° as for N-
RGO, confirming a composite formation.
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Figure B.111.1. XRD patterns of the prepared reduced graphene oxide based materials

111.1.1.2 ThermoGravimetric Analysis (TGA)

To determine the amount of Fe3O4 in the composite, ThermoGravimetric Analysis
(TGA) and Differential Scanning Calorimetry (DSC) of Fe304/N-RGO composite were realized
(Figure B.111.2). Two kinds of weight loss are observed. The first one of 5.30% (wt.%) from
25 °C to 300 °C is corresponding to the liberation of the chemically and physically adsorbed
water molecules in the sample surface.

The second weight loss of 82% (wt.%) is accompanied with two exothermic peaks
which are attributed to the combustion of graphene and nitrogen. This result suggests that the
amount of FesO4 in the composite is only 9% (wt.%).

80



Chapter I1I: Results and discussions

0 oo om om0

804

Heat Flow
60

Weight (%)

404

204

T T T T T T T T
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure B.111.2. TGA and DSC curves of Fe304/N-RGO composite oxidation in air with a
heating rate of 10 °C/min

111.1.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

To show the reduction of graphene oxide and the doping by nitrogen, a comparison
between FTIR spectra of GO and N-RGO is investigated in Figure B.111.3. GO sample exhibits
a broad band centered at = 3304 cm™, assigned to the stretching vibration of hydroxyl group
(-OH), an intense band at approximately 1731 cm™ assigned to (C=0) stretching of carbonyl
and/or carboxyl groups (COOH) situated at the edges and defects of graphene oxide, a peak at
1628 cm* corresponding to the sp2-hybridized carbon (C=C) skeletal vibration of unoxidized
graphitic domain and (O-H) bending and a band at ~ 1360 cm™ attributed to the (C-OH)
stretching. In addition, the bands at 1230 cm™ and 1068 cm™ can be attributed to (C-O-C)
stretching and to (C-O) vibration of epoxy groups, respectively [193].

For N-RGO, it can be seen that most of the oxygen groups are removed from the surface
of reduced graphene oxide (RGO). However a weak peak at 1731 cm™ is observed, which is
due to the residual C=0 groups remaining after the reduction. Two other peaks at 1562 cm™*
and 1137 cm™ are observed. The first one corresponding to C=C vibrations which has been
shifted from 1628 cm™ to 1562 cm™* resulting from the superposition of the vibrations of C=C
and C=N. This confirms the incorporation of nitrogen into the structure. The second peak is
assigned to the stretching vibration of C-N [194], [195] .
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Figure B.111.3. FTIR spectra of GO and N-RGO

111.1.2 Electrocatalytic activity of the reduced graphene oxide based materials
111.1.2.1 Cyclic Voltammetry (CV)

To investigate the electrocatalytic activity of the prepared reduced graphene oxide based
materials for ORR, cyclic voltammetry (CV) in a nitrogen N»-saturated or oxygen O»-saturated
aqueous solution of 0.1 M KOH was carried out.

As can be seen in Figure B.111.4, a cathodic peak appears in the CV for all samples in
the presence of oxygen, whereas no noticeable response was observed under nitrogen, which
demonstrates pronounced electrocatalytic activity for ORR. Furthermore, it can also be seen
that for nitrogen doped reduced graphene oxide N-RGO, the CV curves are much broader and
larger compared to the other electrodes, which means that the material has a very high surface

area caused by the defects sites created from doping with nitrogen.

The Fe304/N-RGO electrode outperformed the other reduced graphene oxide based
materials. As can be seen, the cathodic peak is well defined compared to the other samples.
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Figure B.111.4. Typical cyclic voltammograms for the ORR at the a. N-RGO, b. P-RGO,
c. PN-RGO and d. Fe304/N-RGO electrodes in an aqueous solution of 0.1 M KOH

saturated by nitrogen or oxygen gas. Scan rate: 50 mV/s

111.1.2.2 Linear sweep voltammetry (LSV)

To better understand the electrocatalytic performance of these samples during the ORR
process, linear sweep voltammograms (LSVS) on a rotating ring disk electrode (RRDE) are
recorded at a rotation rate of 1600 rpm in a solution of Oz-saturated 0.1 M KOH and a scan rate
of 10 mV/s (Figure B.111.5). For all electrodes, the LSV curves show a single-step wide
platform, indicating a four-electron ORR process.

The onset potential of Fe3O4/N-RGO electrode for the ORR is more positive than those
of other samples. Furthermore, the current density reaction of this electrode is also much higher
than those of the N-RGO, P-RGO and PN-RGO electrodes, which reached —5 mA/cm?. This
value is also higher than that reported in the study of Wu et al. [187] which has reached only

83



Chapter I1I: Results and discussions

—4.5 mA/cm? at the same rotating speed 1600 rpm. This result is probably due to the amount of
graphene in our composite, which is higher than that of the one used by Wu et al. [187] and
confirmed by XRD and TGA analyses.

——N-RGO

Current density (mA/cmZ)

—P-RGO
——PN-RGO
-5 —Fe304/N-RGO
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential (V) Vs (RHE)

Figure B.111.5. Linear-sweep voltammograms of all samples: N-RGO, P-RGO, PN-RGO
and Fe304/N-RGO electrodes at a rotation rate of 1600 rpm with a scan rate of 10 mV/s

Figure B.111.6 shows the hydrogen peroxide (H202) percentage formed during the
oxygen reduction reaction. It is clearly visible that the Fe304/N-RGO electrode shows the
lowest percentage of H2O> than the other samples (lower than 10%), which confirms the
interesting catalytic activity of this material.

The electron transfer number (n) calculated is about ~ 3.8, indicating a four-electron
process toward ORR on the FesO4/N-RGO electrode. This value is much higher than the other
prepared reduced graphene oxide based electrodes.
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Figure B.111.6. Electron transfer numbers (n) and hydrogen peroxide H20- yields of the
prepared samples obtained from the RRDE data

111.2 Reduction results of reduced graphene oxide using bacteria

111.2.1 The first protocol

Fourteen extremopbhilic/thermophilic bacterial strains are tested to investigate their

reduction effect of graphene oxide (GO) suspensions.

After the reduction, the color of the GO suspensions changed from brown to dark brown

for all strains, which proves that graphene oxide is partially reduced to graphene.

The reduction percentages are calculated using the optical density (OD) measurements

before and after testing for each strain of bacteria and each GO concentration.
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Table B.111.1. Percentages of the reduced graphene oxide obtained for different strains

Bacterial strain %RGO
0.5 mg/mL 1 mg/mL

253 94.4% 97.7%
306 95.6% 96.2%

2 92% 97.3%
155 98.2% 93.8%
30 93.4% 96.4%
9 92.8% 95%
339 89.2% 94.7%
85 91.6% 96.3%
24 86.8% 87.5%
45 93.2% 92.4%
46 92.6% 91.6%
61 86.8% 87.1%
76 87.2% 90.6%
177 83.8% 85.8%

Almost all strains showed a satisfactory reducing effect with reduced graphene oxide
percentage varying between 83% and 98%. The highest percentage of graphene formed is
obtained using the 155 strain for 0.5 mg/ml of GO (98.2%) and 253 strain for the 1 mg/ml of
GO (97.7%).

111.2.2 The second protocol

The test of bacterial reduction effect of graphene oxide is repeated to ensure the obtained
results in the 1% test, using only the 253 strain and two concentrations of GO (0.5 and 1 mg/ml).
Different samples are tested: GO control, GO + 253 biomass, GO + 253 biomass + LB,
GO + LB sterilized and GO + LB after growth.

The color of samples GO + 253 biomass, GO + 253 biomass + LB, GO + LB sterilized
and GO + LB after growth became darker after reduction compared to graphene oxide alone
(GO control), which indicates the partial reduction of graphene oxide to reduced graphene
oxide. These results prove that the reduction was achieved by bacteria and not because of

temperature.

86



Chapter I1I: Results and discussions

The samples containing graphene oxide with the culture medium sterilized and after
bacterial growth changed color too. This can possibly mean that the culture medium is also a

reducer of graphene oxide.

The reduction percentage are calculated using the OD measurements before and after

testing for each sample.

Table B.111.2. Percentages of reduced graphene oxide obtained for different samples

Bacterial strain 253 VRGO
0.5 mg/mL 1 mg/mL
GO + LB sterilized 82.24% 88.66%
GO + LB after growth 79.56% 78.76%
GO + 253 biomass 94.84% 94.69%
GO + 253 biomass + LB 57.52% 85.32%

From the obtained results, one can conclude that the culture medium is also a reducing
agent of graphene oxide with percentages that are close to those of reduced graphene oxide

obtained by bacteria.

The highest percentage of RGO formed is obtained in the GO + 253 biomass sample
(94%). Although the color did not change much, the bacteria reduced the majority of GO

compared to other samples containing the culture medium.

111.2.3 X-Ray Diffraction (XRD)

The GO + 253 biomass, GO + 253 biomass + LB and GO control samples were
characterized using X-Ray diffraction (XRD). In Figure B.111.7, we can note the presence of
the bump at = 25° significant of the formation of graphene, which shows that graphene oxide
has been reduced to graphene for both spectra GO + 253 biomass and GO + 253 biomass + LB.

We also note that the peak at 10° (characteristic of graphene oxide GO) is still present
for the three spectrum, which shows that graphene oxide has not been reduced in the GO control
sample and that it has not been fully reduced in the GO + 253 biomass and
GO + 253 biomass + LB samples. However, this peak in the GO + 253 biomass spectrum is

less intense in comparison with the one in the GO + 253 biomass + LB spectrum. These results
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demonstrate that the sample that delivered the highest amount of reduced graphene oxide is the

GO + 253 biomass.

GO + 253 biomass + LB

—— GO + 253 biomass
GO control

Intensity (a.u.)

10 20 30 40 50
2-Theta (degree)

Figure B.111.7. XRD patterns of the prepared GO + 253 biomass, GO + 253 biomass + LB

and GO control samples
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Conclusion

In this study, doping reduced graphene oxide with nitrogen (N-RGO), phosphorus (P-
RGO), both nitrogen/phosphorus (PN-RGO) and a Fe3O4/N-RGO composite are successfully
synthesized by chemical route and tested as electrocatalysts for oxygen reduction reaction.
XRD patterns showed complete reduction of GO after doping and formation of Fes04/N-RGO
composite with considerable amount of N-RGO. This last result has been confirmed by TGA

and DSC analyses.

The FTIR results demonstrated the reduction of graphene oxide and the doping by
nitrogen in the N-RGO sample by the removal of most oxygen groups the surface of reduced

graphene oxide (RGO) and confirmed the incorporation of nitrogen into the structure.

Electrochemical tests have shown that FesO4/N-RGO composite has the best catalytic
activity for ORR in alkaline solution compared to N-RGO, P-RGO and PN-RGO catalysts. This
behavior is even better than the one reported in the literature in terms of current density. Also,
it exhibits a lower hydrogen peroxide (H20.) percentage and a higher electron transfer number
which favors the four-electron pathway to reduce oxygen molecules. FesO4/N-RGO composite
can therefore be an efficient and non-expensive ORR catalyst for metal air batteries.

To conclude, the perspectives in relation to the different materials studied during this
work should be considered. It will be more instructive to test other characterization techniques
such as scanning electron microscopy (SEM) or X-Ray photoelectron spectrometry (XPS) to
confirm the doping of heteroatoms as well as their morphologies and concentration within the
graphene matrix. Furthermore, testing of other elements for GO doping such as boron, sulfur,
etc, and other metals to study their catalytic effect and compare with the prepared reduced

graphene oxide based materials.

The bacterial reduction effect on graphene oxide has been tested in this study using
different strains of bacteria and different samples. The obtained XRD results and the
measurement of the optical density before and after reduction confirmed that bacteria can

partially reduce graphene oxide up to 98.2%.

The first protocol demonstrated that almost all strains has showed a satisfactory
reducing effect, with the 253 strain that delivered the highest yield of reduced graphene oxide

formation.
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The second protocol has showed that the culture medium can also reduce graphene
oxide. However, the highest percentage of RGO formed is obtained for the sample containing
graphene oxide with the bacteria alone. These results prove that the bacteria have reduced the
majority of graphene oxide in comparison with the other samples containing the culture

medium.

The originality of this study was to realize other tests by increasing the bacterial
concentration to have a higher reduction rate. Also, it will be interesting, after reduction process,
drying the RGO in the presence of the bacteria without separation which can possibility deliver
graphene doping with the components of the bacteria (N, P, etc.). In addition, prepare a large

quantity of graphene reduced by bacteria to perform other characterizations.
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General conclusion

During this thesis work, we were interested in different materials likely to be used as
negative electrode in lithium-ion batteries, and as electrocatalysts for the oxygen reduction
reaction in metal-air batteries. Tin phosphite SnHPO3 based materials as anode for LIBs and

reduced graphene oxide based materials as electrocatalysts for ORR.

Electrochemical results obtained showed that CMC binder has allowed a better behavior
of SnHPOs3 as anode material in comparison with PVDF binder. Thanks to its chemical formula,
CMC further improves the electric conductivity, mechanical strength and thus, the cycle
performance of the battery. The obtained results for SnHPO3s/RGO composites proved that
reduced graphene oxide plays an important role in enhancing the electrochemical performance
of tin phosphite electrode. The good cycling stability and the high discharge capacity of this

electrode make our material a potential candidate as an anode for Li-ion batteries.

Electrochemical tests have shown that FesO4/N-RGO composite has the best catalytic
activity for ORR in alkaline solution compared to the other prepared samples. It exhibits a lower
hydrogen peroxide (H202) percentage and a higher electron transfer number which favors the
four-electron pathway to reduce oxygen molecules. Fes04/N-RGO composite can therefore be

an efficient and non-expensive ORR catalyst for metal air batteries.

The obtained results for bacterial reduction effect on graphene oxide confirmed that
bacteria can partially reduce graphene oxide up to 98.2%.
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Appendix 1: Structural and morphological characterization techniques

The prepared materials were characterized using different techniques. The
crystallographic structure of the obtained materials is analyzed by X-Ray Diffraction (XRD).
Diffraction patterns are analyzed by Rietveld method. The bands vibrations are studied using
Fourier Transform Infrared spectroscopy (FTIR) and the morphology is observed by Scanning
Electron Microscopy (SEM). Energy Dispersive X-Ray spectroscopy (EDX) is used to analyze
the chemical composition of samples. Mass variations associated with phase transitions is

measured with ThermoGravimetric Analysis (TGA).

X-Ray Diffraction (XRD)

Principle and measurements

Powder X-Ray Diffraction (XRD) is a characterization method commonly used for the
characterization of solids. It allows the identification of crystalline phases present in a material
and the determination of their crystallographic characteristics. The principle of this technique
consists of the interaction of X-Rays, with the periodic arrangements of crystallized matter.
When a monochromatic X-Ray beam of wavelength A is radiated onto a crystalline material
with an angle of incidence 0, the atomic planes (hkl) of the crystal, equidistant of dnx, will
behave like parallel mirrors and reflect the electromagnetic wave, inducing a diffraction
phenomenon [196]. Diffracted waves will constructively interfere in certain directions if they
are in phase and therefore the diffracted intensity will be non-zero, this is the phase matching

condition, known as the Bragg condition [197]:
20hki sin Ohk = nA
A : Wavelength of incident X-Rays
dnii : Distance between planes of atoms
Bnk : Angle of incidence of the X-Rays (Bragg angle)
n : The order of diffraction (integer)

The diffracted intensity is recorded as a function of the 26 angle of the incident beam
and gives rise to a pattern (Intensity Vs 20) of diffraction peaks of which correspond to the

different families of planes (hkl). This intensity contains essential information on the structural
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arrangement, in particular the position of atoms in the lattice and the atomic displacement

factors (isotropic or anisotropic) [198].

The diffraction lines of the compound, specific to each crystal structure, indicate the
nature of the phases in the compound. From the Bragg relation, the value of dn« can be deduced
to determine the phases present qualitatively, by comparing them with a PDF2-2010 database
from the ICCD (International Center for Diffraction Data) using Bruker DIFFRAC plus EVA

software.

X-Ray diffraction patterns of the materials were recorded on a Siemens D5000
diffractometer equipped with a copper anticathode X-Ray tube (Aka1 = 1.54051 A and
Mol = 1.54433 A). The geometry is of the Bragg-Brentano type, and an 0 - 26 assembly is used.

For the preparation of the powder samples, the appropriate amount is grounded in an
agate mortar. This allows for a random distribution of the grains in order to avoid that there are
preferential orientations that would occur by reinforcement of certain families of diffraction
lines. The sample is then placed on a sample holder, its surface is flattened with a glass slide.
The sample, placed in the center of the goniometer, rotates at an angle 6, while the detector
moves at an angle 20, as shown in Figure appx.1l [199]. The diagrams of the synthesized
materials were recorded in the angular domain 26 = 5° - 60°, with a step size of 0.04° and 30 s

per step.
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Figure appx.1. Schematic diagram of the working principle of a diffractometer in (6 - 20)

mode
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Rietveld refinement method

The Rietveld refinement, obtained using the Fullprof program, consists in comparing an
experimental diffractogram with a theoretical one by the least-squares method. In this method,
the difference between the theoretical diagram (calculated from the crystallographic data
provided by the user) and the experimental diagram is determined by varying the structural
parameters: lattice parameters, positions and occupancy of the atoms and thermal agitation

factors.
The equation to minimize during the Rietveld refinement is as follows [200]:
X2 = 2w [Yexp) i = Yicatey i)’
Y(exp)i - The experimental intensity at point i
Y(calc)i - The intensity calculated at point i
w; . The weighting factor assigned to each intensity

Each intensity y(cqc); is calculated using the formula:

Yate)i = Yoi + ZgSg 2y Jop - Lpgy, - |F¢k |2 Dig
Vpi . The intensity of the background noise at point i

Sq) . The scale factor of phase @ (it allows, among other, to calculate the mass

proportions of the different phases)
k : Indexes the reflections h, k and |
](Dk : The multiplicity of the reflection k
LP(Z)k : The Lorentz polarization factor
F@k : The structure factor corresponding to the reflection k

'Qi(Z)k : The profile function responsible for distributing the integrated intensity of the

reflection k as a function of 20
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The agreement between the experimental diffractograms and those calculated is judged

by the reliability factors R,,,, and Rg,.q44 Which are defined as follows [201]:

i ¥ wi(y,(obs) — y;(cal))” v Yill;(obs) — I;(cal)|
wp l 2iw; (yi(obs))? Bragg Y.il;(obs)

y;(obs) : The observed intensity for an angle 20i
y;(cal) : The calculated intensity for the 20i angle

I; - The integrated intensity of reflection i

Fourier Transform Infrared spectroscopy (FTIR)

Principle and measurements

Fourier Transform Infrared (FTIR) spectroscopy is well known method in identifying
chemical structures of various materials. It can also provide quantitative information, such as
the concentration of a molecule in a sample. The infrared (IR) wavelength, which is absorbed
by the sample depends upon the nature of the covalent bond, the atoms involved, the type of
the bonds and the strength of the intermolecular interactions. When the matter absorbs IR
radiation, the chemical bonds vibrate resulting in two oscillations types of the atoms. They
correspond to the normal modes of vibration: stretching and bending. Stretching is a symmetric
or antisymmetric rhythmical movement along the bond axis. The bending vibration occurs
when the bond angle between two atoms or movement of a group of atoms might change,
relative to the remainder of the molecule. As a result, the obtained FTIR spectra allow

measuring complex molecular vibrational modes.

The molecule’s absorbance of infrared radiation occurs under certain conditions: the
radiation should have energy identical to one of the transitions between the discrete energy
levels of the molecule. Moreover, there should be a change in dipole moment [202]. This latter

can be written as a Taylor series expansion:

The normal modes of vibrations for molecules with N atoms are given by 3N-5 for linear

molecules and 3N — 6 for nonlinear molecules.
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Room temperature infrared spectra of the prepared samples were recorded using
Jasco FT/IR 4600 Fourier transform spectrophotometer in transmittance mode between
400 cm™t and 4000 cm™?, with a spectral resolution of 4 cm™,

Scanning Electron Microscopy (SEM)

Principle and measurements

Scanning Electron Microscopy (SEM) is a technique used to investigate the particle
sizes and morphologies of the prepared samples. An electron beam is emitted from a tungsten
filament cathode and hits the sample surface. The electrons emitted by the beam then interact
with the atomic structure of the sample and generate topographic images. Different types of
electrons are produced from the beam: backscattered primary electrons, auger electrons and
secondary electrons (Figure appx.2). Secondary electrons make up the vast majority of the
emitted electrons and are the electrons used to form the SEM images. They are generated close
to the surface and can gain enough energy to escape from the sample, where they can be
collected, thereby providing topological information about the sample. When the secondary
electrons reach the detector a current is produced and recorded. The current is plotted against

the probe position on the surface of the sample and an image is produced [203].

Incident

electron beam

Backscattered Secondary
electrons (BSE) electrons (SE)
Auger Characteristic
electrons X-rays
Absorbed Electron-hole
electrons pairs
Specimen

Figure appx.2. The electron interaction with the sample [204]

The contrast in the resultant image is dependent on multiple factors but the most
significant is the surface morphology, therefore the image produced can be considered a direct

image of the surface structure.
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SEM imaging was performed on a JEOL JSM — IT 100 scanning electron microscope

operating at an accelerating voltage of 15 kV.

Energy Dispersive X-Ray spectroscopy (EDX)

Energy Dispersive X-Ray spectroscopy (EDX) was carried out to perform the chemical
analysis of samples as well as determine the specific location of the elements forming the
structure. When a particle is bombarded with an electron beam, several different types of
electron emissions are created. Of importance in an EDX analysis, auger electrons and
consequently, X-Ray photon or characteristic X-Ray, are emitted from the sample. These X-

Rays are produced by the movement of electrons within an atom.

To identify the elements present in a sample, EDX uses pulse height analysis. A detector
emits pulses to the sample proportional in height to the characteristic X-Ray energy.
Characteristic X-Rays produced from the transition of electrons due to pulses create ionization
in the detector which induces an electrical charge. These charges are amplified and then
converted into a spectrum using a multichannel pulse-height analyzer. The analyzer measures
the energies of the incoming pulses and creates a histogram of the number of occurrences
(counts) by energy height. The energy height can be calibrated with 31 references to known X-
Ray lines and classified as certain elements. The reflection of secondary electrons is helpful in

creating the topographic imagery of a sample [205].

ThermoGravimetric Analysis (TGA)

Principle and measurements

The ThermoGravimetric analysis is a technique, which measures the weight loss of a
substance as a function of temperature in a controlled atmosphere and temperature program.
Controlled atmosphere is achieved with sample purge gas, which flows over the sample. Purge
gas can be inert or reactive. Mass is measured by thermobalance instrument, which has ability
of simultaneous weighting and heating of a sample mass in a controlled atmosphere.
Temperature range of a typical thermobalance device is from ambient temperature to
1000 - 1600 °C [206].

Results gained from TGA are represented as a thermogravimetric measured curves. The
TGA signal shows changes in the mass of the sample, if it is a stepwise change, and can detect
the temperature when the mass loss curve displays specific losses or gains [207].
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Figure appx.3. Schematic diagram of the working principle and main components of TGA
apparatus [208]

This technique also helps confirm the number of water molecules present in a structure.
Another advantage is that it makes it possible to determine the percentage by mass of graphene
in our prepared composite materials. The TGA measurements were performed with the Labsys
TM Evo (1F) Setaram device. The experiments were carried out starting from an initial mass
of 15 = 0.1 mg. The sample is placed in an alumina crucible and heated, under an air flow of

30 mL/min at a rate of 20 °C/min, from room temperature to 900 °C.

The coupling of DSC and TGA signal is advantageous because it measures physical
transformation as evaporation, sublimation, drying, the physical property as heat flow, as well

as the chemical properties required for the Kinetics.

119



Appendix

Appendix 2: Electrochemical characterization techniques

Galvanostatic cycling

Galvanostatic cycling is practically useful for simulating the real charge/discharge
behavior of battery materials. The cycles involve a constant current being applied to a system
while measuring the potential. This analysis allows determining the reversible capacity, the
irreversible capacity, the cyclability and the insertion potential of Li* ions. When the current is
applied, the system undergoes first a discharging (lithiation) step starting from the open-circuit
voltage (OCV) and down to the minimum potential. Then, the reverse current is applied and a
charging (delithiation) step occurs up to the maximum potential [209]. The current intensity is

given by the following relation [210]:

Q : Electrical charge

C : Capacity

m : Mass of active material

F : Faraday Constant

n : Number of electrons exchanged
M : Molar mass of active material

At : The time, in hours, required for a full charge or discharge in the chosen potential

range, also called the C-Rate.

Cyclic voltammetry (CV)

CV measurements consists of sweeping the potential linearly between two values, V1

and V2 (Figure appx.4.a) [147] and the resulting current is measured with a constant scan rate:

y _dE
T dt
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In a CV the system first typically sits at its open-circuit potential (OCP). Then a potential
is applied between the working-counter electrode couple to sweep the system to more negative
potentials. This produces cathodic currents associated with reduction processes occurring at the
working electrode. Then the system is swept in the reverse direction to more positive potentials.
This produces anodic currents associated with oxidation processes occurring at the working
electrode [211]. A typical cyclic voltammogram record for a reversible single electrochemical
reaction is shown in Figure appx.4.b, where the left-hand side represents reductive potentials

and the right-hand side represents oxidative potentials.

voltage current

a) “ N b) A,

T

time V‘[\/‘ Vo voltage

Vv B e e e et e e

Figure appx.4.a. Graph of electrode voltage potential being swept between V1 and V2 at a
constant rate b. Graph of electrode current changing with a voltage sweep going from

reductive to oxidative and back to reductive potentials [147]

The forward and reverse potential sweeping of the system can be repeated to observe

how redox features in the CV change with repeated scanning.

Linear sweep voltammetry (LSV)

Linear sweep voltammetry (LSV) is a voltammetric method where the current at a
working electrode is measured, while the potential difference between the working electrode

and a reference electrode is swept linearly over time [212].

The experimental apparatus for LSV includes a potentiostat and a three-electrode setup
to deliver a potential and monitor the current change. The three-electrode setup consists of a
working electrode, a counter electrode, and a reference electrode. The potential is delivered to
the system through the working electrode, which is typically an RDE or an RRDE. This
electrode is directly connected to the potentiostat, and ORR occurs on the surface of this

electrode [213]. As the molecules on the surface of the working electrode are oxidized or
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reduced, they move away from the surface. Then, new molecules come into contact with the
surface of the working electrode due to diffusion and convection. The flow of electrons into or
out of the electrode causes the current. The current is a direct measure of the rate at which
electrons are being exchanged through the electrode-electrolyte interface. When this rate
becomes higher than the rate at which the oxidizing or reducing species can diffuse from the
bulk of the electrolyte to the surface of the electrode, the current reaches a limit, which is

represented as a peak in current graphs of the experiment [214].

In LSV, a fixed potential range is determined and the voltage is swept at a constant rate

from the lower limit, V1, to the upper limit, V2, in this range as seen in Figure appx.5.

voltage current

DN b) ™~

time V4 E;. V2 voltage

\/1 __________________

Figure appx.5.a. Graph of electrode voltage potential being swept from V1 to V2 at a
constant rate b. Graph of electrode current changing with a voltage sweep goes from

oxidative to reductive potentials [147]
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