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Abstract 

Scalable energy storage technologies are needed to integrate high levels of intermittent energy 

sources, such as wind and solar, into the grid. Redox Flow Batteries (RFBs), designed to store 

energy in chemical form known as the electrolyte, can help address the energy storage problem. 

However, most traditional RFBs are aqueous systems in which the cell voltage is limited by 

undesired water splitting. Non-aqueous RFBs could permit higher cell voltages by removing this 

limitation. One proposed non-aqueous RFB system is based on polyoxometalates (POMs).  POMs 

have versatile, tunable properties and can undergo multi-electron redox reactions which may meet 

the requirements of high performance Redox Flow Batteries. This dissertation presents work 

investigating the electrochemical characteristics of the different combinations of Keggin-type 

polyoxometalates (XMmO40
n-). Effects of the counter cations, central heteroatoms, and framework 

metal atoms on the electrochemical characteristics were compared. The basic characteristics of 

POMs including FTIR, XRD, TGA and bulk electrolysis were examined and compared in this 

research in order to have a better understanding of Keggin-type polyoxometalates. With 

understanding of the influences of different Keggin-type polyoxometalates on the electrochemical 

characteristics, suitable lithium polyoxometalate salts were selected that can be used for non-

aqueous Redox Flow Batteries in a static H cell. Conditions of POMs charge/discharge including 

membrane selection were determined there. The aramid nanofiber (ANF) membrane showed a 

high separation ability and low resistance, and was therefore selected as the test membrane for 



xix 

 

battery charge/discharge experiments.  Additionally, the POMs were applied to different 

types of redox flow batteries with some of the results yielding high coulombic efficiency 

(~90%), reflecting the reversibility of polyoxometalate redox reactions. Different kinds of 

RFBs were compared in this research and the performance of a RFB with a high 

concentration (0.1 M Li3PMo12O40) was also demonstrated to be successful, surpassing the 

concentration range of previous POM RFB studies in the literature. Last, an asymmetric 

POM RFB charge/discharge was demonstrated for the purpose of achieving a higher 

voltage window. Overall, these studies provide proof of concept for polyoxometalate 

applications in non-aqueous redox flow batteries.
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Introduction 

1.1 Energy storage and Redox Flow battery 

1.1.1 Introduction of Redox flow battery  

 The availability of cheap, reliable energy sources is essential in today’s society, with 

ever-increasing demand as developing nations continue their economic progress.  Renewable 

energy has seen growing interest from developed nations dependent on fossil fuel supply and 

concerns about the climate impacts of greenhouse gas emissions.  Solar and wind power have 

become commercially viable and competitive with fossil fuels for electricity generation [1,2]. 

The supply of renewable energy is estimated to grow from 13% of total U.S. electricity 

generation in 2015 to approximately double that percentage in 2040 according to the U.S. Energy 

Information Administration Reference Case [3].  
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However, renewable energy is not consistently 

available all the time. Therefore, proper energy storage 

systems are needed. Common storage systems include 

mechanical storage, pumped-storage hydroelectricity, 

compressed air energy storage, gravitational potential 

energy storage with solid masses, thermal storage, etc. 

Large-scale integration of renewable energy sources presents new challenges, as most cannot 

produce energy on demand.  One of the largest hurdles to large-scale implementation is therefore 

energy storage and delivery. Among battery technologies, redox flow batteries (RFBs) have 

gained interest over the past several decades, as their design allows for flexible layouts and they 

can be scaled to meet different grid needs [4]. Several kinds of the redox flow batteries have 

been commercialized, Figure 1-1 shows a commercial redox flow battery from Sumitomo 

Electric Industries [5]. 

Redox flow batteries (RFBs) are considered to be a high-capacity, reversible, scalable 

energy storage system, and may play a key role in electrical grid energy storage. Also, redox 

flow batteries can decouple power and energy density, unlike the traditional batteries. The power 

density is determined by the surface area of the battery electrodes and energy density is 

determined by the amount of electrolyte; therefore, design of RFBs can be very flexible.  The 

energy of the RFB is stored in the electrolyte; therefore, it can be scaled to fit different needs, 

and more importantly, it is not dependent on terrain. In addition, the electrochemical reaction in 

some redox flow batteries has been shown to be faster than that in lithium-ion batteries[6]. 

Lithium ion batteries are limited in lifetime stability by repeated insertion and deinsertion of Li 

 

Figure 1-1. Sumitomo Electric 

Industries redox flow battery [5] 
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cations into the active electrode material, while RFBs are typically limited in stability only by the 

active species.  All‐vanadium RFBs have been shown to be stable for more than ten years [7].  

A schematic of a redox flow battery is shown in Figure 1-2. The typical redox flow 

battery is composed of electrolyte tanks, separator (ion exchange membrane or nano pore size 

membrane), electrodes, pumps, and power sources. Electrolyte tanks are where the electrolyte is 

stored. When charging, the catholyte is oxidized and the anolyte is reduced, and vice versa when 

discharging.  The catholyte and anolyte can be the same chemical, in which case the flow battery 

is symmetric, or they can be different species in the case of asymmetric redox flow batteries. 

Pumps are required to circulate the electrolyte solutions while the cell is charged or discharged.  

 

The membrane (or separator) is one of the important parts of the RFBs. The membrane 

(or separator) allows the catholyte and anolyte to exchange charged species efficiently while 

 

 

 

Figure 1-2 A redox flow battery [4] 
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keeping these solutions separated. Undesired crossover of chemical species is a crucial issue if 

the membrane (or separator) is not sufficiently selective. For a symmetric redox flow battery, 

crossover results in self-discharge, lowering the efficiency. For an asymmetric battery, crossover 

results not only in the loss of energy, but also cross-contamination of the electrolyte solutions. 

The chemical properties of the RFB electrolytes can be considered in three parts: solvent, 

active species (solute) and supporting electrolyte. Currently all commercial redox flow batteries 

are aqueous systems because of the high solubility of the solute (~ 2M in all-vanadium RFBs [4]) 

and low cost. However, aqueous systems are limited by the stable electrochemical window of 

water (1.5V); if the applied voltage is higher than 1.5 V, then water splitting can occur to form 

hydrogen and oxygen. Non-aqueous redox flow batteries with a wide stable solvent voltage 

window have been considered in order to solve this problem. For example, acetonitrile has a 5V 

stable window. However, in general inorganic species have lower solubility in organic solvents 

than in water, potentially limiting the energy density of the cell. Finally, the role of the 

supporting electrolyte is to increase the solution conductivity, but it should not react with the 

active species or other components of the RFB.  

1.1.2 Aqueous Redox Flow Batteries 

The first redox flow battery was designed by Posner in 1955 [8]. Unlike the common 

redox flow batteries today, the system was based on chemical rather than reversible 

electrochemical regeneration of the electrolytes. The first redox flow battery which allowed the 

dissolved cation and anion charge and discharge came out from NASA [9] by Thaller et al. 

However, the biggest challenge for the system was the crossover of the two sides of the 

electrolyte. Several common redox flow batteries developed since are summarized below [4]: 
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1. Iron/chromium (Fe/Cr)[10]: 

 Developed by NASA in the 1970s with 1 kW/13 kWh system. The system was easy to 

setup and could be operated with an ion exchange membrane (IEM). Low open-circuit potential 

and crossover were two main problems. 

2. Bromine/polysulfide (Br/S) [11] 

 This system was patented by Remick in 1984. It exhibited high capacity – up to 12 MWh, 

with two huge 1800 m3 catholyte and anolyte tanks.  However, crossover and precipitation of 

H2S and Br2 were important limitations. 

3. All-vanadium (V2+/V3+) [12] 

 This system is perhaps the most well-known redox flow battery. First designed by NASA 

and since been improved by many other research groups, a 5–10 kW RFB was achieved by 

Skyllas-Kazacos et al. [13] The limitations are precipitation and solubility. The coulombic 

efficiency could be up to 95%. The all-vanadium RFB system has been adopted commercially in 

several countries, including Australia, Austria, Canada, Germany, China (PRoC), United States 

of America (USA) and Japan [14]. 

There are some disadvantages of the aqueous redox flow batteries in the systems 

highlighted above. The energy density of the flow battery can be written as: 

Energy density ∝ n × F × VCell × Cactive 

The energy density is proportional to the number of electrons transferred (n), maximum cell 

potential window (VCell) and the concentration of the active species (Cactive). Water is limited by 
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its stable electrochemical window (1.5V), therefore the potential of redox couples beyond the 1.5 

V was also limited.  

A variety of other kinds of redox flow batteries have been proposed, with different cell 

designs, active species, and solvents. Redox flow batteries have attracted significant research in 

recent years. The number of publications per year involving redox flow batteries has increased 

significantly since 2011 [15]. 

 

Figure 1-3 Number of publications per year involving redox flow batteries [14] 

1.1.3 Non-aqueous redox flow batteries 

The voltage range of the non-aqueous redox flow battery could be up to 5V for solvents 

such as acetonitrile [16]. Many different kinds of the non-aqueous redox flow batteries have been 

invented including metal-centered complexes [17][18][19][20] and redox-active macro-

architectures [21][22]. Matsuda et al. first proposed the idea of a non-aqueous acetonitrile system 

in 1988 based on a tris(2,2’-bipyridine) ruthenium(II) tetrafluoroborate (Ru(bpy)3(BF4)2 complex 



7 

 

[17]. The most studied ligand-based RFB systems are acetylacetonate (acac) complexes and 

bipyridine (bpy) complexes. Vanadium complexes,(V(acac)3) [23][24], manganese complexes 

[25], chromium complexes [26], nickel and iron complexes [27][28], uranium complexes [29], 

cobalt complexes [30], and all-organic redox systems [31] have also been considered.  

However, there are some limitations of non-aqueous redox flow batteries. Higher solvent 

costs, higher viscosities, lower ionic conductivities, lower current densities and the compatibility 

of the reactants with air and water are among these [14]. This research investigates a new kind of  

air/water stable non-aqueous RFB with the potential for high energy density and high columbic 

efficiency: polyoxometalates in non-aqueous media. 

1.1.4 Polyoxometalate redox flow batteries 

 There have been relatively few studies of polyoxometalate RFBs. Initial work was 

published by Anderson et al. in 2013 and 2014 [32][33][34]. These researchers mostly focused 

on aqueous systems with coulombic efficiencies up to 90%, to demonstrate feasibility of 

polyoxometalate in redox flow batteries. A propylene carbonate non-aqueous RFB with 

SiVIV
3W

VI
9O40

10- was reported in [32], the electrochemical yield of the system quickly dropped 

by half after 10 cycles. 

Unlike traditional redox flow batteries using single metal ion complexes as the active 

species, polyoxometalate redox flow batteries use polynuclear polyoxometalate as the active 

species. These air and water stable active species have the potential to undergo multielectron 

transfer reactions, making them interesting candidates for redox flow battery applications. 
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1.2 Polyoxometalates  

Polyoxometalates (POMs) are polyatomic metal oxide molecular clusters, which usually 

consist of group 5 or group 6 transition metals linked together by oxygen atoms with the 

heteroatom at the core (phosphorous, silicon, etc.). Polyoxometalates (POMs) constitute a very 

large family of molecules with a wide variety of different structures and properties [35]. POMs 

were first reported by Berzelius in 1826 [36] and  POM research has grown rapidly since Pope 

and Müller’s review in 1991 [37]. The number of studies of these species, shown in Figure 1-4, 

including both experimental [38][39] and theoretical[40][41] investigations, has increased 

exponentially over the past several decades. 

 

 

 

Figure 1-4 Number of publications per year that involve polyoxometalates [35] 

 POMs come in a vast range of different structures and sizes, and their molecular weights 

can vary from hundreds to thousands as shown in Figure 1-5. The most studied structures are the 
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Keggin (XMnO40
n-) and Dawson (X2MnO62

n-) types [42]. Although polyoxocations can also take 

on the Keggin structure, e. g., the Al polyoxocation (Al13 Keggin ion, 

(AlO4Al12(OH)24(H2O)12)
7+), this work will consider only heteropolyanions such as PMo12O40

3-.  

These heteropolyanions can undergo several reversible and stable electron transfer reactions, 

which makes them good oxidants and reductants [43][44]. 

 

Figure 1-5 POM structure examples [35] 

 Characteristics of POMs include metal oxide character, stability (H2O/air, temperature), 

size (6 ~ 25 Å ), high molecular weight, variable oxidation states for framework metal atoms, 

photoreducibility, etc. POMs have been considered for a remarkable range of applications, 

including coatings, catalysts, processing radioactive waste, sensors, dopants in nonconductive 

polymers, food chemistry, and medical treatments [45][46][47]. 
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 The electrochemical behavior of POMs in solution is complicated and must be considered 

under each particular set of conditions. For example, the position of the redox couples is 

influenced by pH [48][49]. Reduction increases the charge density of the POMs and therefore the 

basicity. In aqueous POM solutions, the redox potentials change with a slope of 59mV/pH unit. 

Both pH and pKa values affect the positions of the redox couples observed [50][51]. The 

electrochemical properties of POMs show different features depending on their composition and 

structure [52]. 

 The applications of POMs in the energy field include capacitors [53], fuel cells [54], solar 

cells [55], lithium-ion batteries [56][57], as well as the redox flow battery applications by 

Anderson et al. mentioned previously [32]. 

1.3 Separator 

The separator plays an important role in RFBs. The separator can influence the 

coulombic efficiency due to crossover issues, and the energy efficiency by its resistance. An 

ideal redox flow battery separator would meet the following requirements: high ionic 

conductivity of the electrolyte, high ion selectivity, chemical stability, mechanical stability and 

long lifetime [58]. Generally, separators can be classified as ion exchange membranes (IEM) and 

nano-porous membranes (NPM). Ion exchange membranes (IEM) can then be further classified 

as anion-exchange membranes (AEM) or cation-exchange membranes (CEM) based on the 

functional groups attached to the membrane. 

One of the biggest challenges with the non-aqueous RFBs is membrane compatibility. 

For aqueous RFBs, suitable membranes are abundant [7][59]. However, in non-aqueous RFBs, 

suitable membranes are an active subject of investigation. Anion-exchange membranes (AEMs)  
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that have been used in non-aqueous battery studies include Neosepta [60] and UltrexTM [23] . 

However, compatibility issues have limited their application [58]. Among cation-exchange 

membranes (CEMs), Nafion has been reported to have high resistance in non-aqueous solvents 

[61][62]. For nano-porous membranes (NPMs), selection ability is based on pore size. For RFBs, 

crossover is the main issue, as most of the active species are too small for the current NPMs to 

prevent crossover. The aramid nanofiber (ANF) membranes developed by Ming et al. [63] open 

a new possible path for smaller pore size NPMs, and were utilized in much of the present work. 

1.4 Research Goals and Thesis Layout 

The goal of this research is to establish a new air/water stable, high energy density and 

high stability non-aqueous redox flow battery system by applying polyoxometalates. Important 

foci include: 

1. Investigation of polyoxometalate behavior in non-aqueous systems and identification 

of the effects of each component in the polyoxometalates. 

2. Establishment of the form of the POM non-aqueous RFB system, including 

electrolyte material and membranes, and exploration of appropriate POMs for RFB 

applications. 

3. Demonstration of the performance of non-aqueous POM-based non-aqueous RFBs. 

Subsequent chapters of this dissertation are summarized below. 

Chapter 2 Polyoxometalate Electrochemical Characteristics in Solution 

This chapter describes the Keggin polyoxometalate electrochemical behavior in 

acetonitrile. Different components of the Keggin POMs were exchanged and the POMs were 
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characterized by cyclic voltammetry. The effects of counter cation, heteroatom and framework 

transition metal exchange were studied. After cyclic voltammetry measurements of the POMs, 

the electrochemical behavior of the aqueous acid form and lithium salt form POMs (LiPOM) in 

acetonitrile were compared. This work produced a new correlation of the redox potentials 

between the two systems. A systematic investigation of POM electrochemical behavior was 

made in this chapter for the further battery design. 

Chapter 3 General Chemical Characteristics of Polyoxometalates 

Several physical and chemical characteristics of polyoxometalates were investigated in 

this chapter, including solubility, Thermal Gravimetric Analysis (TGA), X-ray Diffraction 

(XRD), Fourier Transform Infrared Spectroscopy (FTIR) and bulk electrolysis (BE). The 

solubility information can be used as a guide for estimating POM battery energy densities. TGA 

was used to examine the water content of the POMs, which typically contain a large number of 

associated water molecules in the solid state. XRD and FTIR were used to confirm the structures 

of the POMs.  FTIR spectra of POMs in different oxidation states were examined as well. The 

bulk electrolysis (BE) results demonstrated the stability of some POMs and the number of 

electron transfers potentially accessible in RFB operations. 

Chapter 4 Polyoxometalate Charge and Discharge Performance as Batteries in Static Cell 

Studies 

The separator of the battery and the charge/discharge stability of POMs were examined in 

this chapter. Ion exchange membranes (IEM) and nano-porous membranes (NPM) were studied 

with Li3PMo12O40 as the POM. Nafion® 117 was used as the cation exchange membrane (CEM), 

Celgard2325 and aramid nanofiber (ANF) nano-porous membranes were also tested. Both 
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electrochemical impedance spectroscopy (EIS) and crossover tests were performed to test 

Nafion® 117, Celgard2325 and aramid nanofiber (ANF) membranes. After membrane selection, 

static cell charge/discharge tests were carried out to examine the stability of the active species 

(POMs) as flow battery materials. The long-term stability of Li3PMo12O40 was tested for over 

1000 hours to demonstrate the stability of this POM. Li3PW12O40, Cu1.5PMo12O40, were also 

tested in the static cell in symmetric charge/discharge experiments. Asymmetric 

charge/discharge experiments with different POMs were performed to investigate the feasibility 

of higher energy densities (wider voltage window and more electron transfer couples.) 

Chapter 5 Redox Flow Battery Performance 

Li3PMo12O40 was selected for the redox flow battery tests because of it stability and high 

solubility in acetonitrile. Two types of flow battery were tested here, the Gen 1 flow battery [63] 

and  the Gen 2 flow battery[64]. The Gen 1 flow battery current collectors were machined from 

type 316 stainless steel with flow through pattern channel. The Gen 2 flow battery was also 

tested [64]; the flow cell was machined from polypropylene for chemical compatibility with 

acetonitrile, and the current collectors were made from thick impregnated graphite. Multiple 

cycles of the POM redox flow battery were tested for different electrolyte compositions, 

including both symmetric and asymmetric RFB configurations.  

Chapter 6 Summary, Limitations and Future Work 

The final chapter organizes and summary the previous chapters key finding which 

including the POMs electrochemical characteristics and the applications in redox flow batteries 

for energy storage. The limitations and future research needs are discussed in this chapter based 

on the results of this research. 
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Electrochemical Properties Of Keggin-Structure Polyoxometalates In Acetonitrile: Effects 

Of Counter-Cation, Heteroatom And Framework Metal  

Portions of work summarized in this chapter were published in Chen, J. J. J., & Barteau, M. A., 

Electrochemical properties of Keggin-structure Polyoxometalates in acetonitrile: Effects of 

counter-cation, heteroatom and framework metal exchange. Industrial & Engineering Chemistry 

Research 2016, 55, 9857 

2.1 Background and Approach  

Polyoxometalates (POMs) represent a large class of early transition metal oxide clusters 

capable of multiple electron transfer reactions that are of interest in electrochemistry and 

catalysis. POMs generally contain at least three or more transition metal atoms of Groups V or 

VI, combined with oxygen atoms. POMs with many different structures have been found; two of 

the most common types are Keggin-type POMs ([XM12O40]
q−, where X = P, Si, Ge, etc., and M 

= Mo, W, etc.), and Wells-Dawson type ([X2M18O62]
q− [1,2]. The redox properties of POMs vary 

depending on their structure and the combinations of different elements. They also show 

different properties in different solvents. The large majority of electrochemical studies of POM 

redox properties have been carried out in aqueous systems and a compilation can be found in the 
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review by Sadakane and Steckhan [3].  POM redox properties in a solvent-free environment have 

also been measured for POM monolayers on graphite by scanning tunneling spectroscopy [4].  

These have been shown to correlate well with first reduction potentials in water for Keggin-type 

POMs [5].  

The present work is an evaluation of the electrochemical properties of POMs with a view 

toward their potential application in Redox Flow Batteries (RFBs).  RFBs are mainly used for 

large-scale integration of renewable energy sources that need a high-capacity and rechargeable 

energy storage system [6,7]. However, the voltage range of electrochemical storage systems is 

limited by the electrochemical stability of the solvent.  Non-aqueous RFBs are of interest for 

their potentially wider range of operating voltage. Acetonitrile has received attention as a 

possible solvent because of the wider stable voltage window (~5V) compared to water (~1.5V) 

[8].  

Possible advantages of using POMs as active species in battery applications are their 

highly reversible multi-electron redox processes and tunable redox properties.  One report has 

indicated that H3PMo12O40 incorporated into electrodes can undergo as many as 24 single 

electron transfers during charge/discharge cycles [9]. Moreover, the redox properties of POMs 

are tunable via substitutions of framework metals, central heteroatoms, and counter ions, as well 

as structural variations [10].  

This chapter investigates Keggin-type POM redox properties in acetonitrile for potential 

application in non-aqueous RFBs. Redox properties of POMs with different counter-cations, 

heteroatoms, and framework metals in acetonitrile are compared. Variations include H, Li, Na, 

K, Mg, Ca counter-cations; Si, P, As heteroatoms; and Mo, W, and V-containing frameworks. 
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2.2 Material and Methods 

2.1.1 Preparation of the Keggin POMs 

Phosphomolybdic acid (H3PMo12O40, ≥99.99%) and Na3PMo12O40 were obtained from 

Sigma Aldrich and phosphotungstic acid (H3PW12O40) from Fisher Scientific. Li4PMo11VO40 was 

obtained from Nippon Inorganic Colour & Chemical Co., Ltd. Other heteropolyacid samples 

were as described in [5]. Counter-cation exchanges were performed as described in the literature 

to produce Li3PMo12O40 [11] and other Li-exchanged POMs, as well as Mg1.5PMo12O40 [12] and 

Ca1.5PMo12O40 [12]. Lithium carbonate (Li2CO3, 99.997% trace metals basis), magnesium 

carbonate hydroxide hydrate (C4Mg4O12 · H2MgO2 · xH2O) and calcium carbonate (CaCO3) used 

for cation exchanges were all obtained from Sigma Aldrich. All counter-cation exchanged 

polyoxometalates were exchanged following protocols described in [11,12,13] and then purified 

by recrystallization in acetonitrile. Elemental compositions were determined by Inductively 

Coupled Plasma - Optical Emission Spectroscopy (Perkin-Elmer Optima 2000 DV with Winlab 

software).  

2.2.2 Cyclic voltammetry  

Cyclic Voltammetry (CV) is a common and powerful potentiostatic electrochemical 

experiment that reveals the redox properties of an active species in solution. This is the technique 

used for investigating polyoxometalate electrochemical characteristics. A CV experiment 

monitors the change in current while the potential is varied. When the active species is reduced 

or oxidized, an increase in current occurs, resulting in reduction (Epc) and oxidation peaks (Epa). 

An ideal 1-electron reversible redox couple should have a peak voltage difference for the Epc and 

Epa peaks of 59mV. For an ideal reversible redox couple, the ratio of the reduction peak (ipc) and 
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oxidation peak currents (ipa) should be close to 1. The peak height ratio (ipa/ipc) and the peak 

voltage difference (Epc - Epa) can be tools for examining the stability or reversibility of the redox 

couple for further charge/discharge screening purposes. 

 The standard potential (E0) is define as the mean value (Emid) of reduction (Epc) and 

oxidation peaks (Epa) [14].  Cyclic voltammetry can also be used to measure the diffusion 

coefficient by applying the Randles–Sevcik equation [15]: 

ip = 0.4463nFAC[nFvD/(RT)]0.5 

where ip is current (A), n is number of electrons transferred in the redox reactions, A is electrode 

area in cm2, F is Faraday constant, D is diffusion coefficient in cm2/s, C is concentration in 

mol/cm3, v is scan rate in V/s, R is the gas constant and T is the absolute temperature. 

All POMs were dissolved in acetonitrile (Sigma Aldrich, 99.9%). Standard potentials and 

diffusivities of the polyoxometalate compounds were obtained using cyclic voltammetry (CV). 

All CV experiments were performed with 0.1M lithium trifluoromethanesulfonate (99.995% 

trace metals basis, Sigma Aldrich) as the support electrolyte in acetonitrile, except where noted. 

An Autolab PGSTAT302N Potentiostat was used with a three electrodes electrochemical cell 

with a 3 mm glassy carbon working electrode (BASi), polished and washed in an ultrasonic bath 

and dried before CV measurements. A graphite plate (GraphiteStore) was used for the counter 

electrode and the reference electrode was Ag/Ag+ (BASi). Working solutions were bubbled with 

nitrogen for 10 minutes before CV experiments. All experiments were performed in air at 25 oC. 

The CV experiments were controlled with NOVA software (Autolab) and were typically carried 

out at a scan rate of 100mV/s.  Cyclic voltammograms shown here represent the 5th scan cycle, 

and only stable CV plots are shown.  As an illustration of the stability of these measurements, 
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Figure 2-1 shows the first, fiftieth and hundredth CV cycles for Na3PMo12O40 in acetonitrile 

under our typical conditions. Neither peak positions nor magnitudes changed significantly during 

repeated cycling.  CV spectra were further examined as convolution plots constructed with the 

NOVA software. 

 

Figure 2-1 Cyclic voltammograms in acetonitrile for 0.5mM Na3PMo12O40 with 100mM LiTf, 

solid line: 1st cycle; dotted line: 50th cycle; dashed line: 100th cycle 

2.2.3 Bulk Electrolysis (BE) 

Another electrochemical technique performed was bulk electrolysis. Bulk electrolysis 

involves applying a constant potential for an extended period of time. This technique is useful for 

changing the oxidation state of the active species to a useable form for charge/discharge 

experiments. 

Bulk electrolysis of Li3PMo12O40 was performed in a glass bulk electrolysis cell. The 

reference electrode was Ag/Ag+ (BASi graphite plate (GraphiteStore) was used for the counter 

electrode which are same as used for cyclic voltammetry. The working electrode a was GFD4.6 

carbon film from SGL Group – The Carbon Company. The experiment was performed at 10 mM 
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POM with 100mM LiTf stirred for the whole BE experiment. CVs were run in order to confirm 

the integrity of the solution after the BE experiment. Figure 2-2 demonstrates the correspondence 

of the first two redox couples between CV and BE experiments for Li3PMo12O40 in acetonitrile. 

Emid voltages for these couples are indicated by the dashed line in the Figure 2-2. 

 

Figure 2-2 Comparison of 0.5 mM Li3PMo12O40 cyclic voltammogram with 100mM LiTf vs. 

bulk electrolysis of 10 mM Li3PMo12O40 with 100mM LiTf, a)  CV, b) bulk electrolysis for the 

first two couples. 

        

 

 a)  

 b)  
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2.2.4 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was carried out in the two electrode 

configuration with an Autolab PGSTAT302N Potentiostat with the same glassy carbon working 

electrode (BASi) and a graphite plate (GraphiteStore) as used in cyclic voltammetry 

experiments. These experiments were used simply to confirm the absence of significant solution 

resistances for the systems studied.  Typical values observed were between 125 and 800 Ω. 

2.3 Results and Discussion  

2.3.1 Counter-cation exchanged phosphomolybdates: (H3PMo12O40, Li3PMo12O40, 

Na3PMo12O40, K3PMo12O40, Mg1.5PMo12O40, Ca1.5PMo12O40)  

Cyclic voltammetry results for high (10 mM) and low (0.5 mM) concentrations of 

H3PMo12O40 in acetonitrile are shown in Figure 2-3. Although the position of the first redox 

couple was relatively insensitive to POM concentration (Emid = 10mM: 0.47 V; 0.5mM: 0.42 V), 

the peaks become more quasi-reversible as the concentration increased. At the lower 

concentration (0.5 mM) we observed 5 peaks (Emid = 0.42, 0.22, -0.07, -0.49 and -0.73V) with 

peak separations of 0.05, 0.10, 0.07, 0.07 and 0.08V, respectively, while the 10mM H3PMo12O40 

solution exhibited 5 peaks (Emid = 0.47, 0.23, -0.31, -0.54 and -0.78 V) with peak separations of 

0.20, 0.17, 0.10, 0.14 and 0.09V. At the higher concentration, the reduction and oxidation peaks 

merged into two main quasi-reversible peaks with both oxidation and reduction (Epc and Epa) 

peak potential separation (∆Ep) larger than 0.059 V, showing that the kinetics of this redox 

process for 10mM H3PMo12O40 are slower than at lower concentrations (0.5mM.)  

http://www.nonmet.mat.ethz.ch/education/courses/ceramic2/EIS.ppt


27 

 

 

 

Figure 2-3 Cyclic voltammograms in acetonitrile for H3PMo12O40 at a) 10 mM and b) 0.5 mM 

with 100mM LiTf, 100mV/s 

Previous researchers varied the proton concentration independently, and as the proton 

versus POM ratio increased, redox peaks were also observed to merge [16,17]. Qualitatively 

similar behavior for POMs in acetonitrile solution was reported by Maeda et al. [16] Those 

workers examined CV spectra when different concentrations (0 ~ 3.6mM) of triflic acid 

(CF3SO3H) were used at a constant (0.5mM) concentration of PMo12O40
3-. As the concentration 

of triflic acid was increased, the potential window of the redox processes in the CV spectra 

narrowed. Along with this contraction, peaks shifted and converged as the proton concentration 

 a)  

 b)  
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was increased, ultimately forming a series of three two-electron waves. Similar phenomena were 

also reported for SiMo12O40
4-. 

CV peak shifts as a function of acid concentration were found by Himeno et al. [17] for 

0.5mM PMo12O40
3- and PW12O40

3- in acetonitrile with different concentrations of triflic acid. 

These workers also examined the effect of Li+ on PMo12O40
3- and PW12O40

3- CV in acetonitrile 

by adding different concentrations of lithium perchlorate (LiClO4). The effects of addition of 

either H+ or Li+ were qualitatively similar. With addition of these ions, the peaks in the CV 

spectra shifted to more positive potentials and the one-electron waves also merged into two-

electron waves [17]. The details, however depended on both the cation identity and the POM 

anion. For PMo12O40
3-, three one-electron peaks changed to three two-electron peaks as the H+ 

concentration increased or were consolidated into two peaks when the Li+ concentration was 

increased [17].  For PW12O40
3-, four one-electron peaks merged into two two-electron peaks as 

the H+ concentration was increased; as Li+ increased the first two one-electron waves converged. 

Based on those results, it is apparent that increasing H+ or Li+ in general causes redox peaks to 

merge and shift to more positive potentials.  

In these two literature examples, the proton and POM concentrations were varied 

independently, and the changes in CV spectra were attributed to the variation of proton 

concentration [16,17]. In the present experiments, the proton concentration varied in tandem with 

the POM anion concentration. Maeda [16] explained the two electron couples observed at higher 

acid concentrations in terms of reaction steps involving addition of two protons to the POM, and 

suggested that these are limited at low proton concentrations. Following this reasoning, we 

therefore carried out measurements at low POM concentration.  
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This work aims to show the differences in redox behavior of different polyoxometalates.  

Therefore, all CVs were obtained at concentrations of 0.5mM of POM and 100mM LiTf 

(Lithium trifluoromethanesulfonate) supporting electrolyte in acetonitrile, except as noted. A 

scan rate of 100mV/s was used throughout, except as noted. By utilizing salts of both the active 

POM species and the promoter electrolyte, proton concentration effects and redox couples 

involving protons were avoided. The experiments were all run in air, however some experiments 

were also run in a glovebox. These showed the same electrochemical behavior compared to 

experiments in air, demonstrating that the CV peaks observed were not associated with the 

reduction of oxygen. 

Group IA (Li, Na) and IIA (Mg, Ca) salts of CcPMo12O40 (Cc represents the counter 

cation) were synthesized and the CV spectra shown in Figure 2-4 were obtained. The solubility 

of K3PMo12O40 in acetonitrile was found to be too low so it was not examined further. In general, 

spectra for IA or IIA phosphomolybdate salts showed three redox couples, but the peak positions 

were slightly different. The effects of IA or IIA cations on cell potentials were fairly minor. 

Li3PMo12O40 (Emid = -0.17, -0.49 and -1.05 V) and Na3PMo12O40 (Emid = -0.15, -0.46 and -1.01 

V) showed similar results, with three main redox peaks. The first and second peaks from the 

positive right side were reversible but the third peaks were both quasi-reversible. Peak 

separations can be utilized to distinguish different rate controlling processes of redox steps. 

Wider peak separation (ΔE) indicates slower kinetic processes for species in solution. For 

separations <0.059V and ipa/ipc = 1, the reaction is defined as ideal. Here most of the couples 

observed exhibited ΔE > 0.059V and those are characterized as quasi-reversible reactions for 

which the diffusion rate is greater than the reaction rate. Different scan rates (10mV, 50mV, 

100mV and 200mV) and electrochemical impedance spectroscopy (EIS), were also run to check 



30 

 

the resistance of the system to make sure that the separation was not caused by IR drop. The 

resistances measured were between 125 and 800 Ω which means that IR drop can affect the peak 

voltages in CV by at most 7mV. Since this is much less than the peak separation observed, the 

origin of these separations must be due to kinetics. 

 

Figure 2-4 Cyclic voltammograms in acetonitrile for 0.5mM a) Li3PMo12O40, b) Na3PMo12O40, 

c) Mg1.5PMo12O40 and d) Ca1.5PMo12O40 with 100mM LiTf, 100mV/s 

 

CV spectra of Mg1.5PMo12O40 and Ca1.5PMo12O40 salts also showed three quasi-reversible 

peaks.  Mg1.5PMo12O40 exhibited quasi-reversible behaviour for all three peaks, while 

Ca1.5PMo12O40 gave rise to more reversible peaks compared to Mg1.5PMo12O40. Again these 

reversible or quasi-reversible features are indicative of the controlling mechanisms of the 

different redox steps, but the details require further investigation. 

   

 

 c)   d)  

 a)   b)  
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In our experiments the relative rates of redox processes from high to low potential for the 

materials shown in Figure 2-2 can be summarized as: PMo12O40
3- ↔ PMo12O40

4- ≈ PMo12O40
4-↔ 

PMo12O40
5-  > PMo12O40

5-↔ PMo12O4
6- (from positive side to negative side), based on the width 

of the three couples, with similar trends observed for the sodium analog, Na3PMo12O40. 

 Given the fact that the experiments described above were carried out at LiTf:POM ratios 

of 200:1, it is possible that some or all of the POM counter cations may have exchanged with 

those of the support electrolyte. In order to explore this possibility, we carried out a limited 

number of CV measurements using NaTf as the support.  These are compared with the 

corresponding spectra using LiTf in Figure 2-5. As shown in Figures 2-5 (a) and (b), the peaks 

corresponding to the first 1-electron reduction appeared at essentially the same potential (-0.185 

V ± 0.007V) for all Li and Na combinations (i.e., LiTf+Li3PMo12O40, NaTf+Na3PMo12O40, 

LiTf+Li3PMo12O40, NaTf+Na3PMo12O40). However, the second peak for both Li3PMo12O40 and 

Na3PMo12O40 was dependent on the choice of Li or Na salts for the support electrolyte, 

suggesting that these cations may exchange readily.  In contrast, for the IIA POM salts 

(Mg1.5PMo12O40 and Ca1.5PMo12O40,) almost no effect on peak positions was observed when 

LiTf was replaced by NaTf, suggesting that these Group IIA cations are not readily exchanged 

with those of the support.  
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Figure 2-5 Cyclic voltammograms for 0.5mM POMs in acetonitrile with 100mM LiTf (line) or 

NaTf (thick dot-line) supports. a) Li3PMo12O40, b) Na3PMo12O40, c) Mg1.5PMo12O40 and d) 

Ca1.5PMo12O40, 100mV/s 

 

LiTf was therefore chosen as the support electrolyte for all subsequent experiments and 

Li salts were used exclusively.  The advantages of this choice are that Li is the smallest counter 

cation, and the Li POM salts display the highest solubilities. Further, by utilizing POM salts 

rather than the acid forms, H2 generation was avoided. 

 

 

 

 

 

 

 b)   a)  

 c)   d)  
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2.3.2 Heteroatom exchanged POMs: (Li3PMo12O40, Li3AsPMo12O40, Li4SiMo12O40, 

Li3PW12O40, Li4SiW12O40) 

The influence of different heteroatoms (X = phosphorus, arsenic and silicon) on POM CV 

behavior in acetonitrile was investigated for both LicXMo12O40 and LicXW12O40 compounds. CV 

spectra for Li3PMo12O40, Li3AsPMo12O40, and Li4SiMo12O40 are compared in Figure 2-6. 

Figure 2-6 Cyclic voltammograms in acetonitrile for 0.5mM  a) Li3PMo12O40, b) Li3AsMo12O40, 

c) Li4SiMo12O40 with 100mM LiTf, 100mV/s 

All three compounds exhibited three redox couples.  Peak potentials for heteroatoms in 

the same VA group (P and As), were similar. Si, in the IVA group, gives POMs with one more 

negative charge, and the peaks for this compound are shifted to more negative potentials relative 

to the others. Similar observations were reported for aqueous POMs by Sadakane and Steckhan 

[3]. In the literature results, the negative charge density of the substituted Keggin ions affected 

     

    

 a)   b)  

 c)  
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the first and second redox peak potentials, following the order SMo12O40
2- > PMo12O40

3- > 

SiMo12O40
4-. 

As shown in Figure 2-6, compared to Li3PMo12O40, for Li4SiMo12O40 the first redox 

couple from the positive right side was 0.3 V more negative (in ACN), which is similar to the 

trend in aqueous solution [3,18,19]. The peak positions observed were as follows: Li3PMo12O40 

(Emid = -0.17, -0.49 and -1.05 V), Li3AsMo12O40 (Emid = -0.18, -0.50, -0.66 and -0.97 V) and 

Li4SiMo12O40 (Emid = -0.34, -0.66 and -0.93 V.) These results are consistent with previous 

observations that the reduction potentials of one-electron waves decrease linearly with a decrease 

in the valence of the heteroatom for Keggin-type heteropolyanions [3]. Himeno and Takamoto 

[18] have explained these shifts in terms of changes in the surface charge density of the 

heteropolyanions with different heteroatoms.   

Tungsten POMs were also examined in this study. Li3PW12O40 (Emid = -0.60, -0.87,           

-1.13), Li4SiW12O40 (Emid = -0.88 and -1.15), showed two to three redox peaks in ACN (Figure 2-

7), again following the same trend reported for aqueous systems [3,18]. The first Li4SiW12O40 

redox couple was 0.3 V more negative than that for Li3PW12O40 in both water and acetonitrile. 

This difference can again be ascribed to the different POM charges.  

 

Figure 2-7 Different 0.5mM LicXW12O40  cyclic voltammograms, a) Li3PW12O40, b) 

Li4SiW12O40, with 100mM LiTf, 100mV/s 

 

 a)  

 b)  

b)  
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Li4SiW12O40 was observed to be unstable at more negative potentials (< -1.3V) therefore 

only two peaks representing the voltage range over which this compound was stable are shown. 

The reason for this shift is likely the higher negative charge density on the POM, which 

renders reduction more difficult. 

Even though heteroatom charge affects the first and second redox potentials, the number 

of peaks for all POMs remained similar. This suggests that the POMs cannot be easily altered to 

receive more electrons by changing the heteroatom elements among X = P, As, Si. Further, the 

stability in acetonitrile may also vary with the identity of the central heteroatom.  

2.3.3 Variation of framework metal atoms: (Li3PMo12O40, Li3PW12O40, Li3PMo6W6O40, 

Li4PMo11VO40)  

  Li3PMo12O40 (Emid = -0.17, -0.49 and -1.05 V) and Li3PW12O40 (Emid = -0.60, -0.87,        

-1.13), cyclic voltammograms are shown in Figures 2-6(a) and Figure 2-7(a), respectively. 

Unlike heteroatom-exchanged POMs, changing the framework metal elements does change the 

redox behavior, which includes both the position and number of peaks. Similar results were also 

found in previous studies in 1,2-dichloro ethane and dimethyl sulfoxide (DMSO) [21]. As shown 

in Figure 2-8, the CV spectrum for Li3PMo6W6O40 exhibited 4 peaks with Emid = -0.04, -0.35, -

0.60 and -0.95V. While not particularly well resolved, it is apparent that the peaks in the CV 

spectrum of the Mo-W mixed framework compound are not located at intermediate potentials 

between the three one-electron waves for Li3PMo12O40 and Li3PW12O40.  
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Figure 2-8 Cyclic voltammogram in acetonitrile for 0.5mM Li3PMo6W6O40  with 100mM LiTf, 

100mV/s 

CV spectra for Li4PMo11VO40 (Emid = 0.530, 0.327, 0.184, -0.074 and -0.232 V), mixed 

addenda POMs are compared in Figure 2-9.  Li4PMo11VO40 exhibited five redox couples. The 

redox processes were quasi-reversible. In aqueous solution [5], H3+xPMo12-xVxO40 compounds 

show multiple redox peaks compared to H3PMo12O40. Our results for lithium salts in acetonitrile 

were similar. It should be noted, however, that the first reduction potential of the vanadium-

substituted compound occurs at more positive potentials compared to PMo12O40 in either 

aqueous or acetonitrile media.  

 



37 

 

 

Figure 2-9.  Cyclic voltammogram in acetonitrile for 0.5mM Li4PMo11VO40  with 100mM LiTf, 

100mV/s 

 

2.3.4 Comparison of POM redox properties in aqueous and acetonitrile solution 

Redox potentials for the acid forms of polyoxometalates in aqueous solution are 

compared with those for the corresponding lithium salts in acetonitrile in Table 1. In some cases, 

peak potentials were extracted from aqueous cyclic voltammetry spectra in the literature where 

specific numerical values were not given. The overall cyclic voltammetry results in acetonitrile 

solution can be estimated from the aqueous data for the relative redox couple potential and the 

number of couples. In general, the POMs exhibit similar trends in aqueous solution and in 

acetonitrile, taking into account the difference in reference electrodes used in the two media. 

Figure 2-10 illustrates the correlation between redox couples for the acid form of POMs in 

aqueous solution and for lithium salts of POMs in acetonitrile. For all of the POMs studied 

except PMo11VO40, there is a linear correlation of all redox couples in ACN with those reported 

in water, with a slope of unity. For each of the POMs examined, results for two to four couples 

are included in the figure. Thus, the linear correlation indicates that the separation between redox 
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couples for each POM are the same in ACN as in water. The offset (y-axis intercept) for this 

correlation is about -0.6 volts, which represents the cumulative effect of the differences in 

solvent, support electrolyte, and reference electrodes between the measurements in ACN and 

water. For PMo11VO40, the slope of the correlation is also unity, indicating common separations 

between the first, second and third redox couples in ACN and water.  However, the offset is 

nearly 0.2 volts. The origin of this difference is unclear, but it does suggest that an asymmetric 

RFB with framework-substituted POMs might be capable of operating over a wider voltage 

range in acetonitrile than in aqueous media. In any case, the present work suggests that the large 

library of POM electrochemistry in aqueous solution may provide a guide to POM redox 

behavior in non-aqueous applications, including redox flow batteries. 
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Table 2-1: Comparison of POM reduction potentials in water and acetonitrile 
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Figure 2-10 Correlation of the voltages of redox couples measured in acetonitrile for lithium salts 

of POMs vs. reported values for the corresponding acids in aqueous solution. Reference 

electrodes are as specified in Table 2-1. The oxygen in the POM frameworks (O40 in all cases) 

has been omitted in the inset legend. 

2.4 Conclusions 

Cyclic voltammetry of molybdenum and tungsten-containing Keggin-structure 

polyoxometalates was carried out in acetonitrile with LiTf as support electrolyte.  

Variations with respect to counter-cation, heteroatom, and metal framework atoms in 

these POMs were examined. No significant differences in overall redox properties were observed 

when Group IA and IIA counter-cations were exchanged. Variation of heteroatoms among P, As, 

and Si showed that charge affects reduction potentials but not redox processes. The more 

negative the charge on the POM, the more negative the potentials of its redox couples. The 

framework metal elements play the most important role in determining in the redox properties. 

The Mo, W, and V-containing POMs show substantially different properties with respect to the 

number and potential of the redox couples.  Reduction potentials for the Li-POM salts in 

acetonitrile and the corresponding heteropolyacids in aqueous solution were relatively well 

correlated. 
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Characterization of Polyoxometalate Samples 

3.1 Experimental techniques and their application 

 In order to perform redox flow battery experiments, a fundamental study of the relevant 

polyoxometalate materials was needed. These studies included solubility measurements in non-

aqueous solvents, thermal gravimetric analysis (TGA), X-Ray Diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR), and stability testing by BE (bulk electrolysis).  

Solubility measurements were used for estimating the maximum energy density of the 

redox flow battery. Ultraviolet–visible spectroscopy (UV-Vis) was used for some of the 

solubility measurements. The principle of UV-Vis measurements is the Beer-Lambert law:  

𝐴=𝜀𝐶𝑙 

with parameters defined as A: absorbance, ε: molar attenuation coefficient, C: concentration of 

the species and l: path length specific to the instrument used for measurement. The molar 

attenuation coefficient is related to the possibility of the electronic transition. In this section, the 
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effects of IA and IIA group counter-cations on solubility were investigated. A range of different 

polyoxometalates was tested. 

H3PMo12O40, Li3PMo12O40, Na3PMo12O40, Mg1.5PMo12O40 salts were measured with an 

Implen P300 UV-Visible Nanophotometer, and other POM salts shown in Figure 3-1 were 

measured by weight percent measurements. Saturated POM solution was prepared by portion-

wise addition of POM to 1 mL of acetonitrile with stir bar stirring until a solid suspension was 

observed. After this saturated POM solution was prepared, the solution was pretreated with the 

same procedure shown in [5]. The saturated POM solution was then centrifuged with an 

Eppendorf 5415C centrifuge at 8000 rpms for 20 minutes and the clear supernatant liquid was 

removed for measurement. The 309 nm wavelength was picked for measurements in the UV-vis 

experiments, which corresponds to an O → M band transition [6]. Before the saturated solution 

was measured by UV-vis, a standard calibration was obtained for POM solutions prepared at 

lower known concentrations. Saturation values for other POM solutions were obtained by 

evaporating a saturated solution to dryness and measuring the POM mass remaining.  

TGA was used to measure the POM water content. Typically, a hydrated Keggin 

heteropolyacid can contain around 15 to 25 water molecules per POM in the solid state [1][2]. In 

this research, the POMs were stored in a vacuum desiccator at room temperature for periods 

longer than three weeks.  TGA analysis was used to determine how many water molecules 

remained.  TGA measures the mass of the material lost or gained while the temperature increases 

or decreases against time. The mass may change due to decomposition, dehydration or chemical 

reaction.  
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TGA was performed using a TA Q50 TGA instrument. TGA experiments were 

performed under a steady flow of helium at 90 mL/min. The temperature started at 30 oC 

followed by a 15oC per minute ramp to 300 oC and subsequent cooling to room temperature. The 

temperature limit was set at 300 oC, as the water loss below this temperature could be correlated 

with the existence of intermediary hydrateforms of the respective acids H3PMo12O40, H3PW12O40 

and H4PMo11VO40. At higher temperatures, water loss is associated with reduction and loss of 

the Keggin structure [7][8]. 

XRD was used verify the crystal structure of our materials. This technique relies on 

Bragg’s Law: 

2𝑑 sin 𝜃 = 𝑛λ  

where d is the space distance between the diffracting plane, 𝜃 is the incident angle and λ is the 

wavelength of the x-ray applied. According to Bragg’s Law, at a given incident angle, only X-

rays scattered from atoms or molecules of a specific spacing will constructively interfere and 

therefore be detected. 

 

Figure 3-1 Diffraction of X-ray by a crystal [3] 
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A Rigaku Miniflex XRD instrument was used for bulk POM structural analysis. The 2θ 

range sampled was from 10o to 90o, with a step size of 0.1o and a step time of 1 second. All 

samples were ground into fine powder before measurement. 

FTIR was performed with Attenuated total reflectance (ATR) FTIR (FT/IR-4100 Jasco) 

in air. Spectra of electrolyte solutions were measured at wavelengths between 600 cm-1 to 4000 

cm-1. FTIR was used to confirm POM stability before and after electrochemical experiments. 

FTIR can be used to measure the sample in solid, liquid or gas phases by absorption or emission 

spectroscopy. In this research, Attenuated Total Reflectance (ATR) FTIR was used. The infrared 

light was applied to the ATR crystal and the infrared light was reflected from the interface with 

the sample. ATR is easily used with the solid and liquid samples.  

 

 

Figure 3-2 Schematic of a typical Attenuated Total Reflectance FTIR [4] 

Bulk electrolysis is a form of coulometry with a constant voltage or current held for a 

defined period of time.  The material can be oxidized or reduced by bulk electrolysis. By 

monitoring the current, the number of electrons taken up via each oxidation or reduction step can 

be determined. 
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Bulk electrolysis experiments were carried out in a bulk electrolysis cell as described in 

chapter 2. The RVC working electrode consisted of carbon sheets with 60 pores per inch (ERG 

Aerospace). The reference used was Ag/Ag+ quasi-reference electrode (QRE). The measurement 

was performed with 0.01 M POM with 0.1 M LiTf in acetonitrile. The POM solution was 

electrolyzed with 0.5 coulombs and the open circuit potential was then measured. This step was 

repeated until the amount of charge transferred reached the theoretical limit. 

FTIR spectra of solutions bulk-electrolyzed to different OCP values in a water/oxygen 

free argon glovebox were obtained after quick transfer to the FTIR spectrometer in air 

3.2 Results and Discussion 

3.2.1 Solubility  

  The results of solubility measurements in acetonitrile are shown in Figure 3-3 below. 

 

Figure 3-3 Solubility of POMs in acetonitrile 
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The solubility of CcPMo12O40 (Cc = H, Li, Na, K, Mg) decreases from H+ to K+ as the 

atomic weight and ion diameter increases in the IA group. K3PMo12O40 was almost insoluble in 

acetonitrile, as previously found [9]. For POMs of different composition but with the same 

counter cation (Li+), similar solubility behavior was found. Comparing POMS exhibiting 

different structures (Keggin and Dawson), the Keggin structures exhibited approximately twice 

the solubility of the Dawson structure POMs (Li3PMo12O40 vs. Li6P2Mo18O62 and Li3PW12O40 vs. 

Li6P2W18O62). 

3.2.2 Thermogravimetric Analysis (TGA) 

 The vacuum-dried POMs were compared in order to quantify the amount of water of 

crystallization that can be removed without decomposing the POM structures at room 

temperature. The intermediate hydrates increase the overall weight of the POM • xH2O 

compound; quantification of the water content was therefore important in order to prepare POM 

solutions of specific concentration. 

TGA profiles of these compounds are shown below. 
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(c)                                                                       (d)                            

 

(e)                                                                       (f)                           

 

(g)                                                                       (h)                            

Figure 3-4 TGA plots (a) Li3PMo12O40 (b) Li3AsMo12O40 (c) Li4SiMo12O40 (d) Li4PMo11VO40 (e) 

Li5PMo10V2O40 (f) Li6PMo9V3O40 (g) Li6P2Mo18O62 (h) Li6P2W18O62 

The number of water molecules in each case was calculated by the weight loss from 30°C 

to 300°C. TGA results provided hydration levels of POMs stored under vacuum at room 
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temperature. The intermediary hydrates numbers calculated by TGA were Li3PMo12O40 • 7H2O, 

Li3AsMo12O40 • 14H2O, Li4SiMo12O40 • 10 H2O, Li4PMo11VO40 • 11 H2O, 

Li5PMo10V2O40 ‧10H2O, Li6PMo9V3O40 • 9 H2O, Li6P2Mo18O62 • 14 H2O and Li6P2W18O62 • 11 

H2O. The vacuum-dried POM samples thus retained between 7 and 14 water molecules per 

POM. The air-stored Keggin polyoxometalates typically have 20 wt% water content, 

corresponding to around 20 ~ 25 water molecules per POM [10]. The vacuum-dried POM 

samples with fewer water molecules maintained stable POM structures, as shown by XRD and 

FTIR results below. 

3.2.3 X-Ray Powder Diffraction (XRD)  

Representative polyoxometalate XRD results are shown as below; these demonstrate the 

structural integrity of the samples.   
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                                       (c)                                                                                 (d) 

 

                                       (e) 

Figure 3-5 XRD pattern (a) H3PMo12O40 (b) H3PW12O40 (c) H4PMo11VO40 (d) H5PMo10V2O40 (e) 

H6PMo10V3O40  

The XRD patterns in Figure 3-5 of vacuum-dried H3PMo12O40, H3PW12O40, 

H4PMo11VO40, H5PMo10V2O40, H6PMo10V3O40 were consistent with literature results.  For 

H3PMo12O40, H3PW12O40 the results agreed well with those reported by Misono et al. [11] and 

Yang et al. [12]. It is worth mentioning that in the literature [11], the authors indicated the XRD 

pattern is a function of the extent of dehydration of the POM, indicating that POM spacing is 

affected by water content. The H4PMo11VO40, H5PMo10V2O40, H6PMo10V3O40 results were 

compared with literature [13][14][15] and also found to be consistent.  
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3.2.4 Fourier transform infrared spectroscopy (FTIR) 

3.2.4.1 H3PMo12O40 vacuum-dried sample and sample stored in air (designated “wet”)  

For H3PMo12O40, FTIR spectra show peaks at 1051 cm−1 (P−O), 951 cm−1(Mo=Ot), 877 

cm−1 (Mo−Ob−Mo), and 741 cm−1 (Mo−Oc−Mo)  [16]. The broad peak around 3100 cm-1, 

indicative of O-H bonds, showed diminished intensity in the vacuum-dried materials relative to 

the air-stored (wet) POMs, as shown in Figure 3-6. The band near 1620 cm-1 is also indicative of 

the presence of H2O (δ(OH) modes) and the broad peak between 3200~3600 cm-1 is indicative of  

the ν(OH) modes [17]. 

 

Figure 3-6 FTIR spectra of H3PMo12O40 air-stored (wet) and vacuum-dried (dry) samples 
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3.2.4.2 H3PMo12O40, Li3PMo12O40, Na3PMo12O40, Mg1.5PMo12O40, Ca1.5PMo12O40  

The counter-cation exchanged POMs showed very similar results, indicating that the 

structure and bonding within the Keggin ions are not significantly affected by the counter-

cations. 

 

Figure 3-7 FTIR of vacuum-dried H3PMo12O40, Li3PMo12O40 and Na3PMo12O40 samples 

 

Figure 3-8 FTIR of vacuum-dried H3PMo12O40, Mg1.5PMo12O40 and Ca1.5PMo12O40 samples 

50

55

60

65

70

75

80

85

90

95

100

600110016002100260031003600

T
ra

n
s

m
it

ta
n

c
e

 (
%

)
Wavenumber (cm-1

H3PMo12

Na3PMo12

Li3PMo12

20

30

40

50

60

70

80

90

100

600110016002100260031003600

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumber (cm-1)

H3PMo12

Mg1.5PMo12

Ca1.5PMo12



55 

 

3.2.4.3 FTIR following reduction of Li3PMo12O40 in acetonitrile to different open circuit 

potentials (OCPs) 

 FTIR spectra for POM solutions that had undergone bulk electrolysis to different extents 

were obtained for comparison with the results from charge/discharge experiments in the next 

chapter to demonstrate structural integrity. Therefore, FTIR results obtained after reduction to 

different with different open circuit potentials are shown below to illustrate the changes for 

different POM oxidation states.  

 

Figure 3-9 FTIR spectra of 0.01M Li3PMo12O40 with 0.1M LiTf in acetonitrile at different 

extents of reduction 
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 As the 0.01M Li3PMo12O40 with 0.1 M LiTf was reduced by bulk electrolysis, FTIR 

spectra of the liquid were obtained at increments of the open circuit potential. At an OCP of   

-0.5V, corresponding to PMo12O40
4-, the vibration frequency of the Mo−Oc−Mo mode shifted 

from 837 cm-1 to 756 cm-1and Mo−Ob−Mo mode shifted from 877 cm-1 to 821 cm-1. These shifts 

illustrate the effect of electron addition to the PMo12O40
4- molecule. Sun et al. reported similar 

behavior with TBA3PMo12O40 [18]. The changes of the vibrational frequencies indicated that the 

added electrons were localized, as previously indicated by Electron Spin Resonance 

Spectroscopy [18][19]. However, the overall structure was maintained, and subsequent 

reversibility tests showed the reversibility of Li3PMo12O40 reduction. 

 

Figure 3-10 FTIR spectra of 0.01M Li3PW12O40 with 0.1M LiTf in acetonitrile with different 

extents of reduction 
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 Typical PW12O40
3- bands appear at 1090-1060 cm-1 (P-O), 1010-930 cm-1  (WdO), 900-

870 and 850-700 cm-1 (W-O-W) [17]. The FTIR results within those regions did not change 

while the PW12O40
3- was reduced. The broad peaks between 3200~3600 cm-1 (OH stretching 

modes), the peak near 1620 cm-1 (OH bending modes) increased after bulk electrolysis to an 

OCP of -0.5 E/V Ag/Ag+ indicated the presence of OH groups, possibly from the RVC 

electrodes. The first redox peak of Li3PW12O40 appeared at -0.6 E/V Ag/Ag+ which corresponds 

to the increasing intensity of the -OH modes at with increasing reduction, as the RVC electrode 

began to react. A similar effect could be seen with in PMo12O40
3-, where the first redox couple 

started from -0.17 E/V Ag/Ag+. 

3.2.5 Bulk Electrolysis 

 The bulk electrolysis results were to determine the number of electrons transferred in 

each redox couple for further battery application purposes. The number of electron transfers in 

the first and second redox couples for Li3PMo12O40 was reported in chapter 2. The first and 

second couples for this compound were both one electron transfers.  

3.2.5.1 Cu1.5PMo12O40  

Cu1.5PMo12O40 exhibited three redox couples in CV.  The number of electrons transferred 

in each couple (from positive to negative voltage) were two, one, and one. The second and third 

couple represent the typical PMo12O40
3- redox couples (-0.23, -0.59 E/V, Ag/Ag+). The first 

couple from the positive side is the Cu2+/Cu couple (0.60 E/V Ag/Ag+). The 0.32 V peak 

separation of the first Cu2+/Cu couple corresponded to complete reduction of the copper cations.  
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Figure 3-11 Top: CV of 0.01M Cu1.5PMo12O40 with 0.1M LiTf in acetonitrile; Bottom: bulk 

electrolysis of the same solution 

 

3.2.5.2 Li6P2W18O62  

After examination by bulk electrolysis, the redox couples at -0.78 E/V Ag/Ag+ and -1.21 

E/V Ag/Ag+ were both determined to be one electron transfer couples. The first oxidation peak 

decreased after the first 5 cycles of CV. The peak voltage separations of 0.30 and 0.37V for the  

-0.78E/V Ag/Ag+ and -1.21 E/V Ag/Ag+ peaks indicated that both the redox couples are 

controlled by both charge transfer and mass transport phenomena.  
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Figure 3-12 Top: CV of 0.01M Li6P2W18O62 with 0.1M LiTf in acetonitrile; Bottom: bulk 

electrolysis of the same solution 

 

3.3 Conclusions 

In this chapter, several basic characteristics of the polyoxometalates utilized in this 

dissertation have been examined.  TGA was used to determine the water content of vacuum-

dried POMs used in later experiments. XRD was used to confirm the crystal structure. FTIR was 

used to monitor structure and bonding in different POM materials (e.g., Li3PMo12O40 and 

Li3PW12O40) and different oxidation states. Bulk electrolysis provided the number of electron 

transfers taking place in each redox couple, providing guidance for battery design purposes. 
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Evaluation Of Polyoxometalate Charge And Discharge Performance In Static 

Cell Studies 

4.1 Background and Approach  

Polyoxymetalates (POMs) have been studied extensively for use in energy applications 

such as fuel cells, supercapacitors, and as electrode components [1],[2]. One appealing feature of 

these materials is their stability in multi-electron redox reactions. Sonoyama et al. investigated a 

potassium cation POM salt, K3PMo12O40, as a lithium battery cathode component. Lithium ions 

were presumed to be intercalated into bulk K3PMo12O40 layers during discharge [3]. Wang et al. 

previously reported that H3PMo12O40 incorporated into electrodes can undergo 24 electron 

transfers during charge/discharge cycles [4]. These results suggest POMs have several useful 

characteristics for use in energy storage applications.  

 Non-aqueous redox flow batteries (RFBs) offer both advantages and disadvantages 

relative to aqueous systems. Water has a relatively narrow window for electrochemical 

processes, 1.5 V for practical purposes, while acetonitrile has a potential window of 5 V, 

potentially increasing the energy density[5]. Reactions that occur outside the voltage window 

within which water is stable can therefore be made accessible in organic solvents. However, 
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higher solvent cost, higher viscosities, lower conductivities, and lower current densities 

compared to aqueous systems provide challenges for the application of non-aqueous RFBs. In 

order to improve the low conductivities in non-aqueous systems, support electrolyte is 

commonly used to increase the cell conductivity. Therefore, the cost of support electrolyte is an 

important issue for development of economical RFBs. The comparatively lower current densities 

in non-aqueous RFBs are in part due to the lower solubilities of most active materials in non-

aqueous media. In the present work, lithium was chosen as the counter ion for both the active 

species and the support electrolyte in order to prevent H2 generation during charge and discharge. 

Further, the lithium salt of phosphomolybdic acid has the highest solubility in acetonitrile (0.8M) 

among the all the group IA and IIA salts of this compound. 

Membrane performance has also been shown to differ between aqueous and non-aqueous 

media [6]. High ionic conductivity, high ion selectivity, good chemical stability, good 

mechanical stability and long lifetime are all key properties for membranes [7]. Depending on 

the specific system, one may choose ion-exchange membranes or nano-porous membranes. 

Examples evaluated in this work included Li+-exchanged Nafion® 117 and a nanoporous aramid 

nanofiber based membrane (ANF) previously reported by Yang et al. [8]. The ANF membranes 

were constructed by layer-by-layer assembly from a stable dispersion of high-aspect-ratio aramid 

nanofibers (ANFs) with diameters between 3 and 30 nm [22]. In this chapter, key properties 

relevant to membrane performance and current density are examined in acetonitrile employing 

POMs as the active material 
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4.2 Material and Methods 

All standard potentials and diffusivities were measured by cyclic voltammetry (CV) with 

an Autolab PGSTAT302N Potentiostat and Nova software. The three electrode cyclic 

voltammetry experiments were performed with a 3mm glassy carbon working electrode (BASi), 

Ag/Ag+ (BASi) as the reference electrode and a platinum wire (BASi) as the counter electrode. 

The working electrodes were all polished with 15 μm silicon carbide paper, washed in an 

ultrasonic bath to ensure a clean surface, and dried in air before the experiment. Li3PMo12O40 

was obtained from Nippon Inorganic Colour & Chemical Co., Ltd. The support LiTf (Lithium 

trifluoromethanesulfonate, (99.995%) was obtained from Sigma-Aldrich and solvent ACN 

(acetonitrile, 99.9%) from Fisher Scientific.  Working solutions were sparged with nitrogen for 

10 minutes before CV, and the experiments were run in the air at room temperature. 

Electrochemical impedance spectroscopy (EIS) was performed in a two-electrode 

configuration with an Autolab PGSTAT302N Potentiostat in a static H-cell (Adams & 

Chittenden Scientific Glass.) Each side of the half H-cell was filled with 5 mL 0.1M LiTf in 

ACN. The H-cell design has been previously presented in [9].  The two electrodes (graphite 

plates with an area of 1cm2, GraphiteStore) were calcined at 550oC in nitrogen to remove 

moisture prior to use.  

 Attenuated total reflectance (ATR) FTIR (FT/IR-4100 Jasco) spectra of electrolyte 

solutions were measured at wavelengths between 600 cm-1 to 4000 cm-1. These were used to 

detect changes in polyoxometalate characteristics before and after electrochemical experiments.   

Crossover tests were performed in the H-cell and the membranes were placed in the 

electrolyte solution on one side and pure acetonitrile on the other. Both were stirred with micro 
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stir bars, and the initially pure acetonitrile side was sampled over time using a 

NanoPhotometer® P300. 

Charge/Discharge (CD) experiments were performed in the static H-cell with a Maccor 

Series 4000 battery tester.  The working electrodes were the same graphite electrodes used in EIS 

experiments. Each side of the H-cell was filled with 5 mL of the test solution, and electrodes 

were soaked in the solution. The electrodes were calcined prior to CD experiments. CD 

experiments were monitored with Ag/Ag+ reference electrodes. Both sides of the H-cell 

contained a micro stir bar to minimize mass transport limitations while the cell was being 

charged or discharged. The separators used were Nafion®  117 (Fuel Cell Store), Celgard® 2325 

(Celgard), and an aramid nanofiber based membrane (ANF) provided by the Kotov group at the 

University of Michigan [10].  

Membranes were soaked in acetonitrile containing the supporting electrolyte (LiTf) for 

more than 24 hours prior to each test. The Nafion 117 membrane was exchanged with lithium 

prior to use, following the procedure adopted from [11]. 

4.3 Results and Discussion 

4.3.1 Membrane Selections: EIS and permeability test   

Membrane selection was the first step in the experimental design, as membrane 

properties can have a large influence on the charge/discharge results. A good membrane or 

separator will selectively allow charge carriers to pass freely while preventing transport of other 

ions that would result in mixing and loss of performance.  Such a selection generally involves a 

tradeoff, as materials that allow transport of charge carriers will often result in some rate of 
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electrolyte transport resulting in losses of stored energy, and membranes that minimize 

electrolyte transport can often have high resistance to charge carrier transport leading to I2R 

energy losses. 

 For the analysis of POMs in non-aqueous RFBs, ion selection and pore size selection 

membranes were selected as potential candidates due to their routine use in RFB and fuel cell 

applications. Celgard®  2325, a commercial pore size selection membrane, has a 0.028 µm 

average diameter pore size, allowing molecules smaller than this diameter to pass. In a visual 

crossover test, within one hour the two sides of an H-cell containing reduced and oxidized 

phosphomolybdate ions had started to mix, as shown in Figure 4-1. Thus, this separator was not 

considered further.  
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Nafion® 117 is a well-known proton-exchange membrane which has been widely used in 

fuel cell applications. Since lithium ions were the charge carriers in this work, the Nafion® 117 

membrane was pretreated to exchange lithium ions for protons as described above. Ideally, only 

the Li cations can pass through the membrane, with the POM anions unable to cross. A test to 

measure the extent of crossover from a Li3PMo12O40 solution into pure acetonitrile is depicted in 

Figure 4-2a. After 144 hours (6 days), less than 0.5% of the active species had diffused across 

the membrane as determined from the increase of the UV-vis signal for the POM in the initially 

pure acetonitrile, showing good resistance to POM transport by the Nafion® 117 membrane. The 

small excursion of the point at 96 hours reflected the uncertainty of measuring very low POM 

          

                                      a)                                                     b) 

                                          

                                       c)                                                     d) 

Figure 4-1. Visual cross over test for Celgard®  2325. PMo12O40
3- is the light yellow 

solution, and PMo12O40
5- is the dark green solution. Time: a) 0hr, b) 0.5 hr, c )1hr, d) 6hr. 
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concentrations with UV-Vis. Overall, these results clearly demonstrate the low permeability of 

the Nafion® 117 membrane to POMs. 

We also investigated the use of a new aramid nanofiber (ANF) based pore-size selection 

membrane [10]. The crossover test in Figure 4-2b showed that even after 6 days, less than 4% of 

the active species had diffused across the membrane. Compared to the pore size selection 

membrane Celgard®  2325, ANF shows good separation ability. Celgard®  2325 has an average 

pore diameter of 28 nm (0.028 µm), compared to ANF with a 5 nm pore size [12]. While the 

diameter of the unsolvated Keggin-type polyoxometalate ion is around 1 nm, smaller than both, 

the small pores of the ANF membrane appeared to provide adequate separation.  Based on their 

proven ability to prevent heteropolyanion crossover, Nafion® 117 and ANF membranes were 

selected as viable candidates for the POM non-aqueous RFB studies.  

 

 

              a)                                                                                b)   

Figure 4-2. Percent crossover of PMo12O40
3- from a 0.01M solution into pure acetonitrile for a) 

Nafion® 117, b) ANF membranes. 
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 As the resistance of the membrane could 

also influence the charge/discharge energy 

efficiency, electrochemical impedance 

spectroscopy (EIS) was used to determine the 

resistances of the membranes. The resistances of 

the membranes in the H-cell with 0.1M Lithium 

trifluoromethanesulfonate (LiTf) added to acetonitrile as a support are shown in Table 4-1. These 

values were obtained by subtracting the background resistance of 916 Ω measured in the same 

cell without the membrane.  Both pore selection membranes (Celgard®  2325 and ANF) in 

acetonitrile have similar resistances, but ANF had much higher transport selectivity as discussed 

above. Nafion® 117 had almost ten times higher resistance than the other two membranes in 

acetonitrile. A similar poor conductivity for Li-exchanged Nafion® 117 in acetonitrile was 

reported previously: 5.36 × 10−6 S/cm in acetonitrile vs. 1.61 × 10−2 S/cm in water [6]. Lithiated 

Nafion® 117 membranes have previously been examined in different non-aqueous solvents 

(propylene carbonate, propylene carbonate: ethylene carbonate, and dimethyl sulfoxide) [13]. 

The main reason for the variations in membrane conductivity among these could be the solvent 

volume fraction and the degree of charge carrier dissociation from the tethered ion. Charge 

exclusion also contributes, but the authors argue that this effect is small compared to size 

exclusion [13]. 

 The resistance versus time of ANF in 0.1M LiTf/ACN was tested in order to determine 

the appropriate soaking time and the stability of the membrane in the electrolyte solution. A 

dried ANF membrane (in contrast, membranes in Table 4-1 were soaked for 2 weeks) was placed 

in the H-cell as a separator and measured with EIS. The EIS resistance dropped quickly between 

Membrane Resistance (Ω) 

Celgard®  2325 64 

ANF 82 

Nafion® 117 853 

 

Table 4-1. EIS resistance measurements 

for different membranes in acetonitrile 

with 0.1M LiTf in the H-cell. 

http://www.nonmet.mat.ethz.ch/education/courses/ceramic2/EIS.ppt
http://www.nonmet.mat.ethz.ch/education/courses/ceramic2/EIS.ppt
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1 hour and 8 hours of soaking in electrolyte from 218 Ω to 113 Ω. After 48 hours, the resistance 

remained stable at approximately 100 Ω, and changed relatively little for longer times. 

4.3.2 Symmetric Charge Discharge Experiments 

4.3.2.1 Li3PMo12O40 

The performance of POMs in acetonitrile was examined in charge/discharge experiments 

using the H-cell described above. The symmetric configuration contained 0.01M Li3PMo12O40 

with 0.1M LiTf as the supporting electrolyte. Figure 4-4 shows the characteristic CV for these 

concentrations. The first and second redox couples were observed at -0.21 and -0.57 V, 

respectively, with potentials reported relative to an internal Ag/Ag+ reference. The respective 

peak separations (∆Ep = Epc - Epa) for the two redox events were 196 mV and 190 mV, and the 

peak height ratios (ipa/ipc) were 0.80 and 0.84. The peak separation and peak height ratios 

observed are indicative of quasi-reversible redox behavior, with reversible behavior defined as a 

peak separation of 59 mV per electron and a peak height ratio of 1. Previous literature has 

reported the PMo12O40
3- ion diffusion coefficient in acetonitrile to be 9.7 × 10-6 cm2s-1 [14], about 

half that of ferrocene (Fc) at 2.24 × 10-5 cm2s-1 [15]. Since the Keggin structure does not change 

with varying oxidation state, the diffusion coefficients are expected to be similar for the different 

oxidation states accessed in our charge/discharge experiments, although direct measurements are 

lacking.  
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Initial experiments were carried out using the Li-exchanged Nafion® 117 membrane. With 

bulk-electrolysis-pretreated Li3PMo12O40 on both sides, the solution open circuit potential was 

reduced from 0.1 to -0.4 E/V Ag/Ag+ in order to make a balanced electron charge/discharge 

experiment. By charging the cell from an initial potential of -0.4 to 0.3 E/V Ag/Ag+ at the 

catholyte side and -0.8 E/V Ag/Ag+ at the anolyte as shown in the cyclic voltammetry plot in 

Figure 4-3, a 1-electron redox couple was accessed on each side. The charge/discharge reaction 

was PMo12O40
4- 
 PMo12O40

3- on the catholyte side and PMo12O40
4- 
 PMo12O40

5- on the anolyte 

side.  

The charge/discharge cut-off was based on potentials measured with respect to reference 

electrodes on each side of the cell while monitoring the coulombic charge to ensure that the 

compound was not destroyed due to overcharging.  Results of these charge/discharge 

 

Figure 4-3 Cyclic voltammogram for 0.01M Li3PMo12O40 with 0.1M LiTf 

in acetonitrile, showing the 1-electron transfers accessed in the 

charge/discharge experiments. 
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experiments are shown in Figure 4-4. Figure 4-4a shows charge/discharge cycles 3 through 5. 

While stable charge and discharge were observed, the charge rate was limited to 0.1mA/cm2 on a 

1 cm2 active surface area electrode. Therefore, the cycle time was between 20 and 26 hours to 

reach 100% state of charge. Figure 4-4b shows the stability of the Li3PMo12O40 CD and its 

behavior with the Nafion® 117 membrane. Even after 35 cycles with 50% state of charge (over 

500 hours), the coulombic efficiency remained at 96% and the energy efficiency remained stable 

at 38%. When the Li3PMo12O40 solution was charged or discharged, no precipitates were 

observed on either the catholyte side or anolyte side, indicating that the solubilities of oxidized 

and reduced states of the POM were not limiting at the concentration examined. This is not 

surprising since the tested concentration of 0.01 M is well below the solubility of Li3PMo12O40, 

0.8M. However, solubility variations of the Keggin species in different oxidation states could, in 

principle, limit the charge and discharge at higher concentrations. 

 

 

    a)                                                                                               b) 

Figure 4-4. Li3PMo12O40 charge/discharge with Nafion® 117, a) 3rd-5th cycle, b) long term 

charge/discharge, coulombic efficiency (CE), energy efficiency (EE) and voltage efficiency (VE) at 

50% state of charge. 
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In this work, we focus mainly on the coulombic efficiency, as this provides an indication 

of the reversibility of the electrochemical reaction and the stability of the compound. The 

coulombic efficiency is directly related to the lifetime of the battery; the higher the coulombic 

efficiency, the greater the number of cycles that the battery could potentially sustain. The energy 

efficiency is strongly affected by the cell design, the resistance and the energy lost.  In order to 

shorten the charge/discharge cycle time, experiments were carried out using rates of 0.2mA/cm2 

and 0.5mA/cm2. These experiments resulted in no stored charge.  

 Experiments were then carried out using the ANF membrane with 0.01M Li3PMo12O40 in 

acetonitrile with 0.1M LiTf as support electrolyte. Results are shown in Figure 4-5 and Table 4-

2. The coulombic efficiency (CE) remained high, indicating the high stability of Li3PMo12O40 in 

charge/discharge experiments. The slightly lower CE relative to charge/discharge (CD) with 

Nafion® 117 may reflect the different extents of crossover for these membranes noted above. 

With ANF, we were able to increase the charge rate two to five times higher than with 

Nafion® 117. Nafion® 117 has almost ten times higher resistance compared to ANF in the H-cell.  

Therefore, a lower energy efficiency (EE) of Nafion® 117 was observed compared to ANF 

experiment at the same charge rate (0.1mA/cm2). However, even with the ANF membrane, as the 

current was increased, the energy efficiency dropped, as the energy lost due to the resistance 

increased with applied current. The use of higher current also decreased the state of charge, 

possibly due to mass transport limitations of species to and from the electrode surface.  In the 

static cell study, the stirring condition was not ideal; the solutions on the two sides of H-cell were 

circulated by micro stir bars rather than by flow through the cell. The iR loss increased as the 

current increased in Figure 4-5a~5c. The ANF H cell system resistance from table 4-1 is 82 Ω 

(ANF) + 916 Ω (H Cell system). The iR drop caused by the resistance in different current density 
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experiments could be calculated as 998 Ω times 0.1, 0.2, or 0.5 mA/cm2 (the contact surface 

areas of electrodes were 1cm2), which gives 99.8, 199.6, or 499 mV, respectively, close to the iR 

drop shown in Figure 4-5. Thus, while the H-cell results are a useful diagnostic tool for active 

species and membrane performance, the efficiencies measured do not translate directly to RFB 

performance.  

 

A long-term experiment of 35 charge/discharge cycles spanning more than 1000 hours 

with 95% state of charge was performed for ANF with 0.01M Li3PMo12O40 and 0.1M LiTf in 

acetonitrile, shown in Figure 4-5d. The high coulombic efficiency (~90%) and energy efficiency 

(~40%) over this long duration showed the compatibility of ANF and Li3PMo12O40.  

 
                                a)                                                                                      b)                                                           

      

                                c)                                                                                       d) 

Figure 4-5 Li3PMo12O40 charge/discharge with ANF, a) 0.1mA/cm2, b) 0.2mA/cm2, c) 

0.5mA/cm2, d) long term charge/discharge, coulombic efficiency (CE), energy efficiency (EE) 

and voltage efficiency (VE) with state of charge 95% at 0.1mA/cm2. 
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After the experiment, the catholyte and anolyte were also examined by CV (after dilution 

to 0.5 mM based on the initial POM concentration) and FTIR. Results are shown in Figure 4-6 

and Figure 4-7. The CVs showed reproducible and stable results that agreed well with the 

electrochemical characteristics of Li3PMo12O40 measured before charge/discharge. FTIR spectra 

in Figure 4-7 obtained before and after CD show the peaks at 1051 cm−1 (P−O), 951 cm−1 

(Mo=Ot), 877 cm−1 (Mo−Ob−Mo), and 741 cm−1 (Mo−Oc−Mo) [16] characteristic of the POM. 

Both spectra showed intact POMs after the charge/discharge test.  

  

 

Membrane 

 

C/D rate 

(mA/cm2) 

 

CE(%) 

 

EE(%) 

 

SoC(%) 

 

Nafion® 117 0.1 96 38 91 

ANF 0.1 88 47 95 

ANF 0.2 89 23 44 

ANF 0.5 93 8 37 

Table 4-2 Coulombic efficiency (CE), energy efficiency (EE) and state of 

charge obtained at the different currents shown in Figure 4-5  
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These Li3PMo12O40 symmetric charge/discharge tests in the static cell indicate that POMs 

are a viable class of materials for use as active species in non-aqueous redox flow batteries. The 

Nafion® 117 and ANF membranes both showed reasonable performance with Li3PMo12O40; the 

latter permitted operation at higher currents. They also serve to put this work in the context of 

previous studies, primarily those of Pratt and Anderson. Studies by these workers regarding the 

 

Figure 4-6 Cyclic voltammograms for Li3PMo12O40 after 

charge/discharge diluted to 0.5mM in acetonitrile; dotted 

line: catholyte after CD; solid line: anolyte after CD 

 

 

Figure 4-7 FTIR spectra of 0.01M Li3PMo12O40 with 0.1M 

LiTf before and after charge/discharge, line: before CD; 

dotted line: catholyte after CD; dashed line: anolyte after 

CD 
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performance of vanadium-substituted phospho- and silico-tungstate Keggin ions in both aqueous 

and non-aqueous (propylene carbonate) flow batteries [17],[18] showed similarly high 

coulombic efficiencies and moderate energy efficiencies in aqueous solution. In a non-aqueous 

(propylene carbonate) redox flow battery [17],  the electrochemical yield, equal to the measured 

state of charge divided by the theoretical capacity of the system, dropped by half after 10 cycles. 

That report demonstrated varying performance decays and electrode deposition processes 

dependent on the specific POM structures and compositions. In the present work, the redox 

processes accessed in charge/discharge experiments did not depend on the incorporation of 

specific redox active elements (e. g., vanadium) in the Keggin framework.  Extensive studies of 

the performance and stabilities of phosphomolybdates in non-aqueous RFB applications remain 

to be carried out. 

4.3.2.2 Cu1.5PMo12O40  

Based on the bulk electrolysis test described in the previous chapter, Cu1.5PMo12O40 was 

bulk electrolyzed from 0.7 to 0.3 E/V Ag/Ag+ before the charge/discharge test with 0.01 M 

Cu1.5PMo12O40 with 0.1M LiTf. The battery was tested as a 2-electron transfer system with a 1.4 

V window starting from 0.3 E/V Ag/Ag+ and a 50% cutoff for the state of charge with 

0.2mA/cm2 current density.  
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a) 

 

                                            b)                                                                       c) 

Figure 4-8 Results for 0.01M Cu1.5PMo12O40 with 0.1M LiTf in acetonitrile a) CV, b) 

charge/discharge c) coulombic efficiency, energy efficiency with 50% SoC and 0.2mA/cm2 

current density. 

The results from cycling Cu1.5PMo12O40 illustrate the benefits of a higher energy density 

symmetric battery with a wider voltage window and higher number of accessible electron 

transfers. The battery showed a 60% initial coulombic efficiency and maintained the 60% 

efficiency after 10 cycles. However, the reductive plating of copper on the cathode, as seen in  

Figure 4-9 below, remains a concern for the Cu1.5PMo12O40 symmetric battery. The copper 

plating is also the reason for the lower coulombic efficiency compared to the Li3PMo12O40 

battery. 
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Figure 4-9 The cathode after the Cu1.5PMo12O40 charge/discharge, the brown copper 

could be seen clearly on the right side in the picture 

 

4.3.2.3 Effect of Li3PMo12O40 Concentration on static cell performance 

 

                                               a)                                                                               b) 

Figure 4-10 a) Charge/discharge results for 0.05M Li3PMo12O40 with 0.5M LiTf in 

acetonitrile at a 0.2 mA charge rate, b) 0.1M Li3PMo12O40 with 1M LiTf at a 0.2 mA charge 

rate 

The 0.01M Li3PMo12O40 with 0.1M LiTf charge/discharge results are shown in       

Figure 4-5; Figure 4-10 shows results at higher concentrations. Stable cycling was achieved at 

0.05M Li3PMo12O40. However, the 0.1M Li3PMo12O40 with 1M LiTf solution did not permit 

stable charge/discharge; the coulombic efficiency dropped quickly after the 5th cycle. One 

possible explanation may be the higher viscosity observed and the presumably lower diffusivity 

at higher concentrations of the POM. In the static H cell, the circulation might not be adequate 

since the driving force was from the micro stir bars.  
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4.3.3 Asymmetric Charge Discharge Experiments 

The purpose of asymmetric charge/discharge is to increase the energy density of the 

battery by increasing the maximum voltage window and the number of achievable electron 

transfers. The following experiments were conducted to assess the performance of 

Li3PMo12O40/Li3PW12O40 and Li3PMo12O40/Li6P2W18O62 combinations in asymmetric cells. 

4.3.3.1 Li3PMo12O40/Li3PW12O40  

The asymmetric charge/discharge experiment was designed with a maximum two 

electron transfer and a 1.1 voltage window with 0.1mA/cm2 current density. 0.01M Li3PMo12O40 

with 0.1M LiTf was used as the catholyte and 0.01M Li3PW12O40 with 0.1M LiTf was the 

anolyte.  The battery was tested under conditions chosen to produce one electron transfer (50% 

state of charge as the cutoff). The catholyte side Li3PMo12O40 was bulk electrolyzed at -0.4 E/V 

Ag/Ag+   before the charge/discharge test, and the anolyte Li3PW12O40 was bulk electrolyzed at    

-1.1 E/V Ag/Ag+ before beginning the experiment.  Catholyte voltages of 0.3 and -0.5 E/V 

Ag/Ag+ and anolyte voltages of -0.8 and -1.6 E/V Ag/Ag+ were set as the charge/discharge 

voltage limits for each side.  
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a) 

  

                                               b)                                                                                          c) 

Figure 4-11 Li3PMo12O40/Li3PW12O40 asymmetric charge/discharge results at 0.1mA/cm2, a) CVs 

of 0.01M Li3PMo12O40 with 0.1M LiTf (right) and 0.01M Li3PW12O40 with 0.1M LiTf (left), b) 

charge/discharge, c) coulombic efficiency (CE), energy efficiency (EE) and state of charge (SoC) 

vs. cycle number. 

Despite the observation of nearly reversible redox events in the CV, the results from the 

charge/discharge experiment show a low state of charge. The voltage curve over time revealed 

that the anolyte (Li3PW12O40) limited the charge and discharge cycles, because the Li3PW12O40 

reached the cutoff voltages at -0.8 and -1.5 E/V Ag/Ag+ during cycling. Theoretically, this 

battery could have 1.1 V output and 2 electrons transferred. However, the Li3PW12O40 cycling 

appears to be an obstacle to achieving this performance. 
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4.3.3.2 Li3PMo12O40/Li6P2W18O62  

The asymmetric charge/discharge experiment was designed with a maximum two 

electron transfer and a 1.4 voltage window with 0.1mA/cm2 current density. 0.01M Li3PMo12O40 

with 0.1M LiTf was used as the catholyte and 0.01M Li6P2W18O62 with 0.1M LiTf was the 

anolyte. The catholyte, Li3PMo12O40, was electrolyzed at -0.4 E/V Ag/Ag+   and the anolyte, 

Li6P2W18O62, was electrolyzed at -0.7 E/V Ag/Ag+ before the beginning of the experiment. The 

charge/discharge strategy involved performing a 1-electron transfer battery test with 0.1mA/cm2 

current density. While performing charge/discharge, the battery was accessing the redox couple 

between 0.3 ~ -0.4 E/V Ag/Ag+ on the catholyte side, and -0.6 ~ -1.1 E/V Ag/Ag+ on the anolyte 

side. The battery performance could be theoretically as high as 1.4V and 2 electrons transferred 

if both redox couples on each side were fully utilized. 
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a) 

 

                                               b)                                                                                          c) 

Figure 4-12 Li3PMo12O40/Li6P2W18O62 asymmetric charge/discharge with 0.1mA/cm2, a) CVs of 

0.01M Li3PMo12O40 with 0.1M LiTf (right) and 0.01M Li6P2W18O62 with 0.1M LiTf (left), b) 

charge/discharge c) coulombic efficiency (CE), energy efficiency (EE) and state of charge (SoC) 

vs. cycle number. 

As seen in Figure 4-12, the decreasing state of charge starting at cycle 5 indicates the 

stability of this POM combination is limited. By the reference potential measurement (catholyte 

and anolyte E/V Ag/Ag+), the anolyte limits the early charge/discharge cycles. The battery was 

not fully discharged during the early cycles because the anolyte reached the discharge cut-off 

prior to the catholyte’s complete discharge.  At cycle #5, the catholyte finally reached the charge 

cut-off, resulting in a decreasing state of charge. However, this POM combination showed the 

highest state of charge of the asymmetric batteries tested here, which might suggest it as a 

possible candidate for the redox flow battery application. 
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4.4 Conclusions  

 In this chapter, we assessed the use of different membranes with polyoxometalate active 

species in symmetric batteries. The common commercial membranes Celgard 2325 (NPM) and 

Nafion® 117 (CEM), were compared and tested. The membrane made from Kotov Lab aramid 

nanofiber (ANF) was also tested for possible use. While the Celgard 2325 showed poor 

separation ability, the Nafion® 117 and ANF both showed high separation ability with less than 

5% POM crossover after 144 hours. However, the Nafion® 117 resistance in acetonitrile was 

almost ten times higher than ANF in the H cell experiment. The long term charge/discharge of 

both Nafion® 117 and ANF were tested with Li3PMo12O40, and both batteries retained high 

coulombic efficiencies (>90%) after more than 30 cycles. 

 Multiple POM materials were tested as the active species for higher energy density 

batteries.  In these experiments, only the Li3PMo12O40 showed stable columbic efficiency and 

high state of charge, while other POMs could not be consistently maintained at stable state of 

charge with high coulombic efficiency (>90%). Higher concentration tests were also performed 

in the static cell in an attempt to achieve a higher energy density.  Unfortunately, at 0.1M POM 

concentration, the static cell charge/discharge system appeared to be limited by mass transport. 

The asymmetric charge/discharge experiments were designed to test possible options for 

achieving higher energy densities. Li3PMo12O40/Li3PW12O40 and Li3PMo12O40/Li6P2W18O62 

combinations were tested.  Li3PMo12O40/Li3PW12O40 showed stable coulombic efficiencies over 

multiple cycles, but the decreasing state of charge limited the cell performance, dropping to 

below 20% on the second cycle.  Li3PMo12O40/Li6P2W18O62 showed a higher state of charge and 

energy density compared to the previous batteries; however, the decreasing state of charge with 
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cycling remains a limitation to battery performance in these asymmetric systems. Further 

application to a redox flow configuration is discussed in the next chapter. 
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5.1 Background and Approach 

While some research investigating POM RFBs has appeared in recent years [1-3], 

surprisingly little attention has been dedicated to this topic. Pratt and Anderson examined several 

different POMs in either aqueous or non-aqueous media, with [SiV3W9O40]
7-

 in an aqueous RFB 

showing 95% coulombic efficiency in charge/discharge cycling. The POMs in aqueous systems 

generally exhibited coulombic efficiencies of 50% ~ 95% in charge/discharge tests. However, 

the use of POMs in non-aqueous systems for RFB applications has not been discussed in detail. 

The present work examines the performance of POMs in acetonitrile. It builds on previous 

studies [4,5] of the electrochemical properties of polyoxometalates in acetonitrile. 

5.2 Material and Methods 

In this work, two different types of flow batteries were used for a comparison in function. 

The Gen 1 redox flow battery followed the same battery design as in the literature [6]. It was 

constructed of 316 stainless steel connected with Tygon tubing (Saint-Gobain, 1.6 mm inner 

diameter) as shown in Figure 5-1. An ANF membrane with 4.63 cm2 active area was used as 
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separator; two pieces of Goretex tape (0.01inch thick, Gallagher Fluid Seals) were placed on the 

bare portions of the 316 stainless steel housing between the cathode and anode for electrical 

isolation, and the pumps (Masterflex L/S Digital Drive) provided a 14 mL/min flow rate. 

Electrodes were cut from 6 mm thick carbon felt (GFA6, SGL Group) and the charge/discharge 

experiment was performed with a Maccor Series 4000 battery tester (Maccor, U.S.). The cell was 

assembled outside the glovebox, and then operated in the glovebox. The catholyte and anolyte 

reservoirs were both filled with 15 mL of a solution of 0.01 M Li3PMo12O40 with 0.1 M LiTf in 

acetonitrile that had previously undergone bulk electrolysis to produce an open circuit potential 

of -0.4 E/V Ag/Ag+. Before the charge/discharge experiment, the pretreated POM solution was 

pumped through the system for 1 hour in order to soak the electrode and membrane. During 

charge/discharge experiments, the current was fixed at 0.9 mA (~0.2 mA/cm2). 

 

Figure 5-1 Gen 1 316 stainless steel redox flow battery [6] 

The Gen 2 redox flow battery used  in this work was identical to that previously 

described in the literature [7], while using the same pumps (Masterflex L/S Digital Drive) and 

flow rate as the experiments in the Gen 1 redox flow battery. The flow cell was machined from 

polypropylene for chemical compatibility with ACN. The flow fields were made from 3.18 mm-

thick graphite (G347B graphite, MWI, Inc.) and the electrodes were (16.1 mm × 14.1 mm) 
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carbon paper (25 AA, SGL Group). The geometric active area was 2.55 cm and ANF was used 

as the separator. The two sides of the cell were filled with 5 or 7.5 mL bulk electrolyzed 

pretreated solution. The Gen 2 redox flow battery schematic is shown in Figure 5-2. 

 

Figure 5-2 Gen 2 redox flow battery [7] 

After charge/discharge experiments, the catholyte and anolyte were both diluted to 

0.5mM with 0.1M LiTf in acetonitrile and tested with cyclic voltammetry (CV) to examine POM 

stability. CV experiments were performed at 100mV/s sweep rate, and the data shown in this 

chapter were obtained for the 5th cycle. CV conditions were the same as section 2.2.2, with a 

platinum wire auxiliary electrode (MW-4130, BASi) as the counter electrode. 

5.3 Symmetric Redox Flow Battery 

5.3.1 Li3PMo12O40: Gen 1 Redox Flow Battery Performance  

Charge/discharge experiments in the RFB followed the same strategy as static 

charge/discharge, in which 1-electron charge/discharge cycles were investigated. Results with 

0.01M Li3PMo12O40 and 0.1M LiTf in acetonitrile at 50% SoC are shown in Figure 5-3. 

Performance metrics of 68% columbic efficiency and 40% energy efficiency were obtained at 

50% state of charge, which was set as the cut-off. The repetitive pattern of charge/discharge 
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cycles shows the stability of Li3PMo12O40 charge/discharge. The overall potential observed was 

0.35 V, which is similar to the H-cell results at a similar current density, 0.2 mA/cm2. The redox 

flow battery used has a smaller distance between the electrodes and separator compared to the H-

cell. In the flow battery, the electrodes are adjacent to the separator, while in our H-cell the 

distance is 1.8 cm. The larger the separation, the higher the resistance, and thus the higher the 

overpotential. The CV results in Figure 5-3c show that the Li3PMo12O40 was intact after the 

charge/discharge experiment. The 68% coulombic efficiency in the redox flow battery is lower 

than that in the H-cell (90~95%). This may result from the slow crossover of the POM solution, 

accompanying small amounts of solvent loss in long-term cycling experiments. Nevertheless, 

these results show the translation of non-aqueous POM-based electrochemistry examined in 

static configurations to flow battery operation.  
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                                                     a)                                                                                   b) 

 

c) 

Figure 5-3 Redox Flow Battery performance for 30 cycles with the Gen 1 Flow Battery [8] 

containing 0.01 M Li3PMo12O40 with 0.1 M LiTf. a) 0.2 mA/cm2 charge/discharge plot, b) 

coulombic efficiency (CE), energy efficiency (EE) at 50% state of charge at 0.2 mA/cm2, c) CVs 

of the POM CD solution diluted to 0.5mM, black: before CD; red: catholyte after CD; blue: 

anolyte after CD 

5.3.2 Li3PMo12O40: Gen 2 Redox Flow Battery Performance 

The Gen 2 redox flow battery was tested with 0.01M Li3PMo12O40 and 0.1M LiTf in 

acetonitrile at 0.2mA/cm2 current density. Results in Figure 5-4 showed a stable result for 30 

cycles. After the charge/discharge experiment, the resistance was measured as 7.28 Ω by EIS. 

The high (95~99.9%) coulombic efficiency at 80% state of charge showed the stability of the 

non-aqueous POM RFB. The energy efficiency around 70% also showed better performance 

compared to the Gen 1 redox flow battery. Analysis of the POMs by CV after the C/D 

experiment indicated that the POM structure was intact.  
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                       a)                                                            b) 

 

c) 

Figure 5-4 Redox Flow Battery performance for 30 cycles with the Gen 2 Flow Battery [8] 

containing 0.01 M Li3PMo12O40 with 0.1 M LiTf. a) 0.2 mA/cm2 charge/discharge plot, b) 

coulombic efficiency (CE), energy efficiency (EE) at 80% state of charge at 0.2 mA/cm2, c) CVs 

of the POM CD solution diluted to 0.5mM, black: before CD; red: catholyte after CD; blue: 

anolyte after CD 

5.3.3 Comparison of two different Redox Flow Batteries (Gen 1, Gen 2) 

Li3PMo12O40 exhibited stable charge/discharge in both flow batteries.  However, the Gen 

2 redox flow battery achieved higher coulombic efficiencies (> 90% in Gen 2 RFB and 70% in 

Gen 1 RFB). Greater crossover or leakage around the membrane may have limited the coulombic 

efficiency in the Gen 1 RFB. In the Gen 1 RFB, a liquid level difference between catholyte and 

anolyte reservoirs was observed over time.  Similarly, lower efficiencies were reported in 

previous Gen 1 RFB work [6]. The stainless steel design of the Gen 1 RFB also increases the 

possibility of an electrical short, unlike Gen 2 which was machined from polypropylene. The 
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lower EE observed with the Gen 1 RFB may also be due the flow field. The Gen 2 has a more 

compact design of the electrode and the carbon paper, and thus lower resistance arising from the 

electrolyte conduction path. Therefore, subsequent experiments were carried out with the Gen 2 

RFB. 

5.3.4 RFB operation at higher POM concentration 

To evaluate performance at higher energy densities, higher concentration (0.1 M 

Li3PMo12O40 with 1 M LiTf) solutions were tested in the Gen 2 RFB.  The state of charge in 

charge/discharge experiments was increased to 80%, and the CD current was increased to 2 

mA/cm2 in order to maintain feasible cycle times.  Results in Figure 5-5 showed very high 

coulombic efficiency (>90%). The energy efficiency (<40%) was lower than that observed for 

the previous experiment with 0.01 M Li3PMo12O40 (70%). This is likely because the experiment 

was run at ten times higher current density (2 vs. 0.2 mA/cm2). The RFB experiment showed 

stable performance with no significant loss in coulombic efficiency over the course of 30 cycles, 

in contrast to the limited stability observed during H-cell experiments. One possible explanation 

may be the low diffusion rate for POMs. The diffusivity of the POM was 10 times lower than 

that of ferrocene, as discussed in section 4.3.2. While this did not appear to be an issue at lower 

POM concentrations and currents, at higher POM concentrations and currents diffusivity may 

have limited POM oxidation and reduction in the longer path-length static cell vs. the much 

shorter path in the RFB cell. In addition, CV analysis of the anolyte and catholyte after the C/D 

experiment in the RFB indicated that the POM structure remained intact. Both redox couples in 

the anolyte and catholyte remained reversible. It is worth noting the 0.1M POM RFB experiment 

represents the highest concentration POM CD experiment reported to date. This experiment 
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demonstrates a proof-of-concept application of POMs in non-aqueous RFBs, and demonstrates 

the stability of the POM materials at concentrations higher than previously reported. Since the 

solubility of Li3PMo12O40 in acetonitrile is nearly an order of magnitude greater than the highest 

concentration considered here, the opportunity remains to reach higher energy densities by 

increasing POM concentration. During the first 5 cycles, an increase of CE was observed. Such 

increases are typically attributed to the “break-in” or formation period of the battery. In this 

period, the charge/discharge conditions are stabilized and trace impurities may be consumed. 

Therefore, it took several cycles to reach stable operation. For lower POM concentrations this 

break-in period was less evident, consistent with its attribution to impurities added with the 

POMs. 
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Figure 5-5 Redox Flow Battery performance for 30 cycles with the Gen 2 Flow Battery 

containing 0.1 M Li3PMo12O40 with 1 M LiTf. a) 2 mA/cm2 charge/discharge plot, b) coulombic 

efficiency (CE), energy efficiency (EE) at 80% state of charge at 2 mA/cm2, c) CVs of the POM 

CD solution diluted to 0.5mM, black: before CD; red: catholyte after CD; blue: anolyte after CD 

5.4 Asymmetric Redox Flow Battery 

 The performance of an asymmetric RFB with separate Li3PMo12O40 and Li6P2W18O62 

solutions was also examined.  Bulk electrolysis was performed prior to charge/discharge cycling 

experiments. The Li6P2W18O62 solution was bulk electrolyzed to -0.6 E/V Ag/Ag+ and the couple 

at -0.85 E/V Ag/Ag+ was used as the anolyte one electron couple. The Li3PMo12O40 solution was 

bulk electrolyzed to -0.4 E/V Ag/Ag+ for the catholyte, as in the symmetric Li3PMo12O40 

charge/discharge experiments. 

 Operation of an asymmetric RFB with 0.01M Li6P2W18O62 and Li3PMo12O40 at 50% state 

of charge was stable for more than 20 cycles, as shown in Figure 5-6. High (95~99.9%) 

coulombic efficiencies with energy efficiencies around 60% were obtained, demonstrating the 

feasibility of an asymmetric POM-based RFB. After the charge/discharge experiment, CVs were 

carried out to examine POM stability, as shown in Figure 5-6d. The catholyte side Li3PMo12O40 

remained unchanged, but huge decreases in the characteristic peaks for Li6P2W18O62 could be 

seen in the anolyte. This raises stability concerns about the anolyte Li6P2W18O62.  

The static cell crossover test shown in chapter 4.3.1 demonstrated that less than 6% of the 

POM will cross the membrane over five days, highlighting the resistance to crossover that allows 

the POM RFB to maintain a high coulombic efficiency. In principle, by increasing the POM 

concentrations, this asymmetric RFB could achieve higher energy densities, accessing two redox 

couples for both the anolyte and catholyte, allowing for a 1.3 V cell with two electron transfers.  
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                                                                 a) 

   

                                             b)                                                                                c) 

 

d) 

Figure 5-6 Redox Flow Battery performance for 24 cycles with the Gen 2 Flow Battery 

containing Li6P2W18O62/Li3PMo12O40 with 0.1 M LiTf. a) CVs before charge/discharge, 0.01 M 

Li6P2W18O62 (left) and Li3PMo12O40 (right) with 0.1 M LiTf in acetonitrile, b) 0.2 mA/cm2 

charge/discharge plot, c) coulombic efficiency (CE), energy efficiency (EE) at 50% state of 

charge at 0.2 mA/cm2, d) CVs of the POM CD solutions diluted to 0.5mM, blue: Li6P2W18O62 

anolyte after CD; red: Li3PMo12O40 catholyte after CD 
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5.5 Conclusions 

 The experiments performed in this chapter examined POMs as the active materials in 

non-aqueous RFBs using different RFB cell designs, varying concentrations, and in asymmetric 

cells to increase energy density.  The results showed promising results with the high stability and 

higher energy designs (higher concentration 0.1M Li3PMo12O40 RFB and asymmetric RFB.) 

Proceeding from this proof of concept toward more practical operating performance will require 

accessing a wider voltage window, multiple electron transfers per POM, and higher 

concentrations, thereby further increasing the accessible energy density with these materials. 
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Summary, Limitations and Future Work 

6.1 Conclusion and Summary  

In this work, the polyoxometalate-based non-aqueous redox flow batteries have been 

demonstrated. The fundamental investigation of Keggin POMs in acetonitrile and the influence 

of the counter cations, heteroatoms, and frame work transition metal atoms on electrochemical 

behavior were examined. The principal focus was on the phosphomolybdate, PMo12O40
3-. The IA 

and IIA group counter cations (H+, Li+, Na+, K+, Mg2+, Ca2+) had minor effects on the peak 

potential and the overall electron transfer processes for cyclic voltammetry experiments in 

acetonitrile. The solubility of the POM salts decreases down the IA group counter cation column 

(H+ to K+). Therefore, in order to prevent H2 generation, lithium salts were used in subsequent 

work. Heteroatom elements considered were P, As, and Si. The P POM and Si POM showed 

similar CV properties; however, incorporation of Si makes the POM more negative, causing a 

shift in the position of its first and second redox couples to more negative voltages. This 

observation mirrors results for Keggin species with different charges in aqueous solution 

previously reported in the literature [1]. Framework transition metal exchanged POMs were also 

tested. The Mo, W, and V exchanged POMs showed different electrochemical behavior, which 
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indicated that the framework transition metal had the greatest influence on POM redox 

properties, as expected. The relationship between the redox behavior of heteropolyacids in 

aqueous solution and their lithium salts in acetonitrile were compared.  The strong correlation 

between the two suggests that the large library of POM electrochemistry in aqueous solution may 

provide a guide to POM redox behavior in non-aqueous applications, including redox flow 

batteries. 

Physical and chemical characteristics of POMs were obtained by using solubility 

measurements, TGA, XRD, FTIR, and bulk electrolysis. H3PMo12O40 showed the highest 

solubility followed by Li3PMo12O40 among the IA and IIA PMo12O40
3- salt. Bulk electrolysis 

showed the number of electrons transferred in each redox peak couple, as well as providing 

information about the stability of the reduced POMs. Before charge/discharge tests, membrane 

crossover tests were performed to aid in membrane selection.  Nafion®  117 and ANF both 

showed high separation ability (low POM crossover), but the Nafion®  117 had a higher 

resistance in acetonitrile compared to ANF. in static cycling experiments, Li3PMo12O40 showed 

high coulombic efficiency (~90%) and stability was maintained after 1000 hours of testing. 

However, the energy efficiency decreased as the charge current increased because of I2R losses. 

Additional POMs were also examined via charge/discharge in order to explore opportunities for 

higher energy efficiency, including both symmetric and asymmetric configurations. For the other 

POMs examined, the charge/discharge results showed a lower coulombic efficiency or lower 

state of charge, indicating issues with stability and/or slow kinetics. 

Li3PMo12O40 was selected for the symmetric POM redox flow battery (RFB) because of 

its stability and the high solubility in acetonitrile. The Gen 1 and Gen 2 flow batteries were both 
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tested. The Gen 1 redox flow cell produced a coulombic efficiency of 70%, which is lower than 

in the H cell test. The reason for the low coulombic efficiency might be due to the crossover 

between the catholyte and anolyte. For the Gen 2 redox flow cell, a high coulombic efficiency (> 

90%) and energy efficiency (> 80%) under a current density of 0.2mA/cm2 were observed. A 

higher concentration 0.1M Li3PMo12O40 with 1M LiTf were also tested with the current density 

of 2 mA/cm2 selected as the charge rate. The high coulombic efficiency (> 90%)  showed that the 

higher concentration of Li3PMo12O40, which results in a more viscous solution, could still be 

oxidized and reduced well wiin a flow battery mode compared to the static cell.  

Asymmetric charge/discharge experiments were performed with 0.01M Li3PMo12O40 as 

the catholyte and Li6P2W18O62 as the anolyte with 0.1M LiTf in acetonitrile. The result showed a 

high coulombic efficiency (> 90%) and energy efficiency (> 80%) which provides proof of 

concept for asymmetric POM RFBs, and suggests further strategies for higher energy densities 

with wider cell voltage ranges.   

6.2 Limitations of current work, recommendation, and feasible future work 

discussion 

Previous polyoxometalate redox flow batteries published in the literature [2-4] are 

compared with other organic redox flow batteries in Figure 6-1. Previous POM RFBs have used 

concentrations between 10 and 20mM for the prototypes shown as the yellow bar. Green stars 

shown in Figure 6-1 are the POM RFBs in this dissertation. The differences of the present work 

compared with the previous POM RFBs include the POM concentration (5 – 100 mM in this 

work) and the organic solvent for POM RFBs at higher concentrations.  More investigations of 

POM RFBs are still need in order to improve performance. Some POM RFBs have shown high 
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reversibility with high coulombic efficiency (>90%). However, reaching higher energy densittes 

should be an important goal of future work.  

 

Figure 6-1  Overview of organic redox flow batteries [5] with yellow bar (previously published 

POM RFBs) and stars (current progress in this dissertation) edited by the dissertation author 

 

6.2.1 Energy Density 

 As mentioned in the previous chapter, the energy density is proportional to the number of 

electrons transferred in redox process, the voltage window, and the concentration of the active 

species. 

6.2.1.1 Number of electrons transferred in redox process 

 Polyoxometalates are known for performing multiple electron redox processes.  One 

approach to achieving higher energy densities is to utilize those that exhibit multiple-electron 

redox couples.  As shown in Chapter 2, the character of the redox couples is most strongly 

related to the transition metals in the POM framework, suggesting that POMs with different 
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combinations of framework metals may be fruitful. The most common polyoxometalate 

transition metal elements are Mo, W, and V. In some cases, combinations with other metals have 

also been reported, e. g., PMo11M (M = Co, Mn, Ni) [6]. Different structures of 

polyoxometalates also show different patterns of redox process [7,8]. The redox behavior of 

different POM structures was not discussed in detail in this research.  

6.2.1.2 Voltage window of the POM RFBs 

 Acetonitrile was used in this work because it showed a wider stability voltage window 

compared to water, so that redox couples beyond the voltage range permitted in water could be 

examined. For example, it has been shown that [S2Mo18O62]
4- in ACN gives rise to couples over 

a V range [9]. Beyond structural modification, functional group modification is another possible 

strategy. The effect of some functional groups on other RFB active species had been studied 

[10].  For example, functionalized POMs have been investigated for solar cell applications [11] 

as well as catalysts. By applying functionalized POMs, the energy density of RFBs could be 

potentially be increased.  Functionalized POMs have been studied in a systematic way which 

were mentioned in the review by Proust et al. [12]. Multiple aspects of hybrid POM, tailor-made 

hybrid POM, organic–inorganic POM-based hybrid were discussed in the review, and may 

provide further guidance for selection of POMs for RFB applications.  

 A key issue with any change of structure, composition, functional groups, etc., is the 

stability of the POMs under electrochemical cycling. Thus, far stability issues have limited the 

use of POMs that might otherwise appear to be suitable for battery applications. 
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6.2.1.3 Solubility of the POMs RFBs 

 In Chapter 3, the effect of counter cations on POM solubility was shown. For IA and IIA 

group salts, the solubility decreases as the ion gets larger within the same group.  In order to 

further increase POM solubility, functionalization of the POMs may provide a way to improve 

the solubility. With other active species such as organics and organometallics, functional groups 

have been shown to increase active species solubility [10]. While functionalized POMs have 

been studied previously, there have been few studies of solubility.  

6.2.2 Membranes 

 The membrane is a very active area of investigation, especially for non-aqueous systems. 

The large size of polyoxometalates (1 nm diameter for the Keggin structure) gives rise low 

crossover; however, the extent of crossover was around 4% after five days for the ANF 

membranes in this study. This extent of crossover may be more problematic for asymmetric 

POM RFBs. Therefore, a smaller pore size membrane is needed for the pore size selection 

membrane. For example, a different material or more layers in the LBL membrane are some 

methods on achieving a smaller pore size membrane. More LBL layers could increase the 

selectivity of the membrane but would increase the resistance of the membrane.  Otherwise, a 

cation selection membrane could be used if the high resistance of the membrane could be solved.  

6.2.3 Solvent and support electrolyte 

 Different solvents have different polarity; for example, water has the highest polarity. 

Solvent polarity influences the solubility of the solutes. The maximum stable window also varies 

among different solvents. Additional solvent-related challenges for non-aqueous redox flow 
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batteries are high cost, low conductivity, low solubility, and high viscosity [16]. The supporting 

electrolyte also needs to be improved. The LiTf conductivity (4 mS/cm) is lower than the 

common support electrolyte in acetonitrile shown in Figure 6-2 [17], so other kinds of support 

electrolyte should be considered. Tetraethylammonium (TEA) and tetrabutylammonium (TBA) 

supports have been shown in Chapter 3 to form low solubility salts with Keggin POMs. LiBF4, 

LiPF6 or LiTFSI may be feasible as support electrolytes for higher conductivity. 

 

Figure 6-2 0.1M support electrolyte conductivity in different solvents  [17] 
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