
  



 

 

 

 

 

 

 

 

 

 

 

 

©Copyright by Shiyang Zhao 2015 
All rights reserved 

  



 

 

SYNTHESIS AND CHARACTERIZATION OF ORGANIC MATERIALS 
FOR AQUEOUS LITHIUM-ION BATTERIES 

 
 
 
 
 
 
 
 
 

A Thesis 
 

Presented to 
 

the Faculty of the Department of Electrical and Computer Engineering 
 

University of Houston 
 
 
 
 
 
 
 
 

In Partial Fulfillment 
 

of the Requirements for the Degree 
 

Master of Science  
 

in Electrical Engineering 
 
 
 
 
 

 
 

by 
 

Shiyang Zhao 
 

December 2015 
  



 

 

SYNTHESIS AND CHARACTERIZATION OF ORGANIC MATERIALS  
FOR AQUEOUS LITHIUM-ION BATTERIES 

 
 

______________________________ 
Shiyang Zhao 

 
 
 
Approved:                                                      
      
                                                                                 _____________________________ 

                                                        Chair of the Committee 
                                                                        Dr. Yan Yao, Assistant Professor 

                                                                              Electrical and Computer Engineering 
 
 
 
 
 
 
 

Committee Members:                                    _____________________________ 
                                                                            Dr. Jiming Bao, Associate Professor 

                                                                              Electrical and Computer Engineering 
 
 
 
 
 
 
 

                                                                             _____________________________ 
                                                                                 Dr. Haleh Ardebili, Assistant Professor  

                                                           Mechanical  Engineering 
 
 
 
 
 
 
 

________________________         _____________________________ 
    Dr. Suresh K. Khator,                        Dr. Badrinath Roysam,  
    Associate Dean,                                    Professor and Department Chair, 

  Cullen College of Engineering           Electrical and Computer Engineering



 v 

Acknowledgements 

I would like to thank my advisor, Dr. Yan Yao, for his generous support to my 

master research. It is him who provided me this great opportunity to study and work in 

the lab even though I had little background knowledge in this field. During the two years’ 

study in Dr. Yao’s lab, I was impressed by his inspiring insights as well as his working 

attitude. I learned not only how to do research, appreciate the beauty of science, but also 

get to know what attitude should have to become successful. I will be benefited from 

these previous learning experiences in my whole life. 

I would also like to express my deep gratitude to all group members, especially 

Yanliang Liang and Yan Jing, who has taught me every details of synthesis so patiently. 

They not only taught me why but also taught me the methods to solve problems 

independently. Without their help, I could not have completed my research within three 

semesters.  

Finally, I want to thank my parents for their support during the tough period. They 

are the most important people to me, and I could not fulfill my academic goals without 

their continuous support and understanding during my study along the way. Also, I want 

to thank all of my friends, especially my roommate and boyfriend, who gave me a lot of 

strength and took care of me.  



 

SYNTHESIS AND CHARACTERIZATION OF ORGANIC MATERIALS  
FOR AQUEOUS LITHIUM-ION BATTERIES 

 
 
 
 
 
 

An Abstract 
 

of a 
 

Thesis 
 

Presented to 
 

the Faculty of the Department of Electrical and Computer Engineering 
 

University of Houston 
 
 
 
 
 
 
 

In Partial Fulfillment 
 

of the Requirements for the Degree 
 

Master of Science 
 

in Electrical Engineering 
 
 
 
 
 
 
 

by 
 

Shiyang Zhao 
 

December 2015 



 

 vii 

Abstract 

The world has never stopped seeking more sustainable and cost-effective lithium-

ion batteries due to the increasing energy demand in the near future. Aqueous 

rechargeable lithium batteries (ARLBs) may become a viable candidate due to its 

excellent safety and reliability. Developing electroactive organic electrode materials for 

batteries have attracted more and more interests as green and low-cost materials. Among 

all these materials, polyimide materials with high mechanical strength and excellent 

thermal stability are particularly promising. 

In this Master’s research study, I have synthesized four imide-based materials and 

tested them in aqueous electrolyte as anode electrode materials. One of the four materials, 

N,N’-Bis(ethyl)-1,4,5,8-naphthalenetetracarboxylic diimide (NDIE), achieves a specific 

capacity of 121.3 mAh/g and a 57.7% capacity retention after 20 cycles. After the cell 

optimization, the capacity increased to 158.5 mAh/g and retention increased to 90%, 

respectively. The corresponding polymer, PNDIE, could achieve a specific capacity of 

172.3 mAh/g and a 91.9% retention after 50 cycles. The excellent stability and high 

coulombic efficiency of PNDIE make it a promising anode electrode material candidate 

for ALIBs. 
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Chapter 1 Introduction 

The world we are living in needs energy. The major energy we use today can be 

summarized as oil, coal, peat, shale, natural gas, biofuels and waste, and electricity. 

However, the energy we cannot live without has been consumed too fast. The climate 

changes along with too much CO2 emissions also draw lots of attention. Everybody 

knows that energy is central to achieving the interrelated economic, social, and 

environmental aims of sustainable human development. It is never too late for us to 

realize that both the kinds of energy we produce and the ways we use them need to 

change. According to the Jose Goldemberg, chair of World Energy Assessment, energy 

systems that lead to a more equitable, environmentally sound, and economically viable 

world will be created [1]. 

That is why electrochemical energy conversion and storage systems, including 

batteries, fuel cells, and supercapacitors are definitely playing an important role as an 

alternative because the energy consumption is designed to be more sustainable and more 

environmentally friendly. Among all these choices, batteries, especially rechargeable 

lithium-ion batteries (LIBs), can be treated as such an interesting and worthy topic to 

investigate in so many labs all over the world. A battery contains one or more electrically 

connected electrochemical cells having terminals/contacts to supply electrical energy. 

The rechargeable lithium-ion battery is one of the most promising candidates since it has 

so many advantages compared to others, such as its higher energy density (up to 

180Wh/kg), higher cell voltage (up to about 3.8 V per cell), and longer shelf life (up to 5 

– 10 years). And its market has grown in decades from a research & development interest 

to sales of over 1.1 billion units with value of over $4 billion by 2005 [2]. 
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1.1 Batteries and Other Energy Storage Devices 

Batteries, fuel cells and electrochemical capacitors all belong to devices for 

electrochemical energy storage and conversion. While there are “electrochemical 

similarities” among these three systems, the energy storage and conversion mechanisms 

are different. The similarities are that the energy-providing processes take place at the 

phase boundary of the electrode/electrolyte interface and the electron and ion transport 

are separated. However, batteries have found by far have the most application markets 

and have an established market position [3]. They can be used in portable electronics, 

cars, electrical vehicles (EVs), toys, renewable energy and electric grid and building 

storage, etc. In addition to well-known batteries such as lead-acid and lithium-ion 

batteries, there are many other types of cells in the long river of battery development. A 

short history will be given in the next section. 

1.1.1 Brief History of Batteries 

The earliest battery was discovered two thousand years ago (from the Parthian 

period, roughly 250 ECB to A.D. 250). A clay jar sealed with pitch at its top opening was 

found from an ancient tomb by workers who were constructing a new railway near the 

city of Baghdad [4]. Sticking through the seal was an iron rod surrounded by a copper 

cylinder (see Figure 1.1a). With vinegar or any other electrolytic solution inside, the jar 

produces about 1.1 volts. The next major battery-related research was conducted in 1786 

when Luigi Galvani noticed the reaction of frog legs to voltage, so-called “animal 

electricity” [5]. He thought the reaction was due to a property of the tissues, which was 

not the real case.  
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Later on, in 1800, Alessandro Volta published details of a battery. That battery was 

made by piling up layers of silver, paper or cloth soaked in salt, and zinc. Thirty-six years 

later, since the Voltaic Pile was not good for delivering currents for long periods of time, 

the Daniell Cell was developed by British researcher John Frederich Daniell. The first 

Daniell cell was made of a hollow bullhorn, which was replaced by porous vases later, 

filled with diluted sulfuric acid in which a cylindrical stem of zinc (as anode) was 

immersed. A copper cylinder (as cathode) filled with a saturated copper sulfate solution 

surrounded this system (see Figure 1.1b) [6, 7].  

 

Figure 1.1 Structure of (a) a Baghdad battery and (b) a Daniell cell 

Then, in 1859, the first rechargeable battery, a lead-acid battery, was invented by 

French physicist Gaston Planté. It has been widely used in the car. However, it has quite 

low energy density and only 500-1500 cycles can be maintained due to material 

mechanical stress. Also, it does not like deep cycling because a full discharge causes 

extra stress and each cycle robs the battery of some service life. Furthermore, it is 

essential to have a fully saturated charge periodically; his can help avoid sulfation and 

keep the battery stored in a charged state. All of these problems are forcing people to 

constantly look for a better and safer battery for their cars. More history of battery 

(a) (b)
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development can be found in the Table 1.1 and some common commercial battery system 

can be found in the Table 1.2. 

Table 1.1 History of battery 

Year Inventor Discovery and Invention 
250 ECB - 250 AD Unknown Baghdad Battery 

1786 Luigi Galvani Animal Electricity 
1800 Alessandro Volta Voltaic Pile 
1836 John Frederich Daniell Daniell Cell 
1859 Raymond Gaston Planté Lead Acid 
1866 Georges Leclanché Carbon-Zn Dry Cell 
1910 Thomas Edison Zn/Ni and Fe/Ni Cells 

1893 – 1909 Jungner and Berg Nickel-Cadmium Battery 
1949 Lew Urry Alkaline-Manganese Battery 
1950 Samuel Ruben Zn/HgO Alkaline Battery [8] 
1964 Procter & Gamble Duracell is formed (incorporated) 

 
Table 1.2 Common commercial battery systems [3] 

 

viscosities than aqueous electrolytes. Organic solvent-
based electrolytes (again with the help of kinetics)
are limited to ∼4.6 V. Exceeding the voltage limit in
the organic electrolytes results in polymerization or
decomposition of the solvent system. Solid electrolyte
batteries have found limited use as the power source
for heart pacemakers and for use in military applica-
tions. The basic principles described above apply to
fuel cells and electrochemical capacitors as well as
to batteries.

2.3. Characteristics of Common Battery Systems
A list of common commercial systems is found in

Table 2. A graphical representation of the energy
storage capability of common types of primary and
secondary batteries is shown in Figures 13 and 14.
It is beyond the scope of this paper to discuss all
systems in detail. Instead, we want to review the
most common electrode mechanisms for discharge
and charge depicted in Figure 15.

2.4. Primary Batteries
Figure 15A shows the discharge reaction of a CuS

electrode in a Li-CuS cell. During the cell reaction,
Cu is displaced by Li and segregates into a distinct
solid phase in the cathode. The products of this
displacement type of reaction, Li2S and Cu, are
stable, and the reaction cannot be easily reversed.
Hence, the electrode reactions cannot be recharged
and the cell is considered to be a primary cell, as the
discharge reaction is not reversible. The Li electrode
in Figure 15B is discharged by oxidation. The formed
Li+ cation is going into solution. The reaction is
reversible by redeposition of the lithium. However,
like many other metals in batteries, the redeposition
of the Li is not smooth, but rough, mossy, and
dendritic, which may result in serious safety prob-
lems. This is in contrast to the situation with a lead
electrode in Figure 15C, which shows a similar
solution electrode. Here, the formed Pb2+ cation is
only slightly soluble in sulfuric acid solution, and
PbSO4 precipitates at the reaction site on the elec-

Table 2. Common Commercial Battery Systems

common name nominal voltage anode cathode electrolyte

primary
Leclanché (carbon-zinc) 1.5 zinc foil MnO2 (natural) aq ZnCl2-NH4Cl
zinc chloride (carbon-zinc) 1.5 zinc foil electrolytic MnO2 aq ZnCl2
alkaline 1.5 zinc powder electrolytic MnO2 aq KOH
zinc-air 1.2 zinc powder carbon (air) aq KOH
silver-zinc 1.6 zinc powder Ag2O aq KOH
lithium-manganese dioxide 3.0 lithium foil treated MnO2 LiCF3SO3 or LiClO4

a

lithium-carbon monofluoride 3.0 lithium foil CFx LiCF3SO3 or LiClO4
a

lithium-iron sulfide 1.6 lithium foil FeS2 LiCF3SO3 and/or LiClO4
a

rechargeable
lead acid 2.0 lead PbO2 aq H2SO4

nickel-cadmium 1.2 cadmium NiOOH aq KOH
nickel-metal hydride 1.2 MH NiOOH aq KOH
lithium ion 4.0 Li(C) LiCoO2 LiPF6 in nonaqueous solventsa

specialty
nickel-hydrogen 1.2 H2 (Pt) NiOOH aq KOH
lithium-iodine 2.7 Li I2 LiI
lithium-silver-vanadium oxide 3.2 Li Ag2V4O11 LiAsFa

lithium-sulfur dioxide 2.8 Li SO2 (C) SO2-LiBr
lithium-thionyl chloride 3.6 Li SOCl2 (C) SOCl2-LiAlCl4
lithium-iron sulfide (thermal) 1.6 Li FeS2 LiCl-LiBr-LiF
magnesium-silver chloride 1.6 Mg AgCl seawater

a In nonaqueous solvents. Exact composition depends on the manufacturer, usually propylene carbonate-dimethyl ether for
primary lithium batteries and ethylene carbonate with linear organic carbonates such as dimethyl carbonate, diethyl carbonate,
and ethylmethyl carbonate for lithium ion cells.

Figure 13. Energy storage capability of common com-
mercial primary battery systems. Figure 14. Energy storage capability of common recharge-

able battery systems.

4254 Chemical Reviews, 2004, Vol. 104, No. 10 Editorial
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1.2 Lithium-ion Batteries 

Lithium is the most electropositive element (high voltage); lithium is the lightest 

metallic element with atomic weight 6.94 atomic mass unit (high specific energy); 

lithium ions are small for fast diffusion (high power). All these advantages make lithium 

a great candidate for electrode materials. As a result, serious development of high-

energy-density batteries was started in the 1960s and concentrated on non-aqueous 

primary batteries using lithium as the anode and it was also used in selected military 

applications in the early 1970s [2]. However, using lithium itself as an anode exhibits a 

serious defect; its dendrite formation will directly lead to its failure as an anode. 

Moreover, this safety issue and other problems still exist as challenges right now, such as 

the limitation as suitable cell structures, formulations and so on. 

All these difficulties urged researchers looking for a way to avoid the drastic 

morphological change of the anode during cell cycling. Consequently, the “rocking chair” 

concept and other intercalation-type electrodes have been put forward [9-12]. According 

to Whittingham, Goodenough et al., most of the host materials are transition metal oxides 

or chalcogenides with stable crystal lattices. Therefore, their layer or tunnel structures can 

provide a route for guest ions such as the lithium ion to diffuse. About exactly how the 

transition metal oxides as an anode work, a more detailed mechanism can be found in 

Section 1.2.1. 

From lithium to lithium-ion, from primary battery to rechargeable battery, so many 

hard works and efforts have been paid.  But the sweats were not in vain, since lithium-ion 

battery was developed, it has occupied a significant position as energy storage devices in 

lots of applications, ranging from portable electronics to electric vehicles. However, the 
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general demands for lighter, thinner, and higher capacity lithium ion batteries require 

ongoing research for novel materials with improved properties over that of state of the 

art. Such an effort necessitates a concerted development of both electrodes and 

electrolyte to improve battery capacity, cycle life, and charge-discharge rates while 

maintaining the highest degree of safety available [13, 14]. 

 
Figure 1.2 Comparison between different rechargeable battery technologies in terms 

of volumetric and gravimetric energy densities [15] 

Figure 1.2 emphasizes the relationship of some predominant rechargeable batteries 

between specific and volumetric energy density. The general purpose for battery 

development is to increase energy and power densities, while minimizing volumetric and 

mass limitations (i.e., move to the upper right of Figure 1.2). Portable electronics (e.g., 

cellular phones, PDAs, laptops, etc.) are terrific examples where consumer demand 

imposes both smaller and lighter batteries that require minimal time to charge, but 

without compromising talk time or usable battery life. Such a balance between energy 

density and rate has driven lithium ion technology to the forefront. Therefore, in response 

to these expectations, the next generation of lithium ion batteries will need to achieve 
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higher specific capacities, faster C-rates (time for cell discharge in reciprocal hours), 

increased safety, and appropriate cyclability [14-16]. 

1.2.1 Basic Principles of Lithium-ion Battery 

 

Figure 1.3 The lithium-ion battery mechanism  

Typically, a lithium ion battery operates by shuttling lithium ions from the cathode 

to the anode upon charging and the reversible process occurs during discharge, as shown 

in Figure 1.3. The lithiated metal oxides and graphitic carbons are layered materials with 

interstitial spaces receptive to lithium ion intercalation. The active material is able to 

store the lithium due to the simultaneous electron transport from the current collector to 

reduce the lithium ion at the active material “host” site. The intercalation process is aided 

by a necessary solid-electrolyte-interface (SEI) that forms on the surface of each 

electrode, which serves a critical role, namely, to passivate the electrode surface from 

further solvent reduction and to act as a selective layer to allow only lithium ions to 

diffuse. It is very dangerous if the SEI is not uniform or is broken. More details will be 

given in the challenge section. 

(a) (b)
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1.2.2 Typical Electrode Material 

Different electrode materials for rechargeable Li-based cells are shown below in 

Figure 1.4. For the anode part, the lower the potential the better and for the cathode part, 

the higher the better.  

 

Figure 1.4 Voltage versus capacity for positive and negative electrode materials [15] 

1.2.2.1 Traditional Anode Electrode Materials 

The most fundamental anode material for lithium-based batteries is definitely 

metallic lithium, which has been used in primary batteries from almost sixty-years ago. 

For secondary lithium-based batteries, however, the drawback leads to danger. Therefore, 

carbonaceous materials were shown up as very good candidates due to low cost, low Li-

ion insertion potential (~0.1V vs. Li/Li+), and good cycling stability. Most importantly, 

using carbon materials as a lithium reservoir at the negative electrode could prevent 

dendrite formation during lithium repeat insertion into the carbon host.  

Among carbon materials, graphite is a commonly used anode material in 

rechargeable lithium batteries due to its high coulombic efficiency [17]. However, the 

© 2001 Macmillan Magazines Ltd

4.2 V). Several routes were investigated to circumvent these safety
and capacity issues. Among them was the successful stabilization of
the layered structural framework by an electrochemically inert di-,
tri- or tetravalent cationic substitute for Ni or Co (Al, Ga, Mg or Ti).
This led to LiNi1–xTix/2Mgx/2O2phases29, which were claimed to be safe
and which displayed practical capacities of  180 mA h g–1 compared to
only 140 mA h g–1 for LiCoO2. Another line of investigation involved
the synthesis by chimie douce (‘soft chemistry’) of the layered LiFeO2

and LiMnO2phases to take advantage of the Fe4+/Fe3+ and Mn4+/Mn3+

redox couples, respectively. In spite of the numerous and diverse syn-
thesis methods, attempts to prepare electrochemically attractive
LiFeO2 phases failed. In contrast, research on LiMnO2 has been more
fruitful30, and the structural instability of the layered phase reversing
to the spinel LixMn2O4 upon cycling has recently been diminished
through cationic substitution by chromium (Li1+xMn0.5Cr0.5O2)

31.
These materials exhibit a capacity of 190 mA h g–1 (larger than that
expected from the full oxidation of Mn3+ to Mn4+) with little capacity
fading upon cycling. It seems that within these materials, the role of
Mn is to stabilize the layered structure of the chromium oxide, and
that the large capacity is nested in the Cr oxidation state that changes
reversibly from +3 to +6. It is therefore unfortunate that Cr presents
major toxicity and pricing issues.

The spinel LiMn2O4, although possessing ≈10% less capacity than
LiCoO2, has an advantage in terms of cost and is perceived as being
‘green’ (that is, non-toxic and from abundant material source). 
Additionally, it has long been recognized as a potential alternative
cathode14. Its implementation has been delayed because of limited
cycling and storage performances at elevated temperatures, although
these hurdles were overcome recently by synthesizing dually substi-
tuted LiMn2–xAlxO4–yFy spinel phases32, and by altering their surface
chemistry33.

In the search for improved materials for positive electrodes, it has
been recognized recently that NaSICON (a family of Na super-ionic
conductors) or olivine (magnesium iron silicate) oxyanion scaffolded
structures (Fig. 6), built from corner-sharing MO6 octahedra (where
M is Fe, Ti, V or Nb) and XO4

n– tetrahedral anions (where X is S, P, As,
Mo or W), offer interesting possibilities34. Polyoxyanionic structures

possess M–O–X bonds; altering the nature of X will change (through
an inductive effect) the iono-covalent character of the M–O bonding.
In this way it is possible to systematically map and tune transition-
metal redox potentials. For instance, with the use of the phosphate
polyanions PO4

3–, the Fe3+/Fe2+ and V4+/V3+ redox couples lie at higher
potentials than in the oxide form. One of the main drawbacks with
using these materials is their poor electronic conductivity, and this
limitation had to be overcome35,36 through various materials process-
ing approaches, including the use of carbon coatings, mechanical
grinding or mixing, and low-temperature synthesis routes to obtain
tailored particles. LiFePO4, for example, can presently be used at 90%
of its theoretical capacity (165 mA h g–1) with decent rate capabilities,
and thus is a serious candidate for the next generation of Li-ion cells
(Fig. 7). As expected in the light of these promising results, polyoxyan-
ionic-type structures having XO4

n– entities (where X is Si, Ge) are now
receiving renewed attention with respect to their electrochemical 
performance as electrode materials.

Although numerous classes of insertion–deinsertion materials
were synthesized over the past 20 years, no real gain in capacity was
achieved. One possible way to achieve higher capacities is to design
materials in which the metal-redox oxidation state can change
reversibly by two units (Mn+2/Mn), while preserving the framework
structure, and having molecular masses similar to those of the
presently used 3d metal-layered oxides (for example, LiCoO2). Such
an approach is feasible with W-, Mo- or Nb-based metal oxides37, but
there is no overall gain in specific energy with these heavier elements.
Inserting more than one Li ion per transition metal is also feasible
with a few V-based oxides (V5+ is reduced to an average state of 3.5 in
‘!-Li3V2O5’ (ref. 38) or to 3.67 in Li5V3O8). In principle, except for
coordination number requirements, there is no obvious reason why
this should not happen with other early transition metals and, in this
respect, the recent finding of the reversible Cr6+/Cr3+ redox couple in
a 3dmetal-layered compound provides encouragement.

Tuning the morphology or texture of the electrode material to
obtain porous and high-surface-area composite electrodes 
constitutes another exciting, although less exploited, route to
enhance electrode capacities39. Indeed, V2O5 aerogels, which are
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specific capacity of graphite is relatively low. Therefore, many other carbon materials 

have been studied, such as natural and synthetic graphites, graphitizable carbons, low-

temperature and non-graphitizing carbons and doped carbons [18]. As shown on the left 

side of Figure 1.5, soft carbon, hard carbon and graphite are three major types of carbon 

used in lithium-ion batteries [19]. The first commercialized rechargeable LIB, sold by 

Sony in 1991, used soft carbon as an anode. Soft carbon was replaced by hard carbon 

(i.e., non-graphitisable carbon) because of its enhanced specific capacities [20]. From 

Figure 1.5 we can see their typical potential performance. 

 

Figure 1.5 (Left side) The structures of (a) Soft carbon (b) Hard carbon and (c) 
Graphite; (Right side) Their typical potential performances [20] 

Except carbonaceous materials, another good candidates for anode are lithium-

metal alloys. They are good because they have a relatively high-energy capacity and 

safety characteristics. Their reactions with lithium have been widely studied since the 

1970s. The shortcomings of alloy anodes are low cycle life and high initial capacity loss 

[21]. This is because the large volume expansion/contraction upon lithiation and 

36 © 2015 Johnson Matthey

http://dx.doi.org/10.1595/205651314X685824 Johnson Matthey Technol. Rev., 2015, 59, (1)

materials, as the voltage drop in the potential profi le 
of both carbonaceous materials (13) upon (dis-)charge 
(Figure 1) results in a substantially varying overall cell 
voltage. However, cellular phones need an operational 
voltage of at least 3 V (27). In addition, the utilisation of 
these anode materials suffered a severe safety issue. 
In order to achieve the maximum specifi c capacity, 
the cathodic cut-off potential (i.e. the end-of-charge 
potential for the anode) must be set close to 0 V vs. Li/
Li+ (16), thus, again posing the risk of metallic – in worst 
case dendritic – lithium plating on the carbon particles 
surface. For these reasons a new anode material 
was required. Graphite advantageously addresses all 
these issues rather satisfactorily and is thus still the 
most commonly employed anode material in today’s 
commercial LIBs (5).

3. State-of-the-art Lithium-Ion Battery Anode 
Materials
3.1. Graphite

In contrast to soft and hard carbons, graphite shows 
a rather fl at potential profi le when reversibly hosting 

lithium-ions at potentials below 0.5 V vs. Li/Li+ (Figure 1) 
(25, 28, 29). Additionally, it offers a signifi cantly higher 
specifi c capacity of 372 mAh g–1 (corresponding to one 
lithium per hexagonal carbon ring, i.e. LiC6) with limited 
irreversible capacity (10, 13, 15). Graphite is composed 
of graphene layers, stacked in AB or ABC sequence and 
held together by van der Waals forces (13). Upon (dis-)
charge lithium-ions (de-)intercalate into the layered 
structure by a so-called staging mechanism, resulting 
in an AA stacking confi guration once it is fully lithiated 
(25, 28, 29). Another great advantage of graphite is its 
high electronic conductivity, originating from the sp2-
hybridisation (p-orbitals building a delocalised electron 
network) of the carbon atoms located in the planar, 
hexagonally structured graphene layers (13). 

A major obstacle for the implementation of graphite-
based anodes, however, was their incompatibility with 
the standard electrolyte solvent PC (10, 15). In 1970, 
Dey and Sullivan observed the electrochemically 
induced degradation of the graphite structure in 
PC-based electrolytes (30). As reported in later studies, 
the reason for this degradation was the co-intercalation 
of solvent molecules, i.e. the solvation shell of the 

Fig. 1. Schematic illustration (left side) of: (a) soft carbon; (b) hard carbon; and (c) graphite structures and (right side) their typical 
potential profi les (Figure redrawn from (15, 16))
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delithiation leads to a cracking and pulverization of active material particles and therefore 

loss of electronic contact from the conductive carbon or current collector [22, 23]. 

Transition metal oxides have always been used as cathode materials until they were 

demonstrated as a good anodes because lithium-ions could intercalate and deintercalate 

into/from their structure reversibly [24]. Generally, transition metal oxides have two 

different mechanisms of intercalation and de-intercalation. The basic difference is during 

the process, one mechanism will accompany the formation of Li2O and the other will not. 

1.2.2.2 Conventional Cathode Electrode Materials 

Host material must satisfy the following needs: It must be stable upon lithium 

insertion/extraction, have high potential, be electronically and ionically conducting, and 

be stable with the electrode. Generally, lithium-based metal oxides have been used as 

cathode materials. At present, almost all cathode materials research has been focused on 

LiMO2 (M=Co, Ni, Mn and so on), LiMn2O4, and LiMPO4 (M=Fe, Mn, V and so on).  

The LiMO2 compound has a two-dimensional layered structure (see Figure 1.6). It 

typically contains layered compounds with an anion close-packed or almost close-packed 

lattice in which alternate layers between the anion sheets are occupied by a redox-active 

transition metal. Lithium then inserts itself into the essentially empty remaining layers 

[25]. Take LiCoO2 as an example: it has a high voltage, high capacity, good mixed 

conductor, and moderately long cycle life. However, the LiCoO2 is unsafe when 

overcharged, and it is toxic and expensive. 

LiMn2O4 has a three-dimensional spinal structure (see Figure 1.6). This material 

has the following advantages: Mn is cheap, environmentally benign, safe, and has high 
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rate capability. But the performance of LiMn2O4 is very poor due to Mn dissolution in 

electrolyte, consistent generation of H2O, and Jahn-Teller distortion. 

LiMPO4 has an olivine structure (see Figure 1.6). Take LiFePO4 as an example; this 

compound has similar advantages with the previous one. The problem is that LiFePO4 

has poor conductivity, so the material needs to go nano size and have a surface coating. 

 

Figure 1.6 Crystal structures of conventional cathode materials for lithium-ion 
batteries [25, 26] 

1.2.3 Non-aqueous Liquid Electrolyte 

Typically, a cell must consist of a positive and a negative electrode separated by an 

electrolyte. Electrolytes are ubiquitous and indispensable in all electrochemical devices, 

serving as the medium for the transfer of ions, between a pair of electrodes. It seems like 

the electrolyte is in very close position with both electrodes. So, the need for seeking 

compatible electrolytes always arises with the appearance of new electrode materials. 

Back in the 1950s, the lithium metal was found to be stable in lots of non-aqueous 

solvents due to the SEI layer we mentioned in Section 1.2.1 [27]. Later on, in the 1960s 

and 1970s, the range of electrolyte solvents extended from organic (propylene carbonate) 

to inorganic (thionyl chloride and sulfur dioxide) [28-30]. 

Most electrolytes for lithium-ion batteries contain one or more (usually one) 

lithium salts in mixtures of two or more solvents. Different solvents are used together to 

by LiCoO2, LiNi1-yCoyO2, and today LiNiyMnyCo1-2yO2.
The spinels may be considered as a special case
where the transition-metal cations are ordered in all
the layers. The materials in the second group have
more open structures, like many of the vanadium
oxides, the tunnel compounds of manganese dioxide,
and most recently the transition-metal phosphates,
such as the olivine LiFePO4. The first group, because
of their more compact lattices, will have an inherent
advantage in energy stored per unit of volume, but
some in the second group, such as LiFePO4, are
potentially much lower cost. The following discussion
will center predominantly on these two classes of
materials.

2. Origins of the Lithium Battery
2.1. Early Concepts

Some of the earliest concepts came from Japan,
where Matsuchita developed1 the Li/(CF)n battery
that was used, for example, in fishing floats. Lithium
fluoride and carbon are the final reaction products,
but the cell potential of 2.8-3.0 V suggests a different
electrochemical reaction. It was proposed that lithium
initially intercalates the carbon monofluoride lattice
and subsequently the lithium fluoride is formed:2 Li
+ (CF)nf Lix(CF)nf C + LiF. Although much work
has continued sporadically on the carbon fluorides,
by Exxon and others, the major challenge has been
to make this reaction reversible even when lower
fluoride levels were used. Sanyo, the largest manu-
facturer today of both lithium rechargeable and
nickel metal hydride batteries, developed3,4 one of the
earliest lithium batteries with the Li/MnO2 system
that they initially sold in solar rechargeable calcula-
tors.5 Some early work on ambient systems was also
underway in the United States by 1970, for example,
by Dey et al.6 on the lithium reactivity with a range
of metals, such as aluminum.

Many primary lithium batteries have been devel-
oped for use in the medical field starting with the

lithium iodine cell. The majority of the implantable
cardiac defribrillators use in the last 20 years have
used, as active cathode material, silver vanadium
oxide, Ag2V4O11.7-9 During discharge the silver is
reduced to silver metal, and in addition, more than
one lithium per vanadium can be reacted, giving it a
capacity over 300 mAh/g. The presence of metallic
silver greatly improves the electronic conductivity
and thus the rate capability. Future medical devices,
such as heart-assist devices, will require rechargeable
systems because the capacity of primary cells cannot
provide the power needed for active medical devices.
The copper analogue also reacts by exuding the
metal.

2.2. Molten Salt Systems at Argonne National
Laboratory and General Motors

Most of the early work10-12 on lithium rechargeable
batteries used a molten salt as electrolyte and oper-
ated at around 450 °C. The earliest cells used molten
lithium and molten sulfur as the two electrodes, but
the problems with electrode containment proved
insurmountable. The anode used in the final versions
was the lithium aluminum alloy, LiAl, and iron
sulfides, such as FeS and FeS2, which replaced the
molten sulfur of the early designs. Development
ceased around 1990 when corrosion, temperature,
and other issues overwhelmed the advantages of the
system, the sodium sulfur system appeared more
promising, and early results on ambient lithium
rechargeable systems began to show promise. These
low-cost iron sulfides were also considered in the
1970s in ambient temperature cells. Iron pyrite was
found13 to react with an initial constant potential of
1.5 V, allowing it to replace the more expensive Ag-
Zn button cells and later making it a drop-in replace-
ment for the Zn/MnO2 alkaline cell. It is presently
marketed by Eveready as a primary high-energy cell.
On recharge the structure changes and the subse-
quent discharge has a two-step profile with an initial
discharge of around 2 V.13

It is still the dream of battery researchers to
develop a cell based on the lithium/sulfur couple
which on paper has a simple chemistry, has a much
higher energy density than most of the cathode
materials to be discussed below, and should be
capable of high rates if the sulfur is in solution.
Recent work14 has achieved high capacities at 2 V
even at as low temperatures as -40 °C in electrolyte
solvents of dioxolane and dimethoxyethane. These
cells with their liquid polysufide cathode have gener-
ated specific power exceeding 750 W/kg at 25 °C.
However, such cells still have significant issues with
self-discharge on standing, lithium recharging, and
the highly resistive nature of the cathode. Whether
all these issues will be overcome is still much
debated. A recent concept15 to protect the lithium
anode from the reactive polysulfide medium is to coat
it with a single-ion conducting glass.

2.3. Concept of Mixed Conductors
In 1967 Yao and Kummer reported16 the remark-

able electrolytic behavior of the !-alumina class of

Figure 1. Layered structure of LiTiS2, LiVSe2, LiCoO2,
LiNiO2, and LiNiyMnyCo1-2yO2, showing the lithium ions
between the transition-metal oxide/sulfide sheets. The
actual stacking of the metal oxide sheets depends on the
transition metal and the anion.
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carbonate (DEC) is used as the electrolyte. The chemical reaction

involved during the charging process is shown in reaction (1)

below, and the reverse reaction will occur during the discharge

process:

LiCoO2 + C6 / Li1!xCoO2 + LixC6 (1)

The free energy change involved in reaction (1) is taken out as

electrical energy during the discharge process.

Although initial efforts were focused on transition metal

chalcogenides (sulfides and selenides) as cathodes for recharge-

able lithium cells,14 a recognition by Goodenough’s group during

the 1980’s23,24 that it is difficult to stabilize higher oxidation states

of transition metal ions in chalcogenides and achieve cell voltages

> 2.5 V versus Li/Li+ with them led to the exploration of oxides as

cathode hosts. With this perspective, several transition metal

oxide hosts crystallizing in different structures have been iden-

tified as cathode materials during the past 25 years. Among them,

oxides with a general formula LiMO2 (M ¼ Mn, Co, and Ni)

having a two-dimensional layered structure, LiMn2O4 having the

three-dimensional spinel structure, and LiFePO4 having the

olivine structure as shown in Fig. 2 have become appealing as

cathodes since they exhibit a high charge/discharge potential of

> 3.4 V versus Li/Li+ while graphite with a charge/discharge

potential close to 0 V versus Li/Li+ and a theoretical capacity of

372 mA h g!1 has become appealing as an anode for lithium ion

cells. Coupling of one of these cathodes with graphite anode

offers > 3 V per cell with much higher energy densities than other

rechargeable systems like lead-acid, nickel–cadmium, or metal-

hydride batteries.

However, only 50% of the theoretical capacity of LiCoO2

could be utilized in practical lithium ion cells, which corresponds

to a reversible insertion/extraction of 0.5 lithium in Li1!xCoO2

and 140 mA h g!1 around 4 V versus Li/Li+. Although this

limitation was attributed originally to structural transitions

around (1 ! x) ¼ 0.5,25 extensive chemical delithiation

experiments suggest that the limitation is related primarily to

chemical instability for (1 ! x) < 0.5, arising from a significant

overlap of the redox active Co3+/4+:t2g band with the top of the

O2!:2p band as shown in Fig. 3.26,27 On the other hand, the redox

active Ni3+/4+:eg band only barely touches the top of the O2!:2p

band in Li1!xNiO2, while the redox active Mn3+/4+:eg band lies

well above the top of the O2!:2p band in Li1!xMnO2 as seen in

Fig. 3. As a result, both the Ni3+/4+ and Mn3+/4+ couples exhibit

better chemical stability than the Co3+/4+ couple in Li1!xMO2.

Nevertheless, Li1!xNiO2 suffers from structural transitions and

thermal runaway, while Li1!xMnO2 suffers from a layered to

spinel structural transition during the charge-discharge

process.28–30

The spinel LiMn2O4 with a strong edge-shared [Mn2]O4 octa-

hedral framework, on the other hand, exhibits good structural

stability during the charge-discharge process. The major issue,

however, is the disproportionation of Mn3+ in presence of trace

amounts of H+ ions into Mn2+ and Mn4+, resulting in a leaching

out of Mn2+ ions from the cathode lattice into the electrolyte.31,32

The dissolved manganese ions subsequently deposit on the

graphite anode and leads to a huge rise in impedance and severe

capacity fade at elevated temperatures. Moreover, the capacity of

LiMn2O4 is limited to < 120 mA h g!1 around 4 V versus Li/Li+,

which corresponds to a reversible insertion/extraction of # 0.8

lithium per LiMn2O4 formula unit. Although an additional

lithium could be inserted into the empty octahedral sites of the

[Mn2]O4 framework at a lower voltage of# 3 V versus Li/Li+, it is

accompanied by a macroscopic structural transition from cubic

to tetragonal symmetry due to the Jahn–Teller distortion asso-

ciated with the high spin Mn3+:t2g
3eg

1 ions, resulting in a huge

volume change and severe capacity fade.24 Therefore, the

capacity in the 3 V region could not be used in practical cells.

The olivine LiFePO4 with covalently bonded PO4 groups and

chemically more stable Fe2+/3+ couple offers excellent chemical

stability.33,34 The good chemical stability is due to the lying of the

Fe2+/3+:t2g band well above the top of the O2!:2p band. However,

the major drawback with LiFePO4 is the poor, intrinsic elec-

tronic and lithium ion conductivities arising from a lack of mixed

valency and the one-dimensional lithium ion diffusion. Although

one lithium per LiFePO4 could be reversibly inserted/extracted,

the presence of heavier PO4 groups limits the theoretical capacity

to < 170 mA h g!1 while the lower valent Fe2+/3+ couple operates

at a lower voltage of # 3.4 V versus Li/Li+. Also, the olivine

structure is less dense than the layered and spinel structures,

resulting in a lower volumetric energy density.
Fig. 2 Crystal structures of various cathode materials for lithium ion

batteries.

Fig. 3 Comparison of the energy diagrams of LiCoO2, LiNiO2, and

LiMnO2.
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carbonate (DEC) is used as the electrolyte. The chemical reaction

involved during the charging process is shown in reaction (1)

below, and the reverse reaction will occur during the discharge

process:

LiCoO2 + C6 / Li1!xCoO2 + LixC6 (1)

The free energy change involved in reaction (1) is taken out as

electrical energy during the discharge process.

Although initial efforts were focused on transition metal

chalcogenides (sulfides and selenides) as cathodes for recharge-

able lithium cells,14 a recognition by Goodenough’s group during

the 1980’s23,24 that it is difficult to stabilize higher oxidation states

of transition metal ions in chalcogenides and achieve cell voltages

> 2.5 V versus Li/Li+ with them led to the exploration of oxides as

cathode hosts. With this perspective, several transition metal

oxide hosts crystallizing in different structures have been iden-

tified as cathode materials during the past 25 years. Among them,

oxides with a general formula LiMO2 (M ¼ Mn, Co, and Ni)

having a two-dimensional layered structure, LiMn2O4 having the

three-dimensional spinel structure, and LiFePO4 having the

olivine structure as shown in Fig. 2 have become appealing as

cathodes since they exhibit a high charge/discharge potential of

> 3.4 V versus Li/Li+ while graphite with a charge/discharge

potential close to 0 V versus Li/Li+ and a theoretical capacity of

372 mA h g!1 has become appealing as an anode for lithium ion

cells. Coupling of one of these cathodes with graphite anode

offers > 3 V per cell with much higher energy densities than other

rechargeable systems like lead-acid, nickel–cadmium, or metal-

hydride batteries.

However, only 50% of the theoretical capacity of LiCoO2

could be utilized in practical lithium ion cells, which corresponds

to a reversible insertion/extraction of 0.5 lithium in Li1!xCoO2

and 140 mA h g!1 around 4 V versus Li/Li+. Although this

limitation was attributed originally to structural transitions

around (1 ! x) ¼ 0.5,25 extensive chemical delithiation

experiments suggest that the limitation is related primarily to

chemical instability for (1 ! x) < 0.5, arising from a significant

overlap of the redox active Co3+/4+:t2g band with the top of the

O2!:2p band as shown in Fig. 3.26,27 On the other hand, the redox

active Ni3+/4+:eg band only barely touches the top of the O2!:2p

band in Li1!xNiO2, while the redox active Mn3+/4+:eg band lies

well above the top of the O2!:2p band in Li1!xMnO2 as seen in

Fig. 3. As a result, both the Ni3+/4+ and Mn3+/4+ couples exhibit

better chemical stability than the Co3+/4+ couple in Li1!xMO2.

Nevertheless, Li1!xNiO2 suffers from structural transitions and

thermal runaway, while Li1!xMnO2 suffers from a layered to

spinel structural transition during the charge-discharge

process.28–30

The spinel LiMn2O4 with a strong edge-shared [Mn2]O4 octa-

hedral framework, on the other hand, exhibits good structural

stability during the charge-discharge process. The major issue,

however, is the disproportionation of Mn3+ in presence of trace

amounts of H+ ions into Mn2+ and Mn4+, resulting in a leaching

out of Mn2+ ions from the cathode lattice into the electrolyte.31,32

The dissolved manganese ions subsequently deposit on the

graphite anode and leads to a huge rise in impedance and severe

capacity fade at elevated temperatures. Moreover, the capacity of

LiMn2O4 is limited to < 120 mA h g!1 around 4 V versus Li/Li+,

which corresponds to a reversible insertion/extraction of # 0.8

lithium per LiMn2O4 formula unit. Although an additional

lithium could be inserted into the empty octahedral sites of the

[Mn2]O4 framework at a lower voltage of# 3 V versus Li/Li+, it is

accompanied by a macroscopic structural transition from cubic

to tetragonal symmetry due to the Jahn–Teller distortion asso-

ciated with the high spin Mn3+:t2g
3eg

1 ions, resulting in a huge

volume change and severe capacity fade.24 Therefore, the

capacity in the 3 V region could not be used in practical cells.

The olivine LiFePO4 with covalently bonded PO4 groups and

chemically more stable Fe2+/3+ couple offers excellent chemical

stability.33,34 The good chemical stability is due to the lying of the

Fe2+/3+:t2g band well above the top of the O2!:2p band. However,

the major drawback with LiFePO4 is the poor, intrinsic elec-

tronic and lithium ion conductivities arising from a lack of mixed

valency and the one-dimensional lithium ion diffusion. Although

one lithium per LiFePO4 could be reversibly inserted/extracted,

the presence of heavier PO4 groups limits the theoretical capacity

to < 170 mA h g!1 while the lower valent Fe2+/3+ couple operates

at a lower voltage of # 3.4 V versus Li/Li+. Also, the olivine

structure is less dense than the layered and spinel structures,

resulting in a lower volumetric energy density.
Fig. 2 Crystal structures of various cathode materials for lithium ion

batteries.

Fig. 3 Comparison of the energy diagrams of LiCoO2, LiNiO2, and
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carbonate (DEC) is used as the electrolyte. The chemical reaction

involved during the charging process is shown in reaction (1)

below, and the reverse reaction will occur during the discharge

process:

LiCoO2 + C6 / Li1!xCoO2 + LixC6 (1)

The free energy change involved in reaction (1) is taken out as

electrical energy during the discharge process.

Although initial efforts were focused on transition metal

chalcogenides (sulfides and selenides) as cathodes for recharge-

able lithium cells,14 a recognition by Goodenough’s group during

the 1980’s23,24 that it is difficult to stabilize higher oxidation states

of transition metal ions in chalcogenides and achieve cell voltages

> 2.5 V versus Li/Li+ with them led to the exploration of oxides as

cathode hosts. With this perspective, several transition metal

oxide hosts crystallizing in different structures have been iden-

tified as cathode materials during the past 25 years. Among them,

oxides with a general formula LiMO2 (M ¼ Mn, Co, and Ni)

having a two-dimensional layered structure, LiMn2O4 having the

three-dimensional spinel structure, and LiFePO4 having the

olivine structure as shown in Fig. 2 have become appealing as

cathodes since they exhibit a high charge/discharge potential of

> 3.4 V versus Li/Li+ while graphite with a charge/discharge

potential close to 0 V versus Li/Li+ and a theoretical capacity of

372 mA h g!1 has become appealing as an anode for lithium ion

cells. Coupling of one of these cathodes with graphite anode

offers > 3 V per cell with much higher energy densities than other

rechargeable systems like lead-acid, nickel–cadmium, or metal-

hydride batteries.

However, only 50% of the theoretical capacity of LiCoO2

could be utilized in practical lithium ion cells, which corresponds

to a reversible insertion/extraction of 0.5 lithium in Li1!xCoO2

and 140 mA h g!1 around 4 V versus Li/Li+. Although this

limitation was attributed originally to structural transitions

around (1 ! x) ¼ 0.5,25 extensive chemical delithiation

experiments suggest that the limitation is related primarily to

chemical instability for (1 ! x) < 0.5, arising from a significant

overlap of the redox active Co3+/4+:t2g band with the top of the

O2!:2p band as shown in Fig. 3.26,27 On the other hand, the redox

active Ni3+/4+:eg band only barely touches the top of the O2!:2p

band in Li1!xNiO2, while the redox active Mn3+/4+:eg band lies

well above the top of the O2!:2p band in Li1!xMnO2 as seen in

Fig. 3. As a result, both the Ni3+/4+ and Mn3+/4+ couples exhibit

better chemical stability than the Co3+/4+ couple in Li1!xMO2.

Nevertheless, Li1!xNiO2 suffers from structural transitions and

thermal runaway, while Li1!xMnO2 suffers from a layered to

spinel structural transition during the charge-discharge

process.28–30

The spinel LiMn2O4 with a strong edge-shared [Mn2]O4 octa-

hedral framework, on the other hand, exhibits good structural

stability during the charge-discharge process. The major issue,

however, is the disproportionation of Mn3+ in presence of trace

amounts of H+ ions into Mn2+ and Mn4+, resulting in a leaching

out of Mn2+ ions from the cathode lattice into the electrolyte.31,32

The dissolved manganese ions subsequently deposit on the

graphite anode and leads to a huge rise in impedance and severe

capacity fade at elevated temperatures. Moreover, the capacity of

LiMn2O4 is limited to < 120 mA h g!1 around 4 V versus Li/Li+,

which corresponds to a reversible insertion/extraction of # 0.8

lithium per LiMn2O4 formula unit. Although an additional

lithium could be inserted into the empty octahedral sites of the

[Mn2]O4 framework at a lower voltage of# 3 V versus Li/Li+, it is

accompanied by a macroscopic structural transition from cubic

to tetragonal symmetry due to the Jahn–Teller distortion asso-

ciated with the high spin Mn3+:t2g
3eg

1 ions, resulting in a huge

volume change and severe capacity fade.24 Therefore, the

capacity in the 3 V region could not be used in practical cells.

The olivine LiFePO4 with covalently bonded PO4 groups and

chemically more stable Fe2+/3+ couple offers excellent chemical

stability.33,34 The good chemical stability is due to the lying of the

Fe2+/3+:t2g band well above the top of the O2!:2p band. However,

the major drawback with LiFePO4 is the poor, intrinsic elec-

tronic and lithium ion conductivities arising from a lack of mixed

valency and the one-dimensional lithium ion diffusion. Although

one lithium per LiFePO4 could be reversibly inserted/extracted,

the presence of heavier PO4 groups limits the theoretical capacity

to < 170 mA h g!1 while the lower valent Fe2+/3+ couple operates

at a lower voltage of # 3.4 V versus Li/Li+. Also, the olivine

structure is less dense than the layered and spinel structures,

resulting in a lower volumetric energy density.
Fig. 2 Crystal structures of various cathode materials for lithium ion

batteries.

Fig. 3 Comparison of the energy diagrams of LiCoO2, LiNiO2, and

LiMnO2.
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achieve the performance that can satisfy various functions simultaneously. Some 

common solvents are given in the Table 1.3 below. 

Table 1.3 Organic carbonates and esters as electrolyte solvent [27] 

   

1.3 Different Forms of Lithium-ion Batteries 

One or more electrochemical units (“cells”) constitute a battery. According to the 

way cells are connected, the configurations of a battery can be grouped as: cylindrical, 

coin, prismatic, thin and flat (as shown in Figure 1.7). These various connected methods, 

in series or parallel or both, depend on the desired output voltage and capacity. Besides 

the anode, cathode and electrolyte, another important constituent in a cell is a separator. 

There are two functions that a separator has. First, a separator can keep two electrodes 

apart. Second, a separator functions like a breaker. When temperature inside a cell goes 

too high, a separator would melt, thereby leading to a short circuit and maintaining a safe 

environment. In my experiments, the coin cell has been chosen as the configuration to 

test the performance of anode electrode materials. 

tery applications can hardly be met by any individual
compound, for example, high fluidity versus high
dielectric constant; therefore, solvents of very differ-
ent physical and chemical natures are often used
together to perform various functions simultaneously.
A mixture of salts, on the other hand, is usually not
used, because anion choice is usually limited, and
performance advantages or improvements are not
readily demonstrated.

Solid polymer and gel polymer electrolytes could
be viewed as the special variation of the solution-type
electrolyte. In the former, the solvents are polar
macromolecules that dissolve salts, while, in the
latter, only a small portion of high polymer is
employed as the mechanical matrix, which is either
soaked with or swollen by essentially the same liquid
electrolytes. One exception exists: molten salt (ionic
liquid) electrolytes where no solvent is present and
the dissociation of opposite ions is solely achieved by
the thermal disintegration of the salt lattice (melt-
ing). Polymer electrolyte will be reviewed in section
8 (“Novel Electrolyte Systems”), although lithium ion
technology based on gel polymer electrolytes has in
fact entered the market and accounted for 4% of
lithium ion cells manufactured in 2000.38 On the
other hand, ionic liquid electrolytes will be omitted,
due to both the limited literature concerning this
topic and the fact that the application of ionic liquid
electrolytes in lithium ion devices remains dubious.
Since most of the ionic liquid systems are still in a
supercooled state at ambient temperature, it is
unlikely that the metastable liquid state could be
maintained in an actual electrochemical device,
wherein electrode materials would serve as effective
nucleation sites for crystallization.

2.1. Solvents
In accordance with the basic requirements for

electrolytes, an ideal electrolyte solvent should meet

the following minimal criteria: (1) It should be able
to dissolve salts to sufficient concentration. In other
words, it should have a high dielectric constant (ϵ).
(2) It should be fluid (low viscosity η), so that facile
ion transport can occur. (3) It should remain inert to
all cell components, especially the charged surfaces
of the cathode and the anode, during cell operation.
(4) It should remain liquid in a wide temperature
range. In other words, its melting point (Tm) should
be low and its boiling point (Tb) high. (5) It should
also be safe (high flash point Tf), nontoxic, and
economical.

For lithium-based batteries, the active nature of
the strongly reducing anodes (lithium metal or the
highly lithiated carbon) and the strongly oxidizing
cathodes (transition metal based oxides) rules out the
use of any solvents that have active protons despite
their excellent power in solvating salts, because the
reduction of such protons and/or the oxidation of the
corresponding anions generally occurs within 2.0-
4.0 V versus Li,49 while the charged potentials of the
anode and the cathode in the current rechargeable
lithium devices average 0.0-0.2 V and 3.0-4.5 V,
respectively. On the other hand, the nonaqueous
compounds that qualify as electrolyte solvents must
be able to dissolve sufficient amounts of lithium salt;
therefore, only those with polar groups such as
carbonyl (CdO), nitrile (CtN), sulfonyl (SdO), and
ether-linkage (-O-) merit consideration.

Since the inception of nonaqueous electrolytes, a
wide spectrum of polar solvents has been investi-
gated, and the majority of them fall into either one
of the following families: organic esters and ethers.
The most commonly used solvents from these fami-
lies, along with their physical properties, are listed
in Tables 1 and 2, respectively,50 where the melting
temperature of diethyl carbonate (DEC) deserves
special attention because a significant correction has
been made recently.50e

Table 1. Organic Carbonates and Esters as Electrolyte Solvents

a The mp of DEC recorded in various literature sources (books, papers, commercial catalogs) has been -43 °C, which was
corrected by a very recent measurement (ref 50e). This widespread error of 30° seems to stem from a single source in 1921, which
was then registered by Beilstein Handbuch and escaped detection for approximately eight decades.

Electrolytes for Lithium-Based Rechargeable Batteries Chemical Reviews, 2004, Vol. 104, No. 10 4307
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Figure 1.7 Various lithium-ion battery configurations (a) Cylindrical (b) Coin (c) 
Prismatic and (d) Thin and flat [15] 

1.4 Safety Issue in Non-aqueous Rechargeable Lithium Batteries 

The main issues in organic rechargeable lithium batteries include high cost, 

insufficient cycle life, and poor safety characteristics. Among these barriers, safety is 

always the most important issue, which requires further development of a nonflammable 

electrolyte. Major challenges are related with the thermal stability of anodes or cathodes, 

as well as separators and electrolytes inside the battery when temperature goes too high. 

Both the thermal instability and occurrence of internal short circuits would lead to 

thermal runaway, i.e., fires or explosions. 

In an ideal case, when lithium ions are shuttled between two electrodes, almost all 

the lithium ions can be inserted/removed from the corresponding electrode reversibly. 

The coulombic efficiency can reach 100% and there are no side reactions. However, in a 

real case, the efficiency is a little bit lower than 100% and several surface side reactions 

occur during the charging and discharging process. For example, a highly oxidative 

transition-metal oxide is formed at the positive side and highly reductive lithiated 

© 2001 Macmillan Magazines Ltd

that might be placed on tomorrow’s portable devices, which in turn
places different requirements on the active material chemistry. For
instance, with respect to the lower operating voltages of emerging
electronics, much debate has focused on whether we should develop
a low-voltage active chemistry or rely entirely on electronics
(d.c.–d.c. converters) and persist in searching for high-voltage active
Li chemistry. Finding the best-performing combination of 
electrode–electrolyte–electrode can be achieved only through the
selective use of existing and new materials as negative and positive
electrodes, and of the right electrolyte combination, so as to mini-
mize detrimental reactions associated with the electrode–electrolyte
interface — the critical phase of any electrochemical system.

Materials for positive electrodes
The choice of the positive electrode depends on whether we are deal-
ing with rechargeable Li-metal or Li-ion batteries (Fig. 5)27. For
rechargeable Li batteries, owing to the use of metallic Li as the 
negative electrode, the positive electrode does not need to be lithiated
before cell assembly. In contrast, for Li-ion batteries, because the car-
bon negative electrode is empty (no Li), the positive one must act as a
source of Li, thus requiring use of air-stable Li-based intercalation
compounds to facilitate the cell assembly. Although rechargeable 
Li-SPE cells mainly use Li-free V2O5 or its derivatives as the positive
electrode, LiCoO2 is most widely used in commercial Li-ion batteries,
deintercalating and intercalating Li around 4 V.

Initially, the use of layered LiNiO2 was considered28, as this dis-
played favourable specific capacity compared with LiCoO2. But
expectations were dismissed for safety reasons after exothermic oxi-
dation of the organic electrolyte with the collapsing delithiated
LixNiO2 structure. Delithiated LixCoO2 was found to be more ther-
mally stable than its LixNiO2 counterpart. Thus, substitution of Co
for Ni in LiNi1–xCoxO2 was adopted to provide a partial solution to the
safety concerns surrounding LiNiO2.

Although the reversible delithiation of LiCoO2 beyond 0.5 Li is
feasible, delithiation for commercial applications has been limited to
that value for safety reasons (charged cut-off limited to around 

presented by the polymer technology, Bellcore researchers 
introduced polymeric electrolytes in a liquid Li-ion system26. They
developed the first reliable and practical rechargeable Li-ion HPE
battery, called plastic Li ion (PLiON), which differs considerably
from the usual coin-, cylindrical- or prismatic-type cell configura-
tions (Fig. 4). Such a thin-film battery technology, which offers shape
versatility, flexibility and lightness, has been developed commercially
since 1999, and has many potential advantages in the continuing
trend towards electronic miniaturization. Finally, the ‘next 
generation’ of bonded liquid-electrolyte Li-ion cells, derived from
the plastic Li-ion concept, are beginning to enter the market place.
Confusingly called Li-ion polymer batteries, these new cells use a 
gel-coated, microporous poly-olefin separator bonded to the 
electrodes (also gel-laden), rather than the P(VDF-HFP)-based
membrane (that is, a copolymer of vinylidene difluoride with hexa-
fluoropropylene) used in the plastic Li-ion cells.

Having retraced almost 30 years of scientific venture leading to
the development of the rechargeable Li-ion battery, we now describe
some of the significant issues and opportunities provided by the field
by highlighting the various areas in need of technological advances.

Present status and remaining challenges
Whatever the considered battery technology, measures of its perfor-
mance (for example, cell potential, capacity or energy density) are
related to the intrinsic property of the materials that form the positive
and negative electrodes. The cycle-life and lifetime are dependent on
the nature of the interfaces between the electrodes and electrolyte,
whereas safety is a function of the stability of the electrode materials
and interfaces. Compared with mature batteries technologies, such
as lead–acid or Ni–Cd, rechargeable Li-based battery technologies
are still in their infancy, leaving much hope for improvement over the
next decade. Such improvements should arise from changes in bat-
tery chemistry and cell engineering. Advances in active chemistry are
left to the solid-state chemists’ creativity and innovation in the design
and elaboration of new intercalation electrodes. At the same time,
they must bear in mind that it is impossible to predict the demands
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graphite is generated at the negative side [31]. There are bad influences on the cell 

performance when side reactions happen. First of all, the capacity may decrease since the 

side reactions consume nearby lithium or other active electrode materials. This capacity 

decrease may also happen when some by-products deposit on the surface of active 

electrode material and therefore block the way for charge transfer. Moreover, these side 

reactions can be kinetically accelerated and release large amounts of heat at elevated 

temperature or under abuse environments in a very short period of time. These 

phenomena are very dangerous and could lead to fire or explosion. 

1.5 Background of Aqueous Rechargeable Lithium-ion Battery 

The aqueous rechargeable lithium-ion battery (ARLB) is an emerging battery 

technology first raised in the mid-1990s. At that time, ARLB as a new type of 

rechargeable lithium-ion battery with an aqueous electrolyte was reported [32, 33]. This 

battery uses lithium-intercalation compounds such as LiMn2O4, LiNi0.81Co0.19O2, and 

VO2 as the electrode material and an alkaline or neutral aqueous electrolyte [32-34]. 
 
By 

using aqueous electrolytes, the cells can overcome the disadvantages of non-aqueous 

ones, such as high cost, safety problems, and environmental pollution problems [35]. In 

addition, higher concentration of salts (2.5 mol/L Li2SO4) and lower viscosity of water 

dramatically improve the ionic conductivity and mobility in an aqueous electrolyte 

system. Hence, higher C-rate performance can be expected [36]. 

Aqueous lithium-ion batteries that combine the “rocking-chair” principle of 

conventional LIBs and the use of low cost, nonflammable aqueous electrolyte offer a 

significant advantage over the ones that use organic electrolyte in terms of safety, 

flexibility in vehicle design, and system cost reduction. 
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Figure 1.8 (Left side) O2/H2 evolution potential vs. NHE for different pH; (Right 
side) Intercalation potential of various lithium-ion electrode materials vs. 
NHE and Li/Li+ [37] 

Despite the many advantages of aqueous electrolytes, water has a low 

thermodynamic stability window (1.23 V), resulting in a lower energy density than 

current Li-ion batteries. The position of water’s stability window shifts with pH, 

specifically at 0.059 V per pH unit, as can be seen from the Pourbaix diagram (left side of 

Figure 1.8). The right part of Figure 1.8 shows the intercalation potential of some 

electrode materials that could possibly be used in aqueous Li-ion batteries. In reality, 

many aqueous batteries can function well above the thermodynamic limits. For example, 

the voltage of a Pb-acid battery can reach up to 2.0 V due to the high hydrogen 

overpotential of Pb as well as electronically insulating but ionically conductive PbSO4, 

across which there is a steep potential gradient [38]. Nevertheless, the 

chemical/electrochemical processes of lithium-ion intercalated electrode materials in 

aqueous solutions are much more complicated than those in the organic electrolytes. 
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1.6 Challenges in Aqueous Lithium-ion Batteries 

So far, we have discussed advantages, i.e., high ionic conductivities, low cost, and 

increased safety; and disadvantages, i.e., narrow stability window and poor cycling, of 

ALIBs in general. Here, I want to summarize the main challenges of ALIBs and give 

more detailed explanation. During the charge and discharge process, different kinds of 

side reactions are involved, which turn out to be the culprit and cause a reduced 

reversibility of the cells. According to a chemical review about aqueous rechargeable 

lithium ion batteries, the major challenges – side reactions – are focused on reactions 

between electrode materials and H2O or residual O2 in an aqueous electrolyte, H2 and O2 

evolution from electrolyte decomposition, electrode dissolution in an aqueous electrolyte, 

and proton co-insertion with guest ions [39]. 

The chemical stability of the electrode materials in H2O is very important. Side 

reactions between Li and H2O are detrimental to the cycle stability. When the redox 

voltage is lower than V(x), the voltage of lithium-ion intercalated compounds (LICs), 

undesirable reactions can occur in electrode materials. The majority of cathode electrodes 

are stable against this reaction because their redox potentials are generally higher than 

V(x) [37]. However, that is not the case with the anode side. The chemical stability of the 

anode is more vulnerable since the redox potentials of anodes are typically located near 

V(x) [39]. Even worse, the presence of oxygen leads to the further decrease of electrode 

materials. Taken together, precise control of the cutoff voltage at a certain pH and 

elimination of residual O2 in the electrolyte are very necessary for a stable performance 

of aqueous cells.  
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The evolution of hydrogen and oxygen is another important factor people should 

pay attention to when designing a long-term cycle life battery. Beyond the narrow 

window (about 1.23V), aqueous electrolytes are prone to decompose and generate H2 and 

O2. Even though sometimes the stability limit can be expanded to about 2V, side 

reactions derived from the electrolysis may inevitably occur during long-term cycling. 

That is why it is that important to control the operating potential of both cathodes and 

anodes in aqueous rechargeable batteries. Also, since the catalytic effect of the active 

electrode material itself may lead to water electrolysis, it is better to use a non-catalytic 

electrode in ALIB systems. 

The third and fourth factor may limit long-term cyclability should be electrode 

dissolution and co-insertion of protons with guest ions into the host electrode. The 

dissolution of cathodes at a specific pH has often been noticed in previous work [40, 41]. 

And the co-insertion phenomenon is commonly observed in layered structure materials. 

According to some literatures, this co-insertion can be reduced by increasing the pH [37]. 

However, using acidic aqueous electrolytes, i.e. pH less than or equal to 7, can reduce the 

dissolution of the electrode. Thus, using neutral aqueous electrolytes (pH=7) would be 

the best solution to reduce the chance of both dissolution and proton co-insertion. 

In the past two decades, research on aqueous lithium-ion battery never stopped. 

People have done a lot of work, hoping to solve or avoid the above problems and get a 

battery that have higher capacity and longer cycle life. Some literatures, involved both 

inorganic and organic electrode materials, will be reviewed in next chapter.  
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Chapter 2 Literature Review 

2.1 A Brief Review of Inorganic Electrode Materials in ARLBs 

Compared with organic electrode materials, the research towards inorganic 

materials started much earlier. Some inorganic electrode materials, which have been 

studied the most often, will be given in the Table 2.1 [42]. 

Table 2.1 Some inorganic electrode materials  

 

2.1.1 Cathode Materials 

The spinel LiMn2O4 was first introduced by Thackeray et al. as a cathode material 

for LIB in 1983 [43-45]. It still is one of the best choices of cathode materials due to its 

low cost and stable crystal structure. However, severe capacity fading has always been 

the biggest challenge for this material. Dissolution of Mn2+ into the electrolyte and 

generation of new phases during cycling and the related micro-strains are two main 

reasons lead to this problem [46]. Q.T. Qu et al. reported the porous LiMn2O4, which 

consists of nano-grains, as a cathode material for ARLBs [47]. This porous LiMn2O4 was 

prepared by using polystyrene as a template for the first time. It shows excellent 
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electrochemical performance in terms of high rate capability, high power density, and 

long cycling behavior. The crystalline porous structure allows for favorable 

electrochemical performance of Li+ intercalation/deintercalation into/from the LiMn2O4 

cathode for aqueous rechargeable lithium batteries, which in some degree improve the 

cycling performance. Figure 2.1a shows the discharge curves of the porous LiMn2O4 

electrode at different current densities when the current density of charge was at a fixed 

number (100 mA/g). And Figure 2.1b shows the comparison between the solid one and 

porous one at 1000 mA/g  (use activated carbon as the counter electrode). The capacity 

retention of porous LiMn2O4 after 10000 cycles at 9C with 100% depth of discharge is 

93%. The main reason for its excellent electrochemical performance is because it is nano 

size, has porous morphology, and has high crystalline structure. In addition, the acid-free 

aqueous electrolyte also prevents Mn2+ from dissolution. 

 

Figure 2.1 (a) The discharge curves of the porous LiMn2O4 electrode (b) The cycling 
behaviors of the solid and porous LiMn2O4 electrodes [47] 

LiCoO2 is another cathode material and it is the most widely used in traditional 

LIBs; its intercalation/deintercalation in aqueous electrolyte is similar to that in the 

organic one [48]. It has relatively high voltage, high capacity, and long cycle life. 
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However, the latest data shows that its capacity is about only 120 mAh/g, and it can 

discharge and charge at 10C with capacity less than 90 mAh/g [49]. Tang’s group 

proposed a nano-LiCoO2, which was prepared at low temperature (550°C) and for the 

first time it was used to demonstrate a reversible capacity of 143 mAh/g at 7C and 133 

mAh/g at 70C in 0.5 mol/L Li2SO4 aqueous electrolyte [50]. From Figure 2.2b we can see 

its cycling behavior is also very good; there is no obvious fading during the initial 40 

cycles. This result indicates that the particle size of active materials is very important. It 

can improve the electrochemical performance at high current density in aqueous 

electrolytes. 

 

Figure 2.2 (a) Charge/discharge curves at different C-rates (b) Cycling performance 
at 7C of the as-prepared nano-LiCoO2 in 0.5 mol/L Li2SO4 aqueous 
electrolytes [50] 

G.J. Wang et al. also reported LiCoO2 as a positive electrode in ARLB [51]. In 

their report, LiV3O8 was chosen as the negative electrode and saturated LiNO3 solution 

was chosen as the electrolyte. The result indicates LiCoO2 has a good cycling stability 

and can be used as a power source for EVs. Figure 2.3a shows the charge and discharge 

curves of LiV3O8//LiCoO2, the current density was kept constant at 0.2mA/cm2; and the 

desorp alkali ions with good reversibility [21]. This kind of testing will
not present any adverse influence on the performance of the working
electrode. Both the measured capacity and the coulombic efficiency of
each cycle are shown in Fig. 3(b). The efficiency increases to nearly 100%
after the initial cycle and the capacity does not change much after 40
cycles. In the first cycle, the coulombic efficiency is 92.5%, which is
similar to that in the organic electrolyte. This shows again that the host
structure will not change the de-intercalation and intercalation no
matter in organic or aqueous electrolytes, which is similar to our
former finding [16,17]. As to the increase of reversible capacity with
initial cycling, it is perhaps due to the activation process, which makes
the aqueous electrolyte to immerse into the electrodes [22,23].
Furthermore, the XRD patterns of the electrode were also measured
before and after 40 cycles (Fig. 4), and results show that theposition and
strength of each peak for LiCoO2 have not been evidently changed.
Maybe the nanoparticles can absorb the possible structural distortion
of LiCoO2 during cycling [24] and good cycling behavior was achieved
in the aqueous electrolyte.

4. Conclusion

Lithium intercalation and deintercalation can readily occur for the
nano-LiCoO2 prepared by a sol–gel method at 550 °C in 0.5 mol/l Li2SO4

aqueous electrolyte. It can deliver a charge/discharge capacity of

143 mAh/g at 7C and 133 mAh/g even at 70C. Initial cycling does not
show any evident capacity fading. This suggests that the particle size of
active materials is very important to achieve good electrochemical
performance at high current density in aqueous electrolytes.
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Fig. 3. (a) Charge and discharge curves at different current densities and (b) cycling
behavior at the current density of 1000 mA/g (7C) of the as-prepared nano-LiCoO2 in
0.5 mol/l Li2SO4 aqueous electrolytes.

Fig. 4. XRD patterns of the LiCoO2 electrode before and after 40 cycles.
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desorp alkali ions with good reversibility [21]. This kind of testing will
not present any adverse influence on the performance of the working
electrode. Both the measured capacity and the coulombic efficiency of
each cycle are shown in Fig. 3(b). The efficiency increases to nearly 100%
after the initial cycle and the capacity does not change much after 40
cycles. In the first cycle, the coulombic efficiency is 92.5%, which is
similar to that in the organic electrolyte. This shows again that the host
structure will not change the de-intercalation and intercalation no
matter in organic or aqueous electrolytes, which is similar to our
former finding [16,17]. As to the increase of reversible capacity with
initial cycling, it is perhaps due to the activation process, which makes
the aqueous electrolyte to immerse into the electrodes [22,23].
Furthermore, the XRD patterns of the electrode were also measured
before and after 40 cycles (Fig. 4), and results show that theposition and
strength of each peak for LiCoO2 have not been evidently changed.
Maybe the nanoparticles can absorb the possible structural distortion
of LiCoO2 during cycling [24] and good cycling behavior was achieved
in the aqueous electrolyte.

4. Conclusion

Lithium intercalation and deintercalation can readily occur for the
nano-LiCoO2 prepared by a sol–gel method at 550 °C in 0.5 mol/l Li2SO4

aqueous electrolyte. It can deliver a charge/discharge capacity of

143 mAh/g at 7C and 133 mAh/g even at 70C. Initial cycling does not
show any evident capacity fading. This suggests that the particle size of
active materials is very important to achieve good electrochemical
performance at high current density in aqueous electrolytes.

Acknowledgments

Financial support from National Basic Research Program of China
(973 Program No. 2007CB209702), STCSM (09QH1400400) and
Sanyo Chemical Industries Ltd. is gratefully acknowledged.

References

[1] Y.P. Wu, X.B. Dai, J.Q. Ma, Y.J. Cheng, Lithium Ion Batteries: Practice and
Applications, Chemical Industry Press, Beijing, 2004.

[2] K. Mizushima, D.C. Jones, P.J. Wiseman, J.B. Goodenough, Mater. Res. Bull. 15
(1980) 783.

[3] J. Kim, P. Fulmer, A. Manthiram, Mater. Res. Bull. 34 (1999) 571.
[4] M.K. Jo, S. Jeong, J. Cho, Electrochem. Commun. 12 (2010) 992.
[5] H. Huang, P.G. Bruce, J. Power Sources 54 (1995) 52.
[6] W. Li, J.R. Dahn, D. Wainwright, Science 264 (1994) 1115.
[7] W. Li, J.R. Dahn, J. Electrochem. Soc. 142 (1995) 1742.
[8] D. Aurbach, Z. Lu, A. Schechter, Y. Gofer, H. Gizbar, R. Turgeman, Y. Cohen, M.

Moshkovich, E. Levi, Nature 407 (2000) 724.
[9] T. Zhang, N. Imanishi, S. Hasegawa, A. Hirano, J. Xie, Y. Takeda, O. Yamamoto, N.

Sammes, J. Electrochem. Soc. 155 (2008) A965.
[10] H.Q. Li, Y.G. Wang, H.T. Na, H.M. Liu, H.S. Zhou, J. Am. Chem. Soc. 131 (2009)

15098.
[11] J.P. Zheng, R.Y. Liang, M. Hendrickson, E.J. Plichta, J. Electrochem. Soc. 155 (2008)

A432.
[12] G.J. Wang, L.J. Fu, N.H. Zhao, L.C. Yang, Y.P. Wu, H.Q. Wu, Angew. Chem. Int. Ed. 46

(2007) 295.
[13] G.J. Wang, H.P. Zhang, L.J. Fu, B. Wang, Y.P. Wu, Electrochem. Commun. 9 (2007)

1873.
[14] R. Ruffo, C. Wessells, R.A. Huggins, Y. Cui, Electrochem. Commun. 11 (2009) 247.
[15] G.J. Wang, L.C. Yang, Q.T. Qu, B. Wang, Y.P. Wu, R. Holze, J. Solid State Electrochem.

14 (2010) 865.
[16] Q.T. Qu, G.J. Wang, L.L. Liu, S. Tian, Y. Shi, Y.P. Wu, Funt. Mater. Lett. 3 (2010) 3.
[17] G.J. Wang, Q.T. Qu, B. Wang, H.P. Zhang, Y.P. Wu, R. Holze, Electrochim. Acta 54

(2009) 1199.
[18] Y.X. Gu, D.R. Chen, X.L. Jiao, J. Phys. Chem. B 109 (2005) 17901.
[19] V. Patil, A. Patil, J.W. Choi, Y.P. Lee, Y.S. Yoon, H.J. Kim, S.J. Yoon, J. Electroceram. 23

(2009) 214.
[20] Y.G. Guo, Y.S. Hu, W. Sigle, J. Maier, Adv. Mater. 19 (2007) 2087.
[21] Q.T. Qu, B. Wang, L.C. Yang, Y. Shi, S. Tian, Y.P. Wu, Electrochem. Commun. 10

(2008) 1652.
[22] L.C. Yang, Q.S. Gao, Y.H. Zhang, Y. Tang, Y.P. Wu, Electrochem. Commun. 10 (2008)

118.
[23] Q.T. Qu, P. Zhang, B. Wang, Y.H. Chen, S. Tian, Y.P. Wu, R. Holze, J. Phys. Chem. C 113

(2009) 14020.
[24] L.C. Yang, Q.T. Qu, Y. Shi, Y.P. Wu, T. van Ree, Materials for lithium ion batteries by

mechanochemical methods, Chapter 15, in: Małgorzata Sopicka-Lizer (Ed.), High
Energy Ball Milling: Mechanochemical Production of Nanopowders, Woodhead
Publishing Limited, 2010, p. 372.

Fig. 3. (a) Charge and discharge curves at different current densities and (b) cycling
behavior at the current density of 1000 mA/g (7C) of the as-prepared nano-LiCoO2 in
0.5 mol/l Li2SO4 aqueous electrolytes.

Fig. 4. XRD patterns of the LiCoO2 electrode before and after 40 cycles.

1526 W. Tang et al. / Electrochemistry Communications 12 (2010) 1524–1526

(a) (b)



 

 21 

capacity was calculated based on the weight of the positive electrode. Figure 2.3a shows 

the voltage profiles in organic electrolytes and aqueous electrolytes are similar. Although 

the capacity of the aqueous one is lower than the organic one, it still proves the truth that 

this charge/discharge behavior can be transferred into an aqueous solution with the 

appropriate intercalation/deintercalation voltages. Figure 2.3b shows a cycling 

performance, with about 65% retention after 40 cycles and about 36% retention after 100 

cycles. However, it is already a good result back in 2007.  

 

Figure 2.3 (a) Charge/discharge curves for the first cycle of LiV3O8//LiCoO2 cells in 
organic and aqueous electrolytes (b) Cycling behavior of 
LiV3O8//LiCoO2 in aqueous electrolytes at 1 C [51] 

2.1.2 Anode Materials 

Cathode materials commonly used in non-aqueous LIBs are generally stable in 

aqueous electrolytes. The challenge is at the anode side; the current inorganic anodes 

show relative low capacity, are expensive due to costly transition metal being used, and 

show poor cyclability due to materials dissolution in electrolyte. 

H.B. Wang et al. reported an improvement of cycling performance of a lithium-ion 

cell by coating polypyrrole on the anode side [52]. This lithium-ion cell, LiMn2O4//5M 

LiNO3//LixV2O5, was assembled in their study. According to their study, the main reasons 

approximately 1.05 V, which is a little lower than the results
from the cyclic voltammetry (1.075!(!0.046)= 1.121 V)
owing to overpotential. This average output voltage is similar
to those of Ni–MH and Ni–Cd rechargeable systems (ca.
1.2 V). Since this voltage is also similar to that of primary Zn-
MnO2 batteries, they are also prime candidates for substitu-
tion. If the capacity of LiCoO2 can be brought up to the level
in lithium-ion batteries by adjusting the experimental con-
ditions, its capacity density will be quite attractive.

During cycling at lower rate (0.2 mAcm!2, ca. C/17 (C=
charge/discharge rate)), the capacity of the LiV3O8//LiCoO2

cells in the first few cycles in the aqueous electrolyte is very
stable (see Supporting Information). Figure 3 shows the
cycling behavior at 1 C between 0.5 and 1.5 V. Approximately
65% of the maximal discharge capacity is maintained after 40
cycles, and approximately 36% after 100 cycles. It is clear that
this cycling behavior is much better than those reported
previously.[9–11] Of course, its capacity still fades. However, we
think that this capacity fading can be ameliorated by adjusting

the composition of the electrolytes and the current collector
and processing, since the data in Figure 1 clearly show that the
side reaction from water is very slight. The choice of positive
electrode is also very important since there is another small
oxidation peak at 1.1 V in the enlarged cyclic voltammograms
of LiCoO2 shown in Figure 1.

In summary, an aqueous rechargeable lithium battery
(ARLB) has been constructed with LiCoO2 as the positive
electrode and LiV3O8 as the negative electrode. It is an
interesting alternative battery in light of its cost (inexpensive
materials and easy assembly), environmental friendliness, and
fundamental safety, and it avoids the use of poisonous metals
and flammable and harmful acidic or alkaline electrolytes.
Both electrode materials are stable in saturated aqueous
LiNO3 solution. Its average output voltage is approximately
1.05 V. Of course, further research is needed to improve the
electrochemical properties, such as capacity, energy density,
and cyclability. However, this approach provides another way
to construct viable and practical rechargeable aqueous
batteries by selecting intercalation compounds as positive
and negative electrodes. Further studies are underway to
determine the changes at the electrodes and the redox
kinetics during the charge and discharge processes. The
aqueous electrolyte used herein is better suited to a high rate
capability for cells because the ionic conductivity of aqueous
solutions is usually on the order of two orders of magnitude
higher than that of nonaqueous electrolytes.[3] Further
research in this area is also underway.

Experimental Section
Crystalline LiV3O8 and LiCoO2 were prepared by a conventional
solid-state reaction by heating a stoichiometric mixture of Li2CO3 and
V2O5, or Li2CO3 and Co3O4, at 680 or 800 8C, respectively. The
resulting products were cooled to ambient temperature to produce
brown or black solids, respectively, which were investigated by X-ray
diffraction.

The preparation of the negative and positive electrodes was
conducted in a similar way. The electrode was prepared by pressing a
powdered mixture of the sample, acetylene black, and poly(tetra-
fluoroethylene) in a weight ratio of 80:10:10. The positive and
negative electrode disks were pinched into nickel meshes and
immersed in a saturated LiNO3 solution with an electrode separation
of approximately 1 cm.

Cyclic voltammetry was performed with a three-electrode
electrochemical cell in saturated LiNO3 solution. An SCE and a
nickel mesh were used as reference and counter electrodes, respec-
tively.

Galvanostatic discharge and charge tests were performed with a
cycle tester from LAND Electronic Co. controlled by a personal
computer at a constant current density with a cutoff voltage of 1.5–
0.5 V.

The electrochemical performance of the LiV3O8//LiCoO2 cell was
also tested in nonaqueous solution. This cell was assembled in an
argon-filled glove box and used 1m LiPF6 in 1:1:1 (v/v/v) EC/DMC/
DEC as electrolyte and Celgard 2400 as separator.

All electrical measurements were performed at ambient temper-
ature.

Received: September 9, 2006
Published online: November 28, 2006

Figure 2. Charge and discharge curves of LiV3O8//LiCoO2 cells in the
first cycle in organic (1m LiPF6 solution in 1:1:1 (v/v/v) EC/DMC/
DEC) and aqueous electrolytes at a voltage (U) between 0.5 and 1.5 V.
The charge/discharge current density was kept constant at
0.2 mAcm!2 and the capacity (C) was calculated based on the weight
of the positive electrode. EC=ethylene carbonate, DMC=dimethyl
carbonate, DEC=diethyl carbonate.

Figure 3. Cycling behavior of the LiV3O8//LiCoO2 ARLB at 1 C; voltage
range: 0.5–1.5 V. The discontinuities in the curve resulted from the
shut-down of the power supply during the experiment.
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owing to overpotential. This average output voltage is similar
to those of Ni–MH and Ni–Cd rechargeable systems (ca.
1.2 V). Since this voltage is also similar to that of primary Zn-
MnO2 batteries, they are also prime candidates for substitu-
tion. If the capacity of LiCoO2 can be brought up to the level
in lithium-ion batteries by adjusting the experimental con-
ditions, its capacity density will be quite attractive.

During cycling at lower rate (0.2 mAcm!2, ca. C/17 (C=
charge/discharge rate)), the capacity of the LiV3O8//LiCoO2
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fundamental safety, and it avoids the use of poisonous metals
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Both electrode materials are stable in saturated aqueous
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determine the changes at the electrodes and the redox
kinetics during the charge and discharge processes. The
aqueous electrolyte used herein is better suited to a high rate
capability for cells because the ionic conductivity of aqueous
solutions is usually on the order of two orders of magnitude
higher than that of nonaqueous electrolytes.[3] Further
research in this area is also underway.

Experimental Section
Crystalline LiV3O8 and LiCoO2 were prepared by a conventional
solid-state reaction by heating a stoichiometric mixture of Li2CO3 and
V2O5, or Li2CO3 and Co3O4, at 680 or 800 8C, respectively. The
resulting products were cooled to ambient temperature to produce
brown or black solids, respectively, which were investigated by X-ray
diffraction.

The preparation of the negative and positive electrodes was
conducted in a similar way. The electrode was prepared by pressing a
powdered mixture of the sample, acetylene black, and poly(tetra-
fluoroethylene) in a weight ratio of 80:10:10. The positive and
negative electrode disks were pinched into nickel meshes and
immersed in a saturated LiNO3 solution with an electrode separation
of approximately 1 cm.

Cyclic voltammetry was performed with a three-electrode
electrochemical cell in saturated LiNO3 solution. An SCE and a
nickel mesh were used as reference and counter electrodes, respec-
tively.

Galvanostatic discharge and charge tests were performed with a
cycle tester from LAND Electronic Co. controlled by a personal
computer at a constant current density with a cutoff voltage of 1.5–
0.5 V.

The electrochemical performance of the LiV3O8//LiCoO2 cell was
also tested in nonaqueous solution. This cell was assembled in an
argon-filled glove box and used 1m LiPF6 in 1:1:1 (v/v/v) EC/DMC/
DEC as electrolyte and Celgard 2400 as separator.

All electrical measurements were performed at ambient temper-
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of capacity fading of this cell may be attributed to the crystalline structure and phase 

transformation of LixV2O5, and the dissolving of the V-ion during cycling process. It 

means the anode side has more effect on cycling performance. In order to stabilize the 

cycling life, polymerization of pyrrole on the surface of LixV2O5 particles was 

implemented. There is an obvious improvement in the electrochemical performance after 

coating PPy on the anode side. In Figure 2.4a/c we can see the difference is very obvious. 

Figure 2.4c shows that with a coated anode, 86% capacity retention was achieved after 40 

cycles and 82% after 60 cycles. However, only 8% of the original capacity remains after 

40 cycles for the cell with a bared anode. In addition, as you can see in Figure 2.4b the 

cell with coated anode also delivers a specific capacity of 43 mAh/g at an average voltage 

of 1.15 V. Figure 2.4b shows the second cycle of the charge/discharge curve and was 

conducted in 5M LiNO3 aqueous electrolyte. This study demonstrates that surface coating 

with a conductive polymer can effectively improve the cycling stability of a lithium-ion 

battery with aqueous electrolyte.  

 

Figure 2.4 (a) Cycling performance and coulombic efficiency curves of cell before 
coating PPy on bare anode (b) Charge/discharge curves of 
LiMn2O4//LixV2O5-PPy cell (c) Cycling performance and coulombic 
efficiency curves of cell after coating PPy [52]  

NASICON-structure LiTi2(PO4)3 has high capacity, suitable potential, and a flat 

voltage plateau in aqueous electrolyte. However, this material has very low electronic 
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Fig. 2. Charge/discharge curves for a LiMn2O4/5 M LiNO3/LixV2O5 cell for
the first cycle (!), the second cycle (!) and the corresponding single potential
curves for the second cycle of the LiMn2O4 cathode (") and the LixV2O5 (⋆).
The charge and discharge voltage is 0.5 and 1.7 V, respectively, at 0.1 C. The
capacity calculation is based on the weight of both cathode and anode.

of the LixV2O5. The cell delivers a capacity of about 40 mAh g−1

for the first two cycles (based on the weight of both the anode
and cathode active materials). The charge capacity of the first
cycle is significantly larger than the second cycle although the
discharge capacities are almost the same, this behavior indicate
the existence of irreversible intercalation sites irreversible phase
transformation, which lead to the low coulombic efficiency [10].
No obvious charge and discharge plateau was observed, which
ascribes to the inclining/declining charge/discharge curves of
anode.

Cycling performance of the cell was examined at a current
of 0.2 C between 0.6 and 1.7 V and the results are displayed in
Fig. 3. The cell exhibits 20 cycles with less than 15% capacity
loss. While after the 20th cycle, capacity faded drastically and
only about 8% of the original capacity remained after 40 cycles.
The coulombic efficiency of the cell with the cycling number
is also given in Fig. 3. The coulombic efficiency is about 87%,
suggesting that decomposition of electrolyte still occurred in the
cycling region.

Fig. 3. Cycling stability and coulombic efficiency curves of cell with bare anode
at 0.2 C between 0.5 and 1.7 V.

Fig. 4. X-ray diffraction patterns of LiMn2O4 cathode (a) before cycling and
after (b) 1 cycle, (c) 20 cycles, (d) 30 cycles and (e) 40 cycles.

3.3. Reasons of capacity fading

It was suggested that the capacity fading of aqueous lithium
ion battery is related with transition metal ion dissolution, phase
transformation of electrode material, decomposition of water
and so on [2]. Here we concentrate on the first two. The elec-
trodes and the electrolyte of the cell of different cycling state
were analyzed with XRD and ICP, respectively. It can be seen
from Fig. 4 that the main structure of LiMn2O4 is well main-
tained before cycling and after 1, 20, 30 and 40 cycles. However
it is obvious from Fig. 5 that the crystalline structure of LixV2O5
changed completely after the first cycle, new phase of LixV2O5
was formed, which may ascribe to the irreversible phase trans-
formation of LixV2O5 and different value of x. The crystalline
structure of LixV2O5 kept well from the second cycle to the
20th cycle although the peaks relative intension changed (we
have tried to find the corresponding structure with jade5.0, but
we failed). After 30 cycles, some peaks disappeared, this means

Fig. 5. X-ray diffraction patterns of LixV2O5 anode (a) before cycling and after
(b) 1 cycle, (c) 20 cycles, (d) 30 cycles and (e) 40 cycles.
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Fig. 8. Typical charge (!) and discharge (⃝) curves of LiMn2O4/LixV2O5–PPy
cell for the second cycle in 5 M LiNO3 aqueous electrolyte at a 0.2 C rate between
1.7 and 0.6 V.

anode. However, for practical battery application, a more flat
charge/discharge curve is necessary.

Fig. 9 shows the discharge capacity of the aqueous cell with
PPy-coated anode as well as coulombic efficiency. Compared
with Fig. 3, it can be seen that the cycling stability and capacity
of the aqueous are improved greatly by PPy coating on LixV2O5.
The irreversible capacity loss of the first time is also reduced.
The cycling efficiency was also improve on value and as well
as stability according to anode coating. The discharge capac-
ity of the cell with PPy-coated anode after 40 cycles is ∼86%
of the original capacity, while for that of cell with bare anode
deteriorated to ∼8%.

In order to further understand the effect of aqueous insolu-
ble polypyrrole coating on the surface of the anode particles, the
LixV2O5/PPy anode after 40 cycles was characterized with XRD
and the result is shown in Fig. 10. Compared with bare anode
after 40 cycles shown in Fig. 5, the structure was well kept except
some change of relative intensity. Dissolving mount of V ion

Fig. 9. Cycling stability and coulombic efficiency curves of cells with bare anode
and PPy-coated anode at 0.2 C rate between 0.6 and 1.7 V.

Fig. 10. X-ray diffraction patterns of LixV2O5/PPy anode after 40 cycles.

after 40 cycles was also reduced to about 1.50% according to ICP
measurement. These may ascribe to effect of aqueous insoluble
polypyrrole coating on the surface of the anode particles, which
can effectively reduce the direct contact of active materials of
anode and electrolyte, thus stabilize the phase transformation
which may caused by great loss of transition mental ions and sta-
bilize the capacity fading. More relationship of cycling capacity,
phase transformation and dissolving amount of LixV2O5 anode
need further investigation. Over all, the cell with coated anode
exhibits higher and more stable capacity than that of bare one
upon cycling.

4. Conclusions

LiMn2O4/5 M LiNO3/LixV2O5 lithium ion cell was assem-
bled and main reasons of capacity fading of this cell may attribute
to crystalline structure and phase transformation of LixV2O5 and
dissolving of V ion during cycling process. In order to stabilize
the cycle life of aqueous lithium in battery, thus improve the
cycle life the cell, polymerization of pyrrole on the surface of
LixV2O5 particles has been performed. The cell with PPy coated
anode shows significant improvement in electrochemical perfor-
mance compared with that having bare anode cell. The capacity
remains about 86% of original value after 40 cycles and 82%
after 60 cycles. While for cell with bare anode, only 8% of orig-
inal capacity remains after 40 cycles. The cell also delivers a
specific capacity of 43 mAh g−1 at average voltage of 1.15 V.
This study demonstrates that surface coating with conductive
polymer can effectively improve the cycling stability of lithium
ion battery with aqueous electrolyte.
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Fig. 9 shows the discharge capacity of the aqueous cell with
PPy-coated anode as well as coulombic efficiency. Compared
with Fig. 3, it can be seen that the cycling stability and capacity
of the aqueous are improved greatly by PPy coating on LixV2O5.
The irreversible capacity loss of the first time is also reduced.
The cycling efficiency was also improve on value and as well
as stability according to anode coating. The discharge capac-
ity of the cell with PPy-coated anode after 40 cycles is ∼86%
of the original capacity, while for that of cell with bare anode
deteriorated to ∼8%.

In order to further understand the effect of aqueous insolu-
ble polypyrrole coating on the surface of the anode particles, the
LixV2O5/PPy anode after 40 cycles was characterized with XRD
and the result is shown in Fig. 10. Compared with bare anode
after 40 cycles shown in Fig. 5, the structure was well kept except
some change of relative intensity. Dissolving mount of V ion

Fig. 9. Cycling stability and coulombic efficiency curves of cells with bare anode
and PPy-coated anode at 0.2 C rate between 0.6 and 1.7 V.

Fig. 10. X-ray diffraction patterns of LixV2O5/PPy anode after 40 cycles.

after 40 cycles was also reduced to about 1.50% according to ICP
measurement. These may ascribe to effect of aqueous insoluble
polypyrrole coating on the surface of the anode particles, which
can effectively reduce the direct contact of active materials of
anode and electrolyte, thus stabilize the phase transformation
which may caused by great loss of transition mental ions and sta-
bilize the capacity fading. More relationship of cycling capacity,
phase transformation and dissolving amount of LixV2O5 anode
need further investigation. Over all, the cell with coated anode
exhibits higher and more stable capacity than that of bare one
upon cycling.

4. Conclusions

LiMn2O4/5 M LiNO3/LixV2O5 lithium ion cell was assem-
bled and main reasons of capacity fading of this cell may attribute
to crystalline structure and phase transformation of LixV2O5 and
dissolving of V ion during cycling process. In order to stabilize
the cycle life of aqueous lithium in battery, thus improve the
cycle life the cell, polymerization of pyrrole on the surface of
LixV2O5 particles has been performed. The cell with PPy coated
anode shows significant improvement in electrochemical perfor-
mance compared with that having bare anode cell. The capacity
remains about 86% of original value after 40 cycles and 82%
after 60 cycles. While for cell with bare anode, only 8% of orig-
inal capacity remains after 40 cycles. The cell also delivers a
specific capacity of 43 mAh g−1 at average voltage of 1.15 V.
This study demonstrates that surface coating with conductive
polymer can effectively improve the cycling stability of lithium
ion battery with aqueous electrolyte.
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conductivity. Porous, highly crystalline NASICON-phase LiTi2(PO4)3 was reported by 

J.Y. Luo and Y.Y. Xia [53]. The material was prepared by a novel poly(vinyl alcohol)-

assisted sol-gel route and coated by a uniform and continuous nanometers-thick carbon 

thin film using chemical vapor deposition technology. The as-prepared LiTi2(PO4)3 

exhibits excellent electrochemical performance both in organic and aqueous electrolytes, 

and especially shows good cycling stability in aqueous electrolytes (Figure 2.5a). An 

aqueous lithium-ion battery consists of a combination of LiMn2O4 cathode, LiTi2(PO4)3 

anode, and a 1M Li2SO4 electrolyte. The cell has a capacity of 40 mAh/g and a specific 

energy of 60 Wh/kg with an output voltage of 1.5 V based on the total weight of the 

active electrode materials. It also exhibits an excellent cycling stability with a capacity 

retention of 82% over 200 charge/discharge cycles.  

 

Figure 2.5 (a) Cycling performance of the LiTi2(PO4)3//LiMn2O4 aqueous lithium-
ion battery at a current rate of 10 mA/cm2 (b) CV curves of a 
LiTi2(PO4)3 and LiMn2O4 at a sweep rate of 0.3 mV/s in 1 M Li2SO4 
solution [53] 

2.2 A Brief Review of Organic Electrode Materials in ARLBs 

Although it seems that the real study regarding organic electrode materials started 

recently, it is actually not new to use organic materials as the active materials for the 

battery electrode. As early as the 1960s, dichloroisocyanuric acid was used as a cathode 

age battery voltage is 1.5 V. These assumptions would give
about 54 W h kg–1 in a practical battery, which can compete
with Ni–Cd (about 50 W h kg–1) technology.

Figure 14 shows the cycling profile of the aqueous lithium-
ion battery at a current of 10 mA cm–2 between 0 and 1.85 V.
The battery exhibits 200 cycles with about 20 % capacity loss

at an extreme cycling condition without relaxation between cy-
cles. To the best of our knowledge, this cycling behavior is
much better than that of any other aqueous lithium-ion battery
reported [only 25 cycles for VO2 (B)/LiMn2O4,[8] 40 % after
100 cycles for LiV3O8/LiNi0.81Co0.19O2,[9] 36 % after 100 cycles
for LiV3O8/LiCoO2,[10] and 85 and 75 % after 10 cycles for
TiP2O7/LiMn2O4 and LiTi2(PO4)3/LiMn2O4, respectively. [11]

As can also be seen in Figure 14, the coulombic efficiency
remains about 95–99 %, which suggests that no significant gas
evolution occurs in the cycling voltage region. Obviously, the
good cycling stability of the macroporous carbon-coated
LiTi2(PO4)3 electrodes utilized in the battery complements the
intrinsic cycling stability of the LiMn2O4 electrode. For the first

time, the combination of a LiMn2O4 cathode and a macropo-
rous carbon-coated LiTi2(PO4)3 has been proven to be suitable
for high-performance aqueous lithium-ion battery application;
this result can be reasonably ascribed to the interesting syner-
gistic effects of nanotechnology and coating technology of the
LiTi2(PO4)3 anode material.

3. Conclusion

In this paper, macroporous, well crystalline carbon-coated
Nasicon-type phase LiTi2(PO4)3 is prepared by one-step syn-
thesis route from an aqueous precursor of Li2CO3,
(NH)4H2PO4, and TiO2 using PVA as a synthetic agent and
coated by a uniform and continual carbon thin film using CVD
technology. The as-prepared LiTi2(PO4)3 exhibits excellent
electrochemical performance both in organic and aqueous
electrolyte. In particular it shows good cycling stability in aque-
ous electrolyte. It is speculated that the good rate capability
could be attributed to the high phase purity, small particle dis-
tribution, macropores, as well as the improved conductivity
through the carbon coating. The significant improvement in
the cycling stability of carbon-coated LiTi2(PO4)3 compared to
bare LiTi2(PO4)3 in an aqueous electrolyte is an indication that
the nanometers-thick carbon layer allows the lithium ions to
pass through but prevents water from attacking the bulk phase.
By optimizing the mass ratio of anode and cathode materials,
an aqueous lithium-ion battery that consists of a combination
of a LiMn2O4 cathode, a LiTi2(PO4)3 anode, and a 1 M Li2SO4

aqueous electrolyte solution shows excellent reversibility with
a flat voltage profile centered at 1.5 V, and delivers a capacity
of 40 mA h g–1 and a specific energy of 60 W h kg–1 based on
the total weight of the active electrode materials, which can be
compete with Ni–Cd and Pb–acid batteries. Furthermore, the
aqueous lithium-ion battery exhibits excellent cycling perfor-
mance, and maintains about 82 % of the reversible capacity
after 200 charge/discharge cycles, which is much better than
any aqueous lithium-ion battery reported. It is hoped that the
results presented in this study might renew interest in the de-
sign and surface modification of electrode materials that are
applicable not only to aqueous lithium-ion batteries, but also to
energy conversion and storage applications of the future.
Moreover, the LiTi2(PO4)3/LiMn2O4 aqueous lithium-ion bat-
tery described here provides real ‘green’ energy storage with
high energy density, high power, a long cycling stability, low
cost, environmental friendliness, and high safety, which will
make great progress in large-scale energy storage devices, espe-
cially for E/HEV (electric/hybrid electric vehicles).

4. Experimental

The macroporous LiTi2(PO4)3 was prepared by a sol–gel method.
An aqueous precursor that contained Li2CO3, (NH)4H2PO4, and TiO2
was blended with 100 mL of a 2 wt % PVA solution. The mixture was
stirred at a constant temperature of 80 °C until the water was evaporat-
ed and a white solid formed. The product was place in a porcelain boat
and heated at 900 °C for 12 h at a rate of 10 °C min–1 under N2 flow in

Adv. Funct. Mater. 2007, 17, 3877–3884 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.afm-journal.de 3883

Figure 13. Ragone plots of the LiTi2(PO4)3/LiMn2O4 aqueous lithium-ion
battery.

Figure 14. Cycling life of the LiTi2(PO4)3/LiMn2O4 aqueous lithium-ion
battery at a current rate of 10 mA cm–2 between 0 and 1.85 V.
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phases. As shown by TEM, the coated layer is low crystalline
carbon, rather than a perfect graphite carbon. There are many
defects present in the coated-carbon layer. It is speculated that
these defects allow the Li ions to pass through the carbon layer
to provide enough effective reaction areas. Therefore, the side
reaction between LiTi2(PO4)3 and the aqueous solution, which
we speculate is the cause for the quick capacity fading of bared
macroporous LiTi2(PO4)3 in aqueous electrolyte as opposed to
the organic electrolyte, could be effectively inhibited by the
nanometers-thick carbon layer of the carbon-coated LiTi2-
(PO4)3, which leads to significant improvement in the cycling
stability. On the other hand, we have confirmed that LiMn2O4

can have very a long cycle life and excellent rate capability in a
mild aqueous electrolyte. Thus, a novel aqueous lithium-ion
battery LiTi2(PO4)3/LiMn2O4 with high energy density, fast
power capability, and a long cycle life would be expected.

2.6. Electrochemical Behavior of the Aqueous
Lithium-ion Battery

The typical cyclic voltagramms of LiMn2O4 and LiTi2(PO4)3

are given in Figure 11. From the result of cyclic voltammetry,
two pairs of redox peaks, located at 0.84 and 0.98 V (oxidation
potential vs. SCE) are observed for LiMn2O4, which agree well

with the insertion/extraction reaction of LiMn2O4 in an organic
electrolyte. It also shows that it is possible to extract Li ions
from the host before the evolution of O2. LiTi2(PO4)3 exhibits
one pair of Li-ion insertion/extraction peaks at –0.81 and
–0.66 V (redox potential vs. SCE), with the insertion of Li ions
to the LiTi2(PO4)3 before H2 evolution. In the aqueous electro-
lyte, we must consider that, for example, the oxygen evolution
occurs on the positive electrode after complete Li extraction
and hydrogen is evolved on the negative electrode after full
lithiation during the charge process.

The evolution potentials critically depend on the pH of the
aqueous solution. From all the above results, the charge/dis-

charge voltage of the LiTi2(PO4)3/LiMn2O4 aqueous lithium-
ion battery was controlled between 0 and 1.85 V in the 1 M

Li2SO4 solution. Figure 12 shows typical charge/discharge
curves of the individual electrode vs. SCE reference and the
voltage profile of the aqueous lithium-ion battery cycled
between 0 and 1.85 V at a current rate of 4 mA cm–2. The bal-

ancing mass ratio of anode and cathode materials was designed
to be 1 : 1 by using the specific capacity of 80 mA h g–1 of both
electrodes. The aqueous lithium-ion battery shows excellent
reversibility with a flat voltage profile centered at 1.5 V, and
delivers a capacity of 40 mA h g–1 and a specific energy of
60 W h kg–1 based on the total weight of the active electrode
materials (including both the positive and negative electrodes).
The average operational voltage of 1.5 V is higher than that of
the Ni–MH or Ni–Cd battery (1.2 V), which is a critical param-
eter for practical battery application with a flat charge/dis-
charge curve.

Ragone plots, which are used to relate the power density to
the energy density, were calculated by using the total weight of
the active materials, the cell voltage, and the capacity based on
the charge/discharge curves at various current densities from
1 to 10 mA cm–2. The data in Figure 13 clearly demonstrate
that the LiTi2(PO4)3/LiMn2O4 aqueous lithium-ion battery has
a good specific energy and power density. For example, the spe-
cific energy was 60 W h kg–1 at a power density of 100 W kg–1,
and still keeps 40 W h kg–1 at a power density of 800 W kg–1.
Typically, the active electrode weights are about 50 % of the
total weight of the practical cell, if a Sony Li-ion product is
used as an example. Thus the practical energy density of nearly
30 W h kg–1 is expected for this aqueous lithium-ion battery,
which is competitive with Pb–acid technology, but with a much
higher power density, and using low cost, environmentally
benign materials. Furthermore, the theoretical energy density
for this aqueous lithium-ion battery is 107 W h kg–1, assuming
that the theoretical capacities of LiMn2O4 (148 mA h g–1) and
LiTi2(PO4)3 (138 mA h g–1) can be fully used, and that the aver-
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Figure 11. Typical CV curves of a) LiTi2(PO4)3 and b) LiMn2O4 at a sweep
rate of 0.3 mVs–1 in 1 M Li2SO4 solution.

Figure 12. Typical charge/discharge curves of the individual electrode a)
LiTi2(PO4)3 and b) LiMn2O4 along with c) a composite voltage profile of
the aqueous lithium-ion battery LiTi2(PO4)3/LiMn2O4 at a current rate of
4 mA cm–2 between 0 and 1.85 V.
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material in a lithium battery [54]. However, for a long time, polymer electrodes have 

been buried in oblivion due to their poor performance. Recent exciting progress in 

organic electrodes has brought polymer electrodes to the attention of the energy storage 

community [55, 56]. Many polymers have been studied as electrode materials for lithium-

ion batteries for a long time, especially in the past thirty years. Among all of the 

candidates, S-S bonds seem to be the most favored structure due to their high theoretical 

capacity [57-59]. However, low utilization ratio and poor cyclability make it less 

attractive. There are other choices that people also have interests in and have been 

working on recently. Some organic materials will be reviewed in the following two 

sections. 

2.2.1 Cathode Materials 

Z.P. Song et al. proposed a novel organic cathode material for rechargeable lithium 

batteries, poly(anthraquinonyl sulfide) by linking the anthraquinone (AQ) unit with the 

thioether bond [56]. This strategy helps to retain the good reversibility of AQ and 

effectively improve its cyclability. The cycling test of PAQS proves its high utilization, 

high coulombic efficiency, excellent cyclability, and satisfactory rate capability. Figure 

2.6 shows discharge capacity and coulombic efficiency vs. cycle number in different 

conditions. The cut-off voltage is 1.4-3.5 V. For Figure 2.6c, current rate increased from 

50 mA/g to 500 mA/g, and 40 cycles were performed at each current rate. From Figure 

2.6a/b, we can see that although unavoidable dissolution of the active material still exists, 

ester electrolyte has a better compatibility with the AQ electrode than the ether one.  
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Figure 2.6 Discharge capacity and coulombic efficiency for (a) AQ in 1 M 
LiTFSI/DOL + DME electrolyte (b) AQ in 1 M LiClO4/EC + DMC 
electrolyte (c) PAQS in 1 M LiTFSI/DOL + DME electrolyte [56] 

2.2.2 Anode Materials 

W.S. Choi et al. reported the electrochemical behavior for a carbonyl-based 

polymer, poly(2-vinylanthra-quinone) (PVAQ), in aqueous electrolytes [60]. 2-

vinylanthraquinone reacted with 1,2-dichloroethane by radical polymerization and 

yielded PVAQ with a sufficiently high molecular weight. The final polymer electrode 

became insoluble but swellable and equilibrated in the electrolyte solutions. Spin-coated 

PVAQ thin film underwent redox reaction in aqueous electrolytes, which allowed the 

pursuit of the electrochemistry of anthraquinone in H2O. In Figure 2.7a (white cycle 

represents charging and black cycle represents discharging), 91% of the initial capacity 

was maintained even after 300 cycles. The inside figure a’ was the charge/discharge 

result which conducted under 30 wt% NaOH electrolyte (pH=14, 5A/g current density). 

Also, the charge/discharge curve obtained at 15 C shows a plateau voltage near 0.75 

V/0.5V with the coulombic efficiency of 91%. And the discharge rate were 3, 7, 10, 14, 

20, 27, 34 A/g, respectively (Figure 2.7b). 

characteristic bands can be also observed, indicating that the
anthraquinonyl group is well maintained in the polymer phase
of PAQS. The appearance of 1129 cm!1 and 1413 cm!1 bands
in the PAQS spectrum, which can be respectively assigned to
ring-sulfur stretching and ring stretching of the sulfur disub-
stituted aromatic ring,12 indicate the formation of the
thioether bond between the two anthracene rings. Elemental
analysis and the solid-state 13C NMR spectrum (see support-
ing information) also convincingly prove the successful synth-
esis of the goal polymer.

Fig. 2a shows the cyclic voltammetry (CV) of AQ and
PAQS in 1 M LiTFSI/DOL + DME electrolyte at a scan
rate of 0.1 mV s!1. For AQ, the CV curve shows a pair of
redox peaks centering at 2.33 V with high symmetry, and the
peak separation is only 0.30 V. It means that a small polariza-
tion is involved in the redox process of AQ, even in non-
aqueous electrolyte, which is consistent with previous reports.
For PAQS, one pair of symmetric redox peaks can also be
observed, though they become broader and somewhat split.
Additionally, both the anodic and cathodic peaks shift slightly
to more negative potential and center at 2.24 V, the small peak
separation thus remains 0.33 V. These results indicate that the
PAQS electrode also has a small polarization, as AQ electrode
does. The slight variation in the voltammetry of AQ and
PAQS may be explained by their structure difference.

Carefully observing the voltammetry of AQ and PAQS, it is
noticed that the redox peaks are more complex than they
appear to be. The redox mechanism presented in Scheme 1
tells us that the electrochemical reduction of anthraquinonyl
group is unlike that usually mentioned in the conventional
lithium secondary battery. For the AQ13 or PAQS electrode,
its reduction occurs as two reversible continuous single-
electron steps, generating first the radical anion (AQ"!) and
then the dianion (AQ2!), and accompanied by Li+ associa-
tion. In the re-oxidation process, carbonyl groups are rebuilt
and Li+ is re-ejected into the electrolyte. Based on this
concept, two pairs of redox peaks should be found in the
observed voltammetry, but we can’t clearly distinguish the two
reaction steps from the CV curves shown in Fig. 2a, except the
appearance of a barely discernable shoulder peak in the
reduction of AQ or obviously broadened and split peaks in
the reduction/re-oxidation of PAQS. In fact, the redox beha-
vior of AQ monomer in some aprotic electrolytes has been
widely studied,13,14 and its basic mechanism has been claimed
as being illustrated in Scheme 1. However, it is also pointed
out that the employed supporting electrolyte, solvent and

other factors have dramatic and complicated effects on
the voltammetry of AQ, because of their influences on the
electron transfer kinetics and the thermodynamic stability of
the anions. Thus, the indiscernibility of redox peaks in the
voltammetry is possibly due to the influence of the electrolyte,
which is not clear yet.
Fig. 2b shows the voltage profiles (2nd cycle) of AQ and

PAQS in 1 M LiTFSI/DOL + DME electrolyte at a current
rate of 50 mA g!1. It reveals that AQ has a rather flat voltage
plateau at about 2.3 V and the voltage gap between the charge
and discharge plateau is only 0.09 V. For PAQS, the curves are
relatively sloping in the potential range of 2.4–1.8 V, and a
lower average discharge voltage of 2.1 V and a larger voltage
gap of 0.17 V can be obtained. These results are highly
consistent with the CV analysis. It seems that the PAQS phase
shows an increased polarization, but comparing with other
organic cathode materials such as those built on S–S bonds, it
is still far more acceptable for practical applications.
Fig. 3 shows the discharge capacity and coulomb efficiency of

AQ and PAQS vs. cycle number with cutoff voltage of 1.4–3.5 V.
AQ was first tested in 1 M LiTFSI/DOL + DME electrolyte.
(Fig. 3a) The initial discharge capacity is 218 mA h g!1, but it
reduces rapidly at the second cycle and decreases continuously in
the succeeding cycles. The coulomb efficiency is also very low. It
is believed that the unwanted dissolution of AQ and its discharge
product AQ2! in the ether electrolyte is the main cause of
the capacity decrease, because during the repeated charge/
discharge process, no polarization increase is observed from
the voltage profiles; furthermore, it is found that the color of
the electrolyte becomes yellow when the cells have been cycled
for several times, which obviously indicates the dissolution of the
active material.
Aiming to understand the influence of electrolyte on the

cycling property of AQ, AQ was tested in another ester
electrolyte of 1M LiClO4/EC+DMC. (Fig. 3b) Unexpectedly,
although the cyclabilty is still unsatisfactory, the capacity and
coulomb efficiency are both improved greatly. Especially, the
initial capacity of AQ reaches 251 mA h g!1, about 98% of its

Fig. 2 (a) CV curves and (b) charge-discharge curves of AQ and

PAQS in 1 M LiTFSI/DOL + DME electrolyte. Working electrode

composition: active material:acetylene black:PTFE = 4:4:2. For (a),

scan rate = 0.1 mV s!1. For (b), current rate = 50 mA g!1.

Fig. 3 Discharge capacity and coulomb efficiency vs. cycle number

for (a) AQ in 1 M LiTFSI/DOL + DME electrolyte; (b) AQ in 1 M

LiClO4/EC + DMC electrolyte; (c) PAQS in 1 M LiTFSI/DOL +

DME electrolyte. Cutoff voltage = 1.4–3.5 V. For (c), current rate

changes from 50 mA g!1 to 500 mA g!1, and 40 cycles were performed

at each current rate.
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Figure 2.7 (a) Cycle performance of PVAQ (a’) Charge/discharge curves of PVAQ 
(b) Charge/discharge curves of PVAQ/air cell (b’) Cyclic voltammogram 
of the cell [60] 

Z.P. Song et al. synthesized a series of imide-based polymers [61]. The dianhydride 

aromatic imide group can be electrochemically reduced and oxidized in a reversible 

manner. The voltage profiles and the cycling performance of the polyimides under C/10 

are shown in Figure 2.8. Different voltage plateaus were obtained and the specific 

capacity varies from 160 mAh/g to 200 mAh/g. Both PI-3 and PI-4 have better cycling 

performance when compared to the other three.  

 

Figure 2.8 (a) Charge/discharge curves for five polyimides under 0.1C (b) Cycle 
performance for five polyimides [61] 

Based on the above performance of polyimides, H. Qin et al. investigated the 

electrochemical performance of PI-5 in the aqueous system [62]. With polyimide used as 
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’RESULTS AND DISCUSSION

A CHCl3 solution of PVAQ was dropcast on electrode and
dried under the solvent vapor to form a thin layer of PVAQ. Effect
of pH on the cyclic voltammogram of the polymer layer is
illustrated in Figure 1a. The cyclic voltammogram was examined
on a same layer by varying the pH of the bathing electrolyte. Under
weakly basic conditions near pH 8, the cyclic voltammogram
showed a single redox couple at E1/2 = !0.65 V, but the peak
current and the redox capacity determined by integrating the redox
waves were less than 10% of the theoretical density, suggesting low
swellability of the layer due probably to the strongπ!π stacking of
the pendant group in the aqueous electrolyte. On the other hand,
all of the anthraquinonyl pendants underwent the redox reaction at
pH 13.7. The negative shift of E1/2 with increasing the pH
(Figure 1b) indicated the destabilization of the reduced polyanion
under the basic conditions with a rough magnitude of ΔG =
!nFΔE = 16 kJ/mol. At pH 13.7, the integrated redox capacity
was equal to the formula weight-based density, and a highly
reversible charging/discharging cycle was accomplished. Plots of
the relative capacity versus the pH of the electrolyte revealed the
presence of two sudden increases in the capacity at pH9.5 and 12.1
(Figure 1b), which agreed well with the protonation constants
pKa1 and pKa2 for anthraquinone expressed by eqs 1 and 2.

AQH2 f AQH! þ Hþ Ka1 ð1Þ

AQH! f AQ 2! þ Hþ Ka2 ð2Þ

Smith et al. reported that the reduced state of anthraquinone
produced by the overall 2e! reaction (AQ2!) exists as an
equilibrated mixture of the dianion AQ2!, the protonated anion
AQH!, and hydroanthraquinone AQH2 and that their distribu-
tion depended on the pKa of hydroanthraquinone and the total
concentration of the species.23 In electrolytes at the pH below
pKa2, the species should be dominated by AQH! and AQH2,
resulting in the low swellability and the poor redox properties
due to the strong hydrogen-bonding interaction between the
pendant groups. At the pH larger than pKa2, AQ

2! becomes the
major species which is free from the intersite interaction. Based
on the reported values of pKa1 = 9 and pKa2 = 12.05 for the eqs 1
and 2,23c the fully reduced state of anthraquinone at pH 13.7
should be composed of 97.8% of AQ2!, 2.2% of AQH!, and
0.0% of AQH2.

23 While the backbone of the polymer was still
insoluble in the aqueous electrolyte, the anionic pendant groups
underwent swelling to accommodate H2O and counterions to
allow the exhaustive charging/discharging cycle.

Dependence of E1/2 on pH provided added support for the
interpretation of the redox activity of the PVAQ layer. Plots of
E1/2 versus pH in Figure 1b obtained under strongly basic
conditions (pH > 12.1) revealed the negative redox potential
near E1/2 =!0.82 V. In the range of 9.5 < pH < 12.1, E1/2 shifted
positively with a slope of!54 mV/pH. At pH less than 9.5, E1/2
was almost constant near !0.65 V, which suggested the slow
kinetics of the protonation in the polymer compared to the
electrode reaction. The constantly narrow peak-to-peak separa-
tion (75!190 mV) in the range of pH 9.6!13.7 in Figure 1a
compared to the case of hydroquinone (>300 mV) revealed the
rapid self-exchange reactions between the pendant groups which
was independent of the protonation equilibrium.

The charging/discharging property of the PVAQ layer was
investigated in 30 wt % NaOH electrolyte. Figure 2 (inset)
demonstrates the presence of a plateau region between !0.75
and !0.85 V obtained for the galvanostatic electrolysis of the
PVAQ layer, which coincided with the E1/2 of PVAQ in Figure 1a.
The reversible charging/discharging capacity of 217 mAh/g was
achieved with a 100% Coulomb efficiency, which agreed with the
theoretical capacity of 229 mAh/g, indicating that all of the
pendant anthraquinone groups underwent the reversible 2e!

redox reaction to AQ2! without undesired reactions such as
electrophilic attack, dimerization, and irreversible binding of
electrolyte cations. Cycle performance of the polymer layer
(Figure 2) revealed that 91% of the initial capacity was

Figure 1. (a) Cyclic voltammograms of PVAQ in 2.5 M aqueous NaCl
at pH 8.9 (red), 10.4 (green), 11.8 (blue), and 13.7 (black) at a scan rate
of 10 mV/s. The pH values were controlled by 2.5 M NaCl and NaOH
electrolyte. (b) Dependence of E1/2 and redox capacity on the pH value.
The redox capacity was calculated from the integrated area of the cyclic
voltammograms.

Figure 2. Cycle performance of PVAQ for charging (O) and dischar-
ging (b) capacity. Inset: charging and discharging curves of PVAQ, in 30
wt %NaOH electrolyte (pH 14) at a current density of 5 A/g with a layer
thickness of 80 nm.
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maintained after 300 cycles, which was strikingly robust com-
pared to other n-type redox materials having similar high density
(>200 mAh/g) such as π-conjugated24 and nonconjugated
polymers.5,25 While the high solubility of the reduced state is
usually the problem for those polymers and the polysulfide
analogue,26 no significant elution of PVAQ was observed during
the repeated charging/discharging cycles.

An air battery was fabricated by employing the PVAQ anode
and the oxygen cathode placed in a coin-type cell assembly con-
taining a 30 wt % NaOH solution (see Supporting Information).
The linear sweep voltammogram of the cathode showed onset of
the O2 reduction current at !0.1 V.

The cyclic voltammogram of the cell is shown in Figure 3
(inset). The charging and discharging voltages were 0.92 and
0.63 V corresponding to the potential gap between the anode
and the cathode (Figure 3a). The charging curve obtained for
the electrolysis at 3 A/g (15 C) showed a plateau voltage near
0.75 V, and the discharging curve at the same current density
appeared near 0.5 V with the Coulomb efficiency of 91%
(Figure 3), demonstrating the reversible charge storage prop-
erty of the cell. The rate performance of the discharging process
is shown in Figure 3. The cell exhibited a small voltage drop but
kept the discharging capacity of 214 mAh/g which was 93% of
the theoretical capacity even at a rapid discharging of 34 A/g
(150 C) which corresponded to the full discharging within 24 s.
The discharging capacity was maintained for 500 cycles (Figure
S3, Supporting Information). It may be noted that once the
electrolyte was degassed by argon before the fabrication pro-
cess, the cell operated without additional supply of O2 during
500 cycles, which suggested the possibility of fabricating air
batteries in a closed system. Exposure of the cell to O2 always
brings about the unfavorable possibility of the autoxidation of
the reduced polyanion through the cathode, so that one usually
has to consider the use of O2-blocking electrolyte layer. The
preliminarily established mass balance for AQ2! with the
amount of O2, which is produced by the oxidation of OH!

during the initial charging, supported the effectiveness of the
test cell (Figure S4, Supporting Information) which accom-
plished more than 500 charging/discharging cycles. This
stability may also result from the fact that O2 is sparingly
soluble in the aqueous electrolyte and effectively consumed on
the hydrophobic surface of the cathode. Exploring the electrode
configuration to optimize the cell performance is the topic of
our continuous investigation.

’CONCLUSION

The radical polymerization of 2-vinylanthraquinone in 1,2-
dichloroethane yielded PVAQ with a sufficiently high molecular
weight to allow application to organic anode-active materials that
must be insoluble but swellable and equilibrated in electrolyte
solutions. The amorphous PVAQ layer underwent redox reac-
tion in aqueous electrolytes, which allowed the pursuit of the
electrochemistry of anthraquinone in H2O. The robustness of
the anthraquinonyl skeleton and the ion-permeating properties
of the polymer layer were demonstrated by the fully redox-
active pendant groups to allow the exhaustive 2e! charging per
repeating unit at the negative potential near !0.85 V for 300
cycles. The swelling property of the polymer depended on pH,
which offered a clear insight into the solvation of AQ2! in the
polymer matrix. The PVAQ layer was employed as the anode-
active material with the highest charging/discharging density
to fabricate the first rechargeable polymer/air battery, which
accomplished the large energy density of 123mWh/g by virtue of
the relatively large output voltage and the use of O2 as the
external cathode-active material.
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tion. These results reveal that the working voltage and the
reversibility of these polyimides are acceptable for practical
use.

The difference in the electrochemical behavior of these
polyimide samples also can be explained from a theoretical
view. Organic cathode materials are usually good electron
acceptors. We can use electron affinity (EA) to represent
their electron-accepting ability. According to molecular
orbital theory, a lower LUMO energy means a larger EA
and better oxidizability, and thus higher reduction potential.
Correspondingly, a higher HOMO energy means a smaller
ionization potential (IP) and better reducibility. In addition,
the LUMO–HOMO gap, usually represented by Eg, is related
to the electronic conduction. The EA and IP values of a series
of dianhydrides calculated by Andrzejak et al. by a DFT
method[18] can be used for a qualitative comparison of the
energy level of PMDA, NTCDA, and PTCDA (Scheme 3;

PMDA = pyromellitic dianhydride;
PTCDA = 3,4,9,10-perylenetetra-
carboxylic dianhydride). The EA
value becomes larger from PMDA
to NTCDA and then PTCDA,
whereas the IP value changes in
the reverse order. According to the
fact that the final polyimide tends to
retain the redox activity of the
dianhydride precursor, larger EA

values of the adopted dianhydride precursor may in turn lead
to better oxidizability of the polyimide derivatives. Therefore,
the increased average discharge voltage of PI-3, PI-4, and PI-5
is reasonable. In contrast, the decreasing value of Eg from
PMDA to PTCDA is accompanied by an increased electronic
conduction reducing the polarization of the latter. This is why
polyimides containing a NTCDA moiety show better redox
reversibility than those containing PMDA. Based on this
analogy, we can predict that a PTCDA precursor may lead to
the best performance, disregarding the difficulty of prepara-
tion and reduced theoretical capacity.

Another point that needs to be considered is the
experimental capacity of the polyimides. According to the
redox mechanism shown in Scheme 1, ideally, each formula
unit will transfer two electrons in each step. Since two steps
are involved, at least two charge/discharge plateaus should
appear in the charge/discharge profile. However, the exper-
imental results do not support this reaction mode. In Fig-
ure 2a, the capacity delivered from the polyimides within 1.5–
3.5 V is approximately half of the theoretical value shown in
Table 1, suggesting that only two-electron transfer is involved.
The difference between the theoretical and experimental
mode can be explained by the molecular structure of these
polymers. The electrochemical reduction with four-electron
transfer can be obtained by a deep discharging to below 1.5 V.
Unfortunately, this deep discharge process is accompanied by
serious structural damage, such as the collapse of the polymer
framework and inactivation of the polymer. A similar result
was also reported by Han et al.[9] This process is possibly
caused by the repulsion between injected negative charges in
the conjugated dianhydride unit.

Figure 2b shows the cyclic voltammetry (CV) results of
the five polyimide samples. The results are quite consistent

Table 2: Characteristic IR band assignments of the five polyimide samples.

Group PI-1[17] PI-1 PI-2 DANTCBI M5[15] PI-3 PI-4 PI-5

imide C=O, nas 1780 1782 1774 1700 1712 1716 1703 1709
imide C=O, ns 1720 1727 1722 1644 1668 1676 1670
imide C-N, n 1380 1382 1388 1367 1348 1345 1350 1319
imide C=O, d 725 723 726 759 769 771 761
pPDA benzene 1500 1520 1514
naphthalene 1559 1581 1582 1582 1584
N!N 1103 1120

Figure 2. Typical a) voltage profiles and b) CV curves of the five
polyimide samples. Conditions: a) cutoff voltage= 1.5–3.5 V, current
rate = C/10; 1C= the theoretical capacity supplied in Table 1; b) scan
rate = 0.1 mVs!1, cutoff voltage =1.5–3.0 V for PI-1 and PI-2, cutoff
voltage =1.5–3.5 V for PI-3, PI-4, and PI-5.

Scheme 3. Energy level diagram for the three dianhydrides.
Evac = electron energy level in vacuum.
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with the charge/discharge profiles. That is, PI-1 and PI-2 show
similar peak potentials, whereas the CV profiles of PI-3 and
PI-4 almost coincide with each other. Compared with those of
PI-1 and PI-2, the redox peaks of PI-3 and PI-4 shift to a more
positive potential and become sharper. Among all the
polyimide samples, PI-5 shows the highest redox potential
and narrowest peak. From the CV profiles it is clear that all
the redox processes consist of two continuous steps, which are
possibly associated with the formation of the radical anion
(I!) and then the dianion (I2!), respectively, in a similar
manner as that for quinone.[10] A previous study on
NTCDA,[19] one of our dianhydride precursors, confirms its
multistep reversible reduction process, as well as the much
lower reduction potential of the third step generating the
radical trianion (I3!). From Figure 2b, it is noted that two
pairs of well-resolved redox peaks appear above 1.5 V for PI-
1 and PI-2. However, for other polyimides derived from
NTCDA, we cannot clearly distinguish the two pairs of redox
peaks because of the fast transformation between the radical
anion and dianion, which has also been observed on PAQS.[10]

Figure 3a compares the cycling performances of the
samples. The PMDA-based PI-1 and PI-2 samples show a
large capacity loss (ca. 5 and 8 mAhg!1, respectively)
between the first and the second cycle, and continuous
capacity fading in the following cycles. The capacities of the
NTCDA-based PI-3 and PI-4 samples become stable within
the first few cycles and then remain almost constant in
subsequent cycling. The capacity of PI-5 gradually decreases
with cycle number, and moderate cycling stability was
observed. There seems to be some relationship between the

cycling behavior and the structure of the dianhydride
precursor, and we are still investigating this phenomenon.

As well as cyclability, rate capability is another important
factor that needs to be considered when constructing cathode
materials for lithium batteries, especially for organic materi-
als, which have suffered from slow reaction kinetics in
previous studies.[7] The rate performance of our polyimides
was tested under different current rates of C/20, C/10, C/5,
and C/2. Figures 3b–d show the results of three typical
samples of PI-2, PI-4, and PI-5; samples of PI-1 and PI-3 are
not displayed since their performance is very similar to that of
PI-2 and PI-4, respectively. Usually, higher current rate results
in larger polarization and smaller capacity. Within the
potential range 1.5–3.5 V, PI-2 shows greatly increased polar-
ization and serious capacity degradation at C/2 (not shown).
PI-4 and PI-5 show much better rate capability. Their capacity
retentions are both more than 90% even though the current
rate increases from C/20 to C/2. It is also noticeable in
Figures 3b–d that the cycling stability seems to be improved
at the higher current rate of C/5. After tens of cycles, the
capacity at a rate of C/5 even exceeds that at C/20.

The electrochemical parameters of all the resulting
samples are collected in Table 3. PI-4 and PI-5 show the
best performance among the five PI samples. PI-4 shows the
best cyclability and PI-5 shows the highest energy density,
comparable to that of LiCoO2. It can be generalized that the
polyimide derived from NTCDA has a better performance,
which should be explained by its better conjugation and lower
LUMO energy level. The capacity data in Table 3 also verify
our opinion about the two-electron transfer in a practical

redox process. There-
fore, it is hard to
improve the capacity
of analogous polyi-
mides by a large
margin. However, if
we can improve the
cyclability of PI-5 to
the level of PI-4, it
will still be a great
achievement.
Another strategy is to
use another dianhy-
dride containing an
electron-withdrawing
group, such as
cyano,[20] as the pre-
cursor, which can
lower the LUMO
energy of the final
polyimide product
and make it more
reducible, and thus
the reduction voltage
and energy density
can both be boosted.

In conclusion, we
propose the use of
polyimides as cathode

Figure 3. Cycling performance of a) the five polyimide samples under C/10, and b) PI-2, c) PI-4, d) PI-5 under
different current rates. In (b), the cycling capacity within 50 cycles is given because of the poor cyclabilty of the PI-2
sample.
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an anode, 5M LiNO3 as an electrolyte, and LiCoO2 as a cathode, the cell presents a 

specific capacity of 71 mAh/g and a specific energy of 80 Wh/kg. This is the best result 

among all reported ARLBs. It also shows excellent cycling stability and rate capability. 

Meanwhile, the performance of a polyimide//NaVPO4F cell in the ARSB system has 

proved that the polyimide anode has a good capacity performance and cycling stability in 

5 M NaNO3 solution.  

 

Figure 2.9 Cycling performance of (a) NaVPO4F and (b) Polyimide in 5 M NaNO3 
solution at a current density of 50 mA/g [62] 

In summary, both LiMn2O4 and LiCoO2 in aqueous electrolyte demonstrate good 

capacity retention and rate capability. For the anode part, although surface coating can 

somehow suppress inorganic anode dissolution in aqueous electrolyte, good capacity 

retention still could not be achieved for long cycle life. Also, the capacity of the anode 

part is not satisfactory. Meanwhile, some organic electrode materials, especially 

carbonyl-based compounds, have been investigated in organic electrolyte and 

demonstrated higher capacity and better cycling performance after polymerization. The 

insoluble property of polymers and their appropriate redox potential make them potential 

candidates of anode electrode materials in an aqueous system.  

Therefore, in my work, we proposed to use organic carbonyl/imide based polymer 

lattice. Finally, the flexible polymer backbone and the fast redox
kinetics of conjugated carbonyl group [32] endow Polyimide with
excellent rate capability.

As being mentioned above, the electrochemical behavior of
Polyimide anode is not affected by the type of cation (Liþ or Naþ),
and the feasibility of Polyimide/NaVPO4F ARSB system has already
been verified by CV measurement. In Fig. 6, it shows the electro-
chemical performance of Polyimide anode, NaVPO4F cathode and
Polyimide/NaVPO4F full cell in NaNO3 solution. The test condition is
as same as that for ARLB. As shown in Fig. 6a, NaVPO4F cathode can
deliver an initial discharge capacity of 54 mAh g"1 in 5 M NaNO3
solution, with two voltage plateaus at 0.8 V and 0.2 V vs SCE. The
result is reasonable because although the theoretical capacity of
NaVPO4F is as much as 143 mAh g"1, its practical capacity in
nonaqueous electrolyte is only about 80mAh g"1 in previous report
[28] because of the slow Naþ intercalation chemistry. In our
experiment, the capacity further decreases to 54 mAh g"1 because
relatively higher current rate applied.

For Polyimide anode, the discharging and charging capacity in
5 M NaNO3 solution is 184 and 165 mAh g"1 respectively, which is
very close to that in LiNO3 solution. The observation further in-
dicates that the cation type will not impact the capacity perfor-
mance of polyimide anode. Similar result has been gained on
another organic analog, Zhao [33] and Park [34] both get
w250 mAh g"1 capacity on Na2C8H4O4 in nonaqueous Naþ elec-
trolyte, which was very close to Li2C8H4O4 in Liþ electrolyte [35].
Based on the discharging capacity of NaVPO4F (54mAh g"1) and the
charging capacity of Polyimide (165 mAh g"1), the maximum ca-
pacity of polyimide/NaVPO4F cell should be 41 mAh g"1. In Fig. 6c,
our Polyimide/NaVPO4F full cell (mass ratio of Polyimide: NaVPO4F
was 3.1) shows an initial capacity of 40 mAh g"1. Obviously, the
capacity performance of Polyimide/NaVPO4F full cell is not as good
as Polyimide/LiCoO2 cell. In Fig. 7, the cycling behavior of Poly-
imide/NaVPO4F full cell is presented, the capacity decreased from

40 mAh g"1 in the 1st cycle to about 30 mAh g"1 in the 20th cycle.
From the results shown in Figs. 4 and 7, we can see the electro-
chemical performance of Polyimide/NaVPO4F cell is poorer than
that of Polyimide/LiCoO2 cell. However, we have to ascribe the
inferior full-cell performance of ARSB mainly to the NaVPO4F
cathode instead of the Polyimide anode. Fig. 8 gives the result of
cycling test of NaVPO4F and Polyimide electrode in 5 M NaNO3
solution. It can be seen that NaVPO4F electrode presents much
worse capacity retention than Polyimide electrode. Within 20 cy-
cles, about 30% capacity drop is observed on NaVPO4F electrode,
while less than 17% capacity decay occurs on Polyimide electrode (it

Fig. 6. Charge/discharge curves in the first cycle of a) NaVPO4F electrode, b) Polyimide
electrode and c) Polyimide/NaVPO4F full-cell in 5 M NaNO3 aqueous electrolyte at a
current density of 50 mA g"1 .The cutoff voltage is 0e1.0 V vs SCE for a), 0 w "0.7 V vs
SCE for b), and 0e1.8 V for c), respectively. The capacity of full-cell is calculated based
on the weight of NaVPO4F plus Polyimide.

Fig. 7. Cycling profiles of Polyimide/NaVPO4F full-cell at a current density of
50 mA g"1 (the capacity of full cell is calculated based on the weight of NaVPO4F plus
Polyimide, the current density is determined by the mass of NaVPO4F). The cutoff
voltage is 0e1.8 V.

Fig. 8. The cycling profiles of NaVPO4F a) and Polyimide b) in 5 M NaNO3 solution at a
current density of 50 mA g"1. The cutoff voltage is 0w "0.7 V vs SCE for a) and 0e1.0 V
vs SCE for b).
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lattice. Finally, the flexible polymer backbone and the fast redox
kinetics of conjugated carbonyl group [32] endow Polyimide with
excellent rate capability.

As being mentioned above, the electrochemical behavior of
Polyimide anode is not affected by the type of cation (Liþ or Naþ),
and the feasibility of Polyimide/NaVPO4F ARSB system has already
been verified by CV measurement. In Fig. 6, it shows the electro-
chemical performance of Polyimide anode, NaVPO4F cathode and
Polyimide/NaVPO4F full cell in NaNO3 solution. The test condition is
as same as that for ARLB. As shown in Fig. 6a, NaVPO4F cathode can
deliver an initial discharge capacity of 54 mAh g"1 in 5 M NaNO3
solution, with two voltage plateaus at 0.8 V and 0.2 V vs SCE. The
result is reasonable because although the theoretical capacity of
NaVPO4F is as much as 143 mAh g"1, its practical capacity in
nonaqueous electrolyte is only about 80mAh g"1 in previous report
[28] because of the slow Naþ intercalation chemistry. In our
experiment, the capacity further decreases to 54 mAh g"1 because
relatively higher current rate applied.

For Polyimide anode, the discharging and charging capacity in
5 M NaNO3 solution is 184 and 165 mAh g"1 respectively, which is
very close to that in LiNO3 solution. The observation further in-
dicates that the cation type will not impact the capacity perfor-
mance of polyimide anode. Similar result has been gained on
another organic analog, Zhao [33] and Park [34] both get
w250 mAh g"1 capacity on Na2C8H4O4 in nonaqueous Naþ elec-
trolyte, which was very close to Li2C8H4O4 in Liþ electrolyte [35].
Based on the discharging capacity of NaVPO4F (54mAh g"1) and the
charging capacity of Polyimide (165 mAh g"1), the maximum ca-
pacity of polyimide/NaVPO4F cell should be 41 mAh g"1. In Fig. 6c,
our Polyimide/NaVPO4F full cell (mass ratio of Polyimide: NaVPO4F
was 3.1) shows an initial capacity of 40 mAh g"1. Obviously, the
capacity performance of Polyimide/NaVPO4F full cell is not as good
as Polyimide/LiCoO2 cell. In Fig. 7, the cycling behavior of Poly-
imide/NaVPO4F full cell is presented, the capacity decreased from

40 mAh g"1 in the 1st cycle to about 30 mAh g"1 in the 20th cycle.
From the results shown in Figs. 4 and 7, we can see the electro-
chemical performance of Polyimide/NaVPO4F cell is poorer than
that of Polyimide/LiCoO2 cell. However, we have to ascribe the
inferior full-cell performance of ARSB mainly to the NaVPO4F
cathode instead of the Polyimide anode. Fig. 8 gives the result of
cycling test of NaVPO4F and Polyimide electrode in 5 M NaNO3
solution. It can be seen that NaVPO4F electrode presents much
worse capacity retention than Polyimide electrode. Within 20 cy-
cles, about 30% capacity drop is observed on NaVPO4F electrode,
while less than 17% capacity decay occurs on Polyimide electrode (it

Fig. 6. Charge/discharge curves in the first cycle of a) NaVPO4F electrode, b) Polyimide
electrode and c) Polyimide/NaVPO4F full-cell in 5 M NaNO3 aqueous electrolyte at a
current density of 50 mA g"1 .The cutoff voltage is 0e1.0 V vs SCE for a), 0 w "0.7 V vs
SCE for b), and 0e1.8 V for c), respectively. The capacity of full-cell is calculated based
on the weight of NaVPO4F plus Polyimide.

Fig. 7. Cycling profiles of Polyimide/NaVPO4F full-cell at a current density of
50 mA g"1 (the capacity of full cell is calculated based on the weight of NaVPO4F plus
Polyimide, the current density is determined by the mass of NaVPO4F). The cutoff
voltage is 0e1.8 V.

Fig. 8. The cycling profiles of NaVPO4F a) and Polyimide b) in 5 M NaNO3 solution at a
current density of 50 mA g"1. The cutoff voltage is 0w "0.7 V vs SCE for a) and 0e1.0 V
vs SCE for b).
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anodes coupled with existing lithium transition metal oxide cathodes for application in 

aqueous lithium ion batteries. For the actual experiments, active carbon was always used 

as a cathode material, but a similar capacity and cycle life remained when compared with 

using lithium transition metal. The organic carbonyl compounds (OCCs) were treated as 

such attractive electrode materials due to their potential sustainability, low cost, and high 

energy. These properties also were the reason why these compounds were investigated in 

my research [63, 64]. Carbonyl is a common organic functional group that shows 

oxidative ability. This process can be reversible with one-electron reduction to form a 

radical monoanion when it has stabilizing R groups (Figure 2.10) [65]. So it is not a 

traditional intercalation reaction. Another important functional group discussed below is 

the imide group. The imide group shows better capacity since it contains two carbonyl 

groups. The detailed mechanism for imide-based electrode materials will be described in 

Section 3.1.2. 

 

Figure 2.10 Mechanism for reversible reduction of general carbonyl compounds 
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also leads to stable electrode materials. Increase of the for-
mula weight decreases the solubility of molecular radicals as 
told from the case of trioxotriangulenes  73  and  74 . [  121  ]  Several 
stable thin fi lm electrodes were prepared by covalently immo-
bilizing the TEMPO unit onto substrates including indium tin 
oxide [  137,138  ]  and silica NPs. [  139  ]   

 Another origin of the performance degradation of radical 
polymer electrode is the agglomerate formation during 
cycling. [  106  ]  Ionic radical compounds  105  and  106  ( Figure    15  ) 
can form homogenous coating on conductive carbon, and no 

morphological change is noted after 100 charge − discharge 
cycles. [  140  ]  Similar suppression of agglomeration was reported 
by cycling a PTMA electrode in ionic liquid electrolytes. [  141  ]       

 4. Organic Carbonyl Compounds 
 Carbonyl is a common organic functional group that shows 
oxidative ability. In the presence of appropriate stabilizing R 
groups, the carbonyl group undergoes reversible one-electron 
reduction to form a radical monoanion ( Scheme    2  ). In certain 
cases where multiple carbonyls are conjugatedly connected 
(as in quinines), the uncoupled electrons generated during 
reduction could combine intramolecularly to form multivalent 
anions. The radical generation/recombination process could 
be actually monitored by electrolytic electron spin resonance 
spectrometry. [  142  ]    

 4.1. Early Attempts 

 Carbonyl compounds are among the earliest organic candidates 
as cathode materials for lithium batteries. Back to the 1960’s, 
Williams et al. have employed dichloroisocyanuric acid  107  
( Figure    16  ) as the cathode in a primary lithium battery. [  143  ]  Two 
discernible discharge plateaus were observed at 3.5 and 3.0 V vs 
Li/Li  +  , and a capacity of  ∼ 120 mAh g  − 1  (roughly corresponding 
to a one-electron reduction per molecule) was obtained. The 
discharge reaction for  107  was found to be irreversible because 
of the formation of electrochemically inactive precipitates. The 
fi rst investigation of carbonyl compounds as secondary battery 
cathodes was made by Alt et al. who have studied the revers-
ible solid-state reduction of, in particular, chloranil  108  in 
aqueous/organic electrolytes. [  144  ]  The complete recharging of 
the reduced electrode was claimed to be possible in a propylene 
carbonate-based electrolyte, but no experimental data was pre-
sented. Other small-molecule carbonyl compounds attempted 
at this stage of research include pyromellitic anhydride  109 , [  145  ]  
phenanthrenequinone  110 , [  146  ]  and anthraquinone  111 , [  147  ]  but 
the charge − discharge cyclability of these materials is either 
not-mentioned or fairly poor. The origin of these problems 
is the signifi cant solubility of small molecules in the electro-
lyte solutions, just as the case for organosulfur and radical 
compounds but more serious. A preliminary attempt to use a 
polyquinone  112  resulted in a low electrode utilization ( ∼ 27%) 
and the capacity still reduced rapidly, which was attributed to 
the contact failure coming from the poor conductivity of the 

     Figure  14 .     Structure of organic radical compounds with radical sites 
attached to stable and insoluble polymer structures.  
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Chapter 3 Synthesis of Organic Materials 

3.1 Materials Design 

The objective of this research is to develop suitable anode materials with better 

performance than conventional inorganic materials. To avoid the unwanted dissolution in 

the electrolyte and achieve fast kinetic properties, constructing polymer anodes with a 

stable, inactive framework, and a highly electroactive functional group is key.  

Based on the situation just analyzed, we here proposed a group of innovative 

organic carbonyl monomers and corresponding polymers that not only have high 

capacities but also are stable in the aqueous electrolyte during cycling. These compounds 

have such good properties because of several reasons. First, organic carbonyl compounds 

have very high theoretical capacity. Second, polymers are low cost, and are free from 

dissolution, which guarantees stable cycling behavior. Third, monomers have relatively 

small molar mass and no complex synthesis method involved. The last but not the least, 

reduction potentials can be fine-tuned to maximize cell potentials. From Z.P. Song’s 

work, we already see good performance of PI as a cathode material in organic electrolyte 

[61]. And comparing with other transition oxide anodes for ARLB, polyimide has more 

suitable working voltage, higher capacity and better structure stability.  

The proposed materials’ structures are shown in Table 1. In Table 1, the first two 

are monomers and the last two are corresponding polymers. PDIE and PPDIE are 

PMDA-based materials (PMDA = pyromellitic dianhydride) and the NDIE and PNDIE 

are NTCDA-based materials (NTCDA = 1,4,5,8-naphthalenetetracarboxylic dianhydride). 
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Table 3.1 General description of the four imide-based samples 

Name Structure Theoretical capacity 
(mAh/g) 

Redox Potential 
(V) vs. SHE  

PDIE 

 

196.86 -0.577 

NDIE 

 

166.28 -0.388 

PPDIE 

 

221.35 – 

PNDIE 

 

183.40 -0.3 

The theoretical capacity is calculated based on a two-electron transfer redox 

process for each formula unit. The detailed electrochemical redox mechanism is shown in 

Section 3.3. 

3.2 Equipment 

The name, type and function of some of the equipment used in experiments are 

listed in the Table 3.2 below. 

Table 3.2 Some equipment used during experiments 

Name Type Function 
Analytical Balance CPA225D Weighting 

Precision Disc Cutter T-06 Current collector disc cutting 
Hot Plate with Magnetic Stirrer C-Mag HS 7 Heating and stirring 

Rotary Evaporator RV-10 Solvent evaporation 
Vacuum Oven DZF-6050 Drying 
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Table 3.2 (continued) 
Split Tube Furnace OTF-1200X Heating 

Handheld UV Lamps UVGL-58 TLC analysis 
Nuclear Magnetic Resonance N/A Structure analysis 

Fourier Transform Infrared Spectrometer iD5/iS5 Functional groups analysis 
Scanning Electron Microscope N/A Morphology analysis 

Desk-Top Powder Presser YLJ-24T Electrode Pressing 
Compact Hydraulic Crimping Machine MKS-110 Coin cell sealing 

M. Braun Glove Box Systems MB10 Coin cell assembly and 
Dry storage 

Landhe Battery Testing System CT2001 Coin cell testing 
Electric Crimper Machine MSK-160D Coin cell disassembly 

During all synthesis procedures, a hot plate (Figure 3.1a) was always used in the 

first step for heating and stirring the mixing materials, which include a precursor and a 

linker. During the second step, the polymers need a tube furnace (Figure 3.1b) to get final 

product. A rotary evaporator (Figure 3.1c) was used in the synthesis experiment of 

monomers to remove solvents from samples efficiently and to get intermediates.  

 

Figure 3.1 (a) Hot Plate (b) Tube Furnace (c) Rotary Evaporator (d) Vacuum Oven 

 

(a) (b)
(c) (d)
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Generally, in the process of exploring how to synthesize materials, a UV lamp 

(Figure 3.2e) was used to do thin layer chromatography (TLC) analysis. TLC analysis is a 

technique used to separate the components of a mixture and therefore monitor the process 

of a reaction. When I got the final product, SEM technique was used to analyse the 

morphology of the material, FT-IR method (Figure 3.2d) was used to analyse functional 

groups of the material, and NMR was used to analyse the structure of the material. These 

technologies were used to help me find out if the product was the material I want and 

how pure it was when compared with the target materials. 

 

Figure 3.2 (a) Precision Disc Cutter (b) Desk-Top Powder Presser (c) Analytical 
Balance (d) Fourier Transform Infrared Spectrometer (e) Handheld UV 
Lamps 

 

(a) (b) (c)

(d) (e)
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Figure 3.2a shows a precision disc cutter, which was used to cut the stainless steel 

mesh into a round disc and Figure 3.2b is a press used to press the electrode material into 

stainless steel mesh when I need a thick electrode. However, most of the time I used a 

thin electrode and pinched the electrode material with a current collector by using a 

stainless steel roller.  

 

Figure 3.3 (a) Compact Hydraulic Crimping Machine (b) Electric Crimper Machine 
(c) Glove Box Systems (d) Landhe Battery Testing System 

After the electrodes (mixed slurry and current collector) had dried in the vacuum 

oven (Figure 3.1d), the coin cell was assembled and sealed by using a compact hydraulic 

crimping machine (Figure 3.3a). Sometimes, the electrode was tested in organic 

electrolyte because it can help me find out whether the problem is about the electrode 

material or electrolyte. In this case, the coin cell was assembled in a glove box system 

(Figure 3.3c) since both lithium and organic electrolyte hate oxygen. At last, the coin cell 

(c)

(d)(a) (b)
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was tested by using a Landhe battery testing system (Figure 3.3d) to get all the 

performance data of the cell. When a cell shows a bad or unexpected result, it may be 

disassembled by a de-crimper machine (Figure 3.3b) to see what is going on inside the 

cell during the charging and discharging process. 

3.3 Synthesis 

The basic mechanism of these four reactions is based on the imidization reaction. 

The mechanism of the thermal imidization of solid-state polyamic acid was studied by Y. 

Xu and Q.H. Zhang [66]. It is assumed that two isomers exist in a polyamic acid segment: 

one is called the para-segment, which favors imidization reaction; the other is the meta-

segment, which is not in favor for imidization unless the temperature is high enough. The 

results show that the imidization process differs for the two states of polyamic acid 

segments. The para-segment is more sensitive to the heat environment for the formation 

of an imide ring, and it will take several intermediate steps to complete the ring closure 

with the aid of the solvent. As for the meta-segment, the ring will be closed before the 

imide formation due to the powerful energy provided in the high-temperature 

environment, and the ever-increasing chain rigidity and the loss of solvent during the 

heating process make this path the only option to continue the imidization process.  

Typically there are two steps to synthesize polyimide, i.e., solution polymerization 

and heat treatment. The product of the first solution polymerization step usually contains 

some units not completely cyclized, called polyamic acid. So the second heating step is 

necessary to achieve a complete imidization. Moreover, the heat treatment can also 

remove the residual solvent in the polymer. And a similar reaction procedure occurs to 

monomers. However, monomers need more purification methods than polymers. As 
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shown in Figure 3.4, take PNDIE as an example of the synthesis procedure. 

 

Figure 3.4 PNDIE synthesis procedure 

Regarding the mechanism of these four materials, PDIE is an example that shows 

the mechanism during the reaction in Figure 3.5. From Figure 3.5 we can see after the 

first step there exists intermediate and after heating in high temperature we can get rid of 

most of the intermediate and water for the final product. The electrochemical redox 

mechanism is shown in Figure 3.6. 

 

Figure 3.5 Imidization reaction mechanism 

 

 

Figure 3.6 Electrochemical redox mechanisms 
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C1 t1 C2 t2 C3 t3

C

C

C

C
O

O

O

O

O

O CH3CH2NH2
C

C

C

C

O

O

O

O

H
N

OH
H
N

HO C

C

C

C
N

O

O

O

O

N
-H2O

NN

O

O O

O     +2e-

discharge

  charge
    -2e-

NN

-O

O O-

O     +2e-

discharge

  charge
    -2e-

NN

-O

-O O-

O-

    +2e-

discharge

  charge
    -2e-

    +2e-

discharge

  charge
    -2e-

N N

O

O

O

O

N N

-O

O

O

O-

N N

-O

-O

O-

O-



 

 36 

v/v) was mixed together and stirred in a sealed vessel at 80oC for 7 hours. The resulting 

solids were filtered off and dried in the oven at 100oC for 3 hours (white solid, 1.91 g). 

Then sublimation further heated the intermediate and re-crystallization improved the 

purity of the product (white crystalize substance, 545 mg). 

NDIE: A brown suspension of naphthalene-1,4,5,8-tetracarboxylic dianhydride 

(2.68 g, 10 mmol) in aqueous n-ethylamine (30 mL, 70% v/v) was stirred in a sealed 

vessel at 90oC overnight and then the solvent (water) was removed by evaporation, 

leaving behind the undissolved substance. Then, the salt bath heating method (350oC) 

was used to get the final product (2.54 g).  

The synthesis method provided above is still under study and needs to improve 

through further experiments. The yield of NDIE has already been increased from 11% to 

78.8% and the yield of PDIE from 2% to 20%. Since I varied the synthesis methods, the 

color of the final product varied from pink to orange to black. Figure 3.7 shows NDIE in 

an orange color and PDIE in a white color. The synthesis equations for monomers are 

given below in Figure 3.8. 

 

Figure 3.7 (a) NDIE (yield: 78.8%) (b) PDIE (yield: 20%) 

 

(a) (b)
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Figure 3.8 Reaction equations for monomers 

3.3.2 Polymer 

PPDIE: PMDA (96.6 mg) and EDA (ethylene diamine, 0.03 ml) reacted under 

reflux in DMF (13 ml) for 6 hours; the product was filtrated, washed with ethanol several 

times, dried at 120°C in air for 9 hours, then heated in Nitrogen for 11.5 hours at 350oC. 

PNDIE: NTCDA (2.15 g), EDA (0.53 ml) and 150ml DMF was mixed together and 

stirred under reflux overnight. The temperature was increased from 50oC to 150oC 

gradually. Then the intermediate was washed with toluene and ethanol (three times each) 

by using a centrifuge. After drying at 120oC in an oven for four hours, the product was 

then heated in argon for 11.5 hours at 350oC. 

The synthesis method for PNDIE is relatively more mature than for PPDIE; 

therefore we achieved an 85.9% yield of PNDIE, which has a rather good performance in 

battery, and for PPDIE the yield is 73.8%. Both PNDIE and PPDIE have a brown color 

(Figure 3.9). The reaction equations for both polymers are given in Figure 3.10. 
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Figure 3.9 (a) PNDIE (yield: 85.9%)  (b) PPDIE (yield: 73.8%) 

 

 

Figure 3.10 Reaction equations for PPDIE and PNDIE 

3.3.3 Challenges for Monomer Synthesis 

The actual work towards synthesis is not that simple as we just described in the 

previous two sections. During the synthesis procedure, a lot of difficulty occurs, 

especially for two monomers. After the basic synthesis method, other additional 

procedures, like recrystallization and sublimation, were used to improve the purity or 

yield of materials. In my work, the problem with NDIE, i.e., low yield, has been 
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improved a lot. The same problem also happened to PDIE; however, only a little 

improvement has been made.   

3.3.3.1 NDIE 

I got very low yield from the first three batches. I kept changing the reaction vessel 

from the first batch, which is Batch 1-75 (meaning the first experiment note book, page 

75), to the second batch (1-86), and to the third batch (1-88) because I thought the 

problem was mainly due to the leaking problem and the reaction temperature was not 

high enough to complete the reaction. The results showed not much difference. That 

means I have to try another heating method after the first step, not just change a vessel. 

So I tried a series method to deal with 1-88 NDIE and finally I found out the salt bath 

was a good way. At last, the 4th batch was synthesized and finally got an obviously better 

result. The detailed experimental procedure used to get the third batch of NDIE, Batch 1-

88, was shown in Figure 3.11 below. 

Among all the attempts I have tried for getting more pure NDIE, salt bath 

sublimation is the best method. The reasons are: (1) compared with oil bath sublimation, 

it can reach higher temperature; (2) compared with hot ethanol extraction, it has higher 

yield and an easier process (22.5% vs. 54.5%); (3) compared with sand bath sublimation, 

it has a safer and easier process because sand has a higher melting point (1713°C vs. 

250°C) and cannot get evenly heated during the process (finally need 350°C in my case). 

The salt I used in the experiment was a mixture of half sodium nitrate and half potassium 

nitrate in weight. The operation temperature for this salt mixture is 260°C-550°C. It is 

perfect for my experiment, which requires 350°C in the end. 

 



 

 40 

 

Figure 3.11 Different attempts on 1-88 NDIE for improving the yield 

 

Figure 3.12 Synthesis procedure for 1-99 NDIE 
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After determining the synthesis plan, the last batch of NDIE (1-99) was synthesized. 

The Figure 3.12 shows the synthesis procedure of 1-99 NDIE. According to the position 

of products inside the sublimation chamber, they were divided into three parts, NA, NB 

and XA. After testing them in TLC, NMR and IR, all of them can be defined as NDIE. 

Detailed information can be found in the figure below. 

 

Figure 3.13 Information about the products from different position of sublimation 
chamber 

3.3.3.2 PDIE 

Similar with NDIE, PDIE also has the yield (about 20%) problem and purity 

problem. However, I only improved the purity of PDIE but did not solve the yield 

problem. After the first batch of PDIE (1-78), I tried sublimation and recrystallization to 

get rid of the impurity. Recrystallization seemed to work very well. The Figure 3.14 

shows how I did recrystallization and got clean crystal substance, i.e., 1-81 PDIE. 
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Figure 3.14 Recrystallization procedure of 1-81 PDIE 
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Chapter 4 Cell Fabrication and Characterization 

4.1 Cell Fabrication and Electrode Preparation 

4.1.1 Cell Fabrication 

The coin cell was fabricated to investigate the electrochemical performance of the 

electrode material. Figure 4.1 shows a basic procedure of coin cell fabrication (using 

LMO as cathode material for example). When testing materials in an aqueous system, I 

usually use active carbon as the counter electrode, 2.5 M Li2SO4 (pH=7) as the electrolyte, 

glass fiber as the separator, and 1 C as the c-rate. Mass loading is about 0.5-1.5 mg.  

 

Figure 4.1 Coin cell fabrication 

 

Separator
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4.1.2 Electrode Preparation 

The electrode preparation using four different active materials was conducted in a 

similar way. The electrode was prepared by pressing a powered mixture of the sample, 

super P, and poly(tetrafluoroethylene), in a weight ratio of 60:30:10. After they evenly 

mixed by using an agate mortar and pestle, the electrode disks were pinched into stainless 

steel meshes. 

4.2 Physical and Structure Characterizations 

We have used several characterization techniques to study the materials, such as 

TLC to monitor the progress of a reaction, NMR to identify the structure and purity, IR to 

identify functional groups, SEM to study the morphology and particle size, and XRD to 

study crystallinity. Some testing results are presented in the following figures. 

4.2.1 Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) Spectroscopy can be used to analyse the local 

electronic interactions of a nucleus by using the electromagnetic radiation of radio waves. 

Therefore, it was used in my study to confirm the identity of a substance by comparing 

the positions, intensities (area ratio), and fine structure (splitting) of resonance peaks 

between the target materials and my materials. Also, from the comparison, we can 

determine how pure my materials are. Since two polymers I synthesized are insoluble and 

it is very difficult to get solid-state NMR testing (no solid-state NMR machine in UH), I 

only have NMR results for two monomers here.  

In Figure 4.2, the top one shows the NMR for NDIE and the bottom one shows the 

NMR result for PDIE. Result details: 1H NMR (400 MHz, CDCl3, NDIE): 1.34 (6.14H), 

4.26 (4.21H), 8.74 (4H); 1H NMR (400 MHz, CDCl3, PDIE): 1.31 (6.02H), 3.8 (4.18H), 
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8.26 (2H). Comparing the NMR result of NDIE with the reference [56], the position of all 

three peaks are exactly the same. Also, there is a tiny peak next to position 1.31 that has 

an integral of 0.92 (not ignorable), which leads to an unknown impurity. Regarding PDIE, 

there is no reference data to compare. From the data I collected, it can be concluded that 

the singlet peak at 8.26 ppm corresponds to the two hydrogen attach to the benzene ring, 

the quadruplet peaks at 3.8 ppm corresponds to the 4 hydrogen in methylene group, and 

the triplet peaks at 1.31 ppm corresponds to the 6 hydrogen in methyl group. 

 

Figure 4.2 NMR spectrum of NDIE and PDIE 

4.2.2 Fourier Transform Infrared spectroscopy 

Infrared Spectroscopy can be used to analyze a molecule by using infrared light 

interacting with the molecule. In my work, the products were structurally characterized 
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by ATR-FTIR spectroscopy. It was used to determine functional groups in molecules. IR 

Spectroscopy measures the vibrations of atoms, and based on this it is possible to 

determine the functional groups. Generally, stronger bonds and light atoms will vibrate at 

a high stretching frequency (wavenumber). 

 

Figure 4.3 IR spectroscopy of PNDIE, NDIE, PPDIE and PDIE 

In general, IR spectra (Figure 4.3) for PNDIE and NDIE resemble each other when 

wavenumbers are higher than 1400. IR bands are assigned in Table 4.1 below. The 

literature values of PI-4 and PI-2 [61] (shown as PNDIE[61] and PPDIE[61] in the table) 

were used as a reference for PNDIE and PPDIE in my work. 

Table 4.1 Characteristic IR band assignments of the four samples 

Group PDIE NDIE PNDIE PPDIE PNDIE[61] PPDIE[61] 
imide C=O, ν!" 1764 1698 1700 1774 1703 1774 

imide C=O,  ν! 1694 1651 1663 1699 1670 1722 

imide C-N, ν 1332 1326 1350 1390 1350 1388 

imide C=O, δ 727 769 769 722 7711 726 



 

 47 

4.2.3 Scanning Electron Microscope 

Scanning electron microscopy (SEM) is a type of electron microscope. It is more 

like a mapping device, using a beam of electrons scanning across the surface of the 

sample creating the overall image. In my work, it was used to characterize the 

morphology and detailed structure of samples.  

 

Figure 4.4 SEM Image of (a) NDIE  (b) PDIE  (c) PNDIE  (d) PPDIE 

Figure 4.4a displays that NDIE is composed of nanoparticles and micro-particles; 

the diameter of single particle ranges from 100 nm to 2 µm. Interestingly, a few micro-

rods with hexagon profile can be also found in the sample. Figure 4.4b displays that 

PDIE is also composed of nanoparticles and micro-particles; however, the diameters of 

many particles are larger than those of NDIE (>2 µm).  

5 μm 5 μm

5 μm 5 μm

(a) (b)

(c) (d)
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Figure 4.4c displays that PNDIE is composed of nanoparticles and micro-particles, 

but the sizes of the particles become larger than those of NDIE during polymerization. 

Figure 4.4d clearly shows that PPDIE is composed of aggregated particles. The diameters 

of the aggregated particles are in the range of 2-5 µm. 

4.3 Electrochemical Measurements 

4.3.1 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical 

measurement used for studying electrochemical reactions. It has been a popular tool since 

several decades ago [67]. Organic chemists have applied the technique to the studies of 

simple redox pathways in both organic and inorganic chemistry and to the 

characterization of multi-electron-transfer processes in biochemistry and macromolecular 

chemistry [68]. In a CV test, the cell is cycled in a specified potential window (e.g. EI-ES). 

Starting from an initial potential EI, a linear potential sweep is applied to this electrode 

and after reaching a switching potential ES the sweep is reversed and the potential returns 

linearly to its initial value. These cycles of ramps in potential may be repeated as many 

times as wanted. At last, the cyclic voltammetry trace will be plotted containing the 

current at the working electrode versus the applied voltage. 

CV was used in this research work to study the electrochemical properties of 

electrodes made from different as-prepared materials. CV curves of NDIE and PDIE in 

2.5 mol/L Li2SO4 aqueous electrolytes are shown in Figure 4.5. At the low scan rate of 1 

mV/s, there are two well-defined peaks for PDIE located at -0.423 and -0.62 V vs. SHE, 

and -0.528 and -0.737 V vs. SHE, respectively, corresponding to the oxidation and 

reduction reaction. For NDIE, there are three couples of peaks located at -0.08/-0.318, -
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0.282/-0.417, and -0.464/-0.6 V vs. SHE. In addition, there is a small peak at -0.357 V 

and it disappears after the 8th cycle. The reason why this small peak exists needs further 

study. 

 

Figure 4.5 Cyclic voltammetry of NDIE and PDIE at the scan rates 1 mV/s 

4.3.2 Galvanostatic Charge and Discharge Testing 

Charge and discharge cycles of the coin cells were measured using various voltage 

cut-offs on a Land battery test system at the different constant C-rates. During 

galvanostatic cycling of batteries, the charge and discharge current are often expressed as 

a C-rate calculated from the battery capacity.  

4.3.2.1 Overall and Comparison Result 

Figure 4.6 shows the charge and discharge curves, corresponding effiencies, and 

cycling performances. Figure 4.6 a/b shows PDIE, Figure 4.6 c/d shows NDIE, and 

Figure 4.6 e/f shows PNDIE. From Figure 4.6 we can see that there is only one plateau in 
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PNDIE and there are 2 and 3 plateaus in PDIE and NDIE, respectively. From the cycling 

performance we can see PDIE decays very fast, NDIE decays slowly, and PNDIE shows 

very good stability and very high retention after 100 cycles. 

 

Figure 4.6 Charge/discharge curves of (a) PDIE (c) NDIE (e) PNDIE and cycling 
performance of (b) PDIE (d) NDIE (f) PNDIE. Cutoff voltages for (a) -
0.8 – 0.4 V; (c) -0.8 – 0.4 V; (e) -0.85 – 0.45 V.  

 

(d)

(a) (b)

(c)

(e) (f)
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Figure 4.7 Charge/discharge curves of (a) NDIE & PDIE (b) NDIE & PNDIE 

The comparision for the monomer (PDIE/NDIE) and the NDI-based compound 

(PNDIE/NDIE) are shown in Figure 4.7 above. In Figure 4.7, the difference of redox 

potential for PDIE and NDIE is about 0.2V (-0.577 vs. -0.388), and for NTCDA derived 

material is 0.065V, which are in accordance with the result from CV testing. In addition, 

NDIE has a much better coulombic effiency than PDIE with similar discharge capacity. 

4.3.2.2 Progress of NDIE 

After having a better yield in synthesis, there was also a need for improving the 

performance of the cells. The major problem for the NDIE coin cell was the active 

material dissolved in the electrolyte. For slowing down the decay of specific capacity, I 

want to trap the dissolved NDIE during cycling. The basic idea is using a normal size 

carbon paper (CP) as the current collector and using an additional bigger size CP between 

the electrode and the separator. Because the CP has a more compact structure than the 

stainless steel mesh, some of dissolved material can be trapped between the current 

collector and this additional CP, and therefore slow down the capacity loss. The diagram 

of this new designed coin cell is shown in Figure 4.9 and the improved cycling 

performance is shown in Figure 4.8. 

(a) (b)
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Figure 4.8 (a)/(c) Charge/discharge curves of NDIE coin cell (b)/(d) Corresponding 
cycling performance and coulombic efficiency curves ((a)/(b) without CP 
(c)/(d) with regular CP (e)/(f) with large CP) 

Figure 4.8 shows the electrochemical performance of the NDIE cell under the 

different conditions. When no additional carbon paper was used in coin cell fabrication, 

the cell got 85.4%/73.7%/57.7%/39.9% retention after 5/10/20/50 cycles, respectively. 

(a) (b)

(c) (d)

(e) (f)
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When an additional regular size CP was used in coin cell fabrication, the cell got 

89.8%/77%/65%/58%/54.9 retention after 5/10/20/50/100 cycles, respectively. When an 

additional large size CP was used in coin cell fabrication, the cell got 

100%/97.7%/89.4%/73.7%/64.6%/58.3% retention after 5/10/20/50/100/150 cycles, 

respectively. From the data we can see that after a regular size CP was used, very little 

improvement has been made, while after a large CP was used, great improvement has 

been made. So it is more successful to trap the dissolved materials by using the large CP. 

An obvious improvement is shown in Figure 4.10. 

 
Figure 4.9 Schematic diagram of new designed coin cell for NDIE 

 
Figure 4.10 A comparison of cycling performance of NDIE coin cells 

4.3.2.3 Long Cycle Stability of PNDIE 

In my work, PNDIE has the best performance all the time. Figure 4.11 shows 

PNDIE1st, namely the first batch PNDIE, can reach 159.5 mAh/g when charging in its 

first cycle and 91.8%/86.5% retention after 50/100 cycles. Figure 4.12 shows PNDIE2nd, 

ACCP

Electrode:
NDIE & CP
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namely the second batch PNDIE, can reach 117.8 mAh/g and 95.2%/82.9% retention 

after 50/500 cycles. The good stability and high coulombic efficiency of PNDIE shows 

good reaction reversibility of the imide group and stable polymer framework, which 

make it a promising anode electrode material candidate for ALIBs. 

 

Figure 4.11 (a) Charge/discharge curves of PNDIE1st(1-8) coin cell (a’) Corresponding 
cycling performance and coulombic efficiency curves  

 

Figure 4.12 (a) Charge/discharge curves of PNDIE2nd coin cell (a’) Corresponding 
cycling performance and coulombic efficiency curves 

 

(a)

(a’)

(a)

(a’)
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4.3.2.4 Fast fading in PDIE’s cycling life 

Although after adding one carbon paper in the PDIE cell also improved the 

performance a little bit, the capacity-fading phenomenon still exists. From Figure 4.13a/b 

we can see, before using the carbon paper, obvious capacity fading starts from the second 

cycle, only 79.3% retention compared with the first cycle. Also, only 40.4% specific 

capacity remains after the 5th cycle and 3% after the 50th cycle. However, after using the 

carbon paper, we can get 99.5% retention after the 2nd cycle and 83.9% after the 5th cycle. 

Nevertheless, only 7.6% remains after the 50th cycle, which is not much different when 

compared to the non-CP PDIE coin cell. 

 

Figure 4.13  (a)/(c) Charge/discharge curves of PDIE coin cell (b)/(d) Corresponding 
cycling performance and coulombic efficiency curves ((a)/(b) without CP 
(c)/(d) with CP) 

  

(a) (b)

(c) (d)
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Chapter 5 Conclusion and Summary  

5.1 Conclusion 

The following conclusions can be made in this study:  

(1) The super-low yield of the first attempt at monomers synthesis may be due to 

the high solubility of the intermediate. During the washing process, most of the 

intermediates were washed away. So after I used evaporating to remove the solvent of the 

first step instead of washing, the yield increased noticeably, from 2% to 20% for PDIE 

and from 11% to 78.8% for NDIE. 

(2) The fast decay of electrochemical performance for the NDIE coin cell may be 

due to the active material dissolution in electrolyte. After I changed the current collector 

from stainless steel mesh to carbon paper and used an additional bigger carbon paper in 

the middle of the electrode and separator, the cell’s performance improved. The specific 

capacity of NDIE can reach 166.3 mAh/g and 79.8% retention after 50 cycles. 

(3) After polymerization of NDIE, PNDIE shows very good electrochemical 

performance. The specific capacity of PNDIE can reach 159.5 mAh/g at the first cycle, 

has 91.8% retention after 50 cycles, and has 86.4% retention after 100 cycles. Another 

cell of PNDIE can reach 117.8 mAh/g and get 95.2% and 82.9% after 100 and 500 cycles, 

respectively. That is two examples that prove PNDIE can reach high capacity and good 

cycling performance at the same time. The main reason why PNDIE has better 

performance than NDIE is because it is insolvable in electrolyte, which effectively avoids 

the capacity fading caused by active material decreasing. 

(4) After using an additional carbon paper in PDIE coin cells, which also have the 

dissolution problem, the electrochemical performance can only be improved within the 



 

 57 

first several cycles. It means either this method is not good enough, the main reason for 

capacity decay is something else, or both. 

(5) Although I slightly improved the yield of PDIE and synthesized PPDIE 

successfully, I still cannot get very good performance for PDIE and almost no 

performance for PPDIE. The reason might relate to the different structure of PDI-based 

materials. Since I didn’t really find out what the key reason is and so far no related article 

has information about PDI-based materials in aqueous electrolyte, future work needs to 

continue on PDI-based materials. 

5.2 Summary 

In summary, PDIE/NDIE/PNDIE/PPDIE based coin cells were fabricated in 

aqueous electrolytes and investigated as anode materials for the lithium ion battery. 

Imide-based ARLB is cheap in cost, harmless to the environment, easy in assembly and 

safe in use. Also, it avoids the use of poisonous metals and flammable and harmful acidic 

or alkaline electrolytes. Last but not the least, each formula unit of the electrode materials 

is able to transfer at least two electrons through two synthesis steps which may allow a 

theoretical specific capacity of about 150 mAh/g.  

Although the synthetic procedure is quite simple compared to other organic 

materials, researchers still need lots of efforts to try the different conditions, including 

solvent, temperature, time, etc. Also, cell fabrication and testing needs lots of attempts, 

including cell selection (coin cell, three electrode cell, flood cell, pouch cell, etc.); 

electrolyte selection (salt, concentration, pH, etc.); separator selection (glass fiber, 

celgard, etc.); current collector selection (stainless steel/Cu/Al/ foil/mesh, etc.); binder 

selection (PVDF, PTFE, etc.); ratio selection (6:3:1, 3:6:1, 8:1:1, etc.); c rate selection 
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(0.5C, 1C, 5C, etc.); and voltage window selection. During the experiments, rotary 

evaporation and heating (in tube furnace or oil bath) were used together to achieve the 

intermediates or crude products; sand/salt bath sublimation, soxhlet extraction, and 

recrystallization were tried to achieve the final products; thin layer chromatography 

(TLC), infrared spectroscopy (IR), nuclear magnetic resonance (NMR), scanning electron 

microscope (SEM), and x-ray diffraction (XRD) technique were used for characterizing 

crude/final product; heat treatment and acid treatment were used for carbon paper. 

Further research is still needed to improve both yield and electrochemical 

properties of the materials, such as capacity, energy density, and cyclability. For PDI-

based materials, more effort is needed to study the inner structure and how the process 

works when cycling and find the key reason leading to the bad performance.  
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