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Rechargeable magnesium (Mg) batteries are an emerging electrical energy 

storage technology proposed as an alternative to current Lithium-ion (Li -ion) batteries. 

Mg batteries have the potential to provide more energy than current Li-ion systems due 

to the high volumetric capacity and low reduction potential of Mg metal, in addition to 

higher abundance and cheaper cost of Mg compared to Li metal. However, there are 

many challenges regarding Mg battery chemistry and materials that must be resolved 

before they can be successfully commercialized. The work in this dissertation addresses 

a few of these challenges, including poor Mg2+ diffusion in MnO2 cathodes, interfacial 

limitations at the Mg anode and MnO2 cathode surfaces, and the development of solid-

state electrolytes as an alternative to liquid electrolytes that passivate the Mg anode 

interface. These issues are investigated from a fundamental chemical and 

electrochemical standpoint to help improve future design of rechargeable Mg batteries. 

In the first study, the electrochemical reactions and charge storage mechanism 

of electrodeposited MnO2 cathodes in water-containing organic electrolyte are 



  

explored using X-ray photoelectron spectroscopy. These results demonstrate the key 

role that water plays in enabling the reversible insertion/extraction of Mg2+ from the 

MnO2. Second, a heterogeneous electrode structure, PEDOT/MnO2 coaxial nanowires, 

is utilized to study the effect of conductive polymer surface layers on the MnO2, 

specifically regarding the effect on the cathodeôs cyclability and power performance as 

well as the overall charge storage mechanism. Additionally, to investigate the potential 

for anode protection on Mg metal, ALD Al 2O3 is deposited on different Mg metal 

substrates to determine whether it can improve Mg deposition and stripping at the Mg 

anode and prevent electrolyte degradation on the Mg surface. While it does not 

demonstrate the ability to effectively protect the anode during cycling, the results herein 

can help inform further protection layer development. Finally,  the catalytic ability of 

Mg2+ salts is reported for the ring-opening polymerization of 1,3-dioxolane, moving 

toward exploring this polymerôs potential to be utilized as a solid-state electrolyte. The 

findings here give fundamental insights into materialsô properties that can be further 

utilized to design Mg batteries with high-voltage cathodes.  
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Chapter 1: Understanding Challenges for Cathodes and Anodes 

in Rechargeable Magnesium Batteries 
 

Parts of this chapter in Section 1.4 were published in Wang, Y., Sahadeo, E. et al., 

High-capacity lithium sulfur battery and beyond: a review of metal anode protection 

layers and perspective of solid-state electrolytes. J. Mater. Sci. 2018, 54, 3671-3693, 

reprinted by permission from Springer Nature Customer Service Centre GmbH. 

 

1.1.  Introduction to Rechargeable Mg batteries 

Finding ways to efficiently store and provide energy is critically important in a 

multitude of parts of everyday life. Whether it is in large scale grid storage for 

intermittent renewable sources or small scale rechargeable batteries, electrochemical 

technologies are a versatile way to store energy. The most ubiquitous and well-studied 

electrochemical energy storage technology today is the Lithium-ion (Li-ion) battery. 

Most widely composed of a layered graphite anode1 and metal oxide cathode (typically 

layered LiCoO2)2 with a liquid electrolyte, Li-ion batteries are the most commercialized 

system in use today. However, the amount of energy that can be stored is limited and 

will soon reach the maximum energy density that can be stored based on the chosen 

materials.3 As demand for low cost and energy dense technologies is on the rise, 

different systems are being investigated to replace Li-ion. Some of these include 

chemistries based on Li+ but with different anode or cathode materials, such as Li metal 

systems, lithium-sulfur, and lithium-oxygen. Other chemistries proposed for replacing 

Li+ include sodium, aluminum, zinc, calcium, and magnesium based rechargeable 

batteries.4  
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 Among the several energy storage systems being investigated as alternatives to 

current Li-ion technology, rechargeable Mg batteries (RMB) have sparked interest 

because Mg is a more abundant element than Li and with the right electrolytes it does 

not form harmful dendrites which are an issue for Li metal anodes.5 It has a low 

reduction potential (-2.37 V vs. SHE), and although it is not as low as Li (-3.04 V vs. 

SHE) the higher potential compared to Li means it is less reactive, a positive regarding 

safety concerns. Additionally, Mg metal has a larger volumetric capacity (3,832 

mAh/cm3) compared to Li metal (2,054 mAh/cm3) and graphite (777 mAh/cm3). 

Another advantage for Mg batteries is that for one cation that is inserted, there is a 

potential for a two-electron transfer, whereas two Li+  ions need to insert to compensate 

for the storage of two electrons. Despite these many positives, there are challenges in 

all parts of the RMB that need to be addressed. Some issues that will be discussed in 

this dissertation include poor Mg2+ insertion kinetics into metal oxide cathode materials 

and passivation of the Mg metal anode in non-compatible electrolytes, addressed in 

detail in Sections 1.4  and 1.5. To better understand the advantages of RMB, the 

fundamental principles for understanding battery chemistry will be further elucidated 

in the next section.  

1.2.  Metrics for battery performance 

There are many metrics used to quantify the performance of batteries and help 

identify the best systems. Foremost are the energy and power density ï how much 

energy can be stored, and how fast can that energy be delivered for the desired 

application. Before investigating a battery chemistry, it is important to perform initial 
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calculations based on theoretical values to determine the batteryôs threshold for storing 

energy. One of the fundamental theoretical values that can be calculated for both 

cathodes and anodes is the theoretical capacity, either gravimetric or volumetric. 

Equation 1.1 is used to calculate the theoretical specific capacity, where n is the number 

of electrons transferred per mole of material, F is the Faraday constant, and M is the 

molecular weight of the active material.   

The calculation for the energy density is shown in Equation 1.2, where Vcell is 

the cell voltage and q is the charge (Ah), also referred to as the capacity. This energy 

is then reported as specific (Wh/g) or a volumetric energy density (Wh/L) when 

normalized to the batteryôs mass or volume, respectively.  

The cell voltage is determined by the difference in potential between the anode and 

cathode materials. This metric is why the potentials for the electrodes is critical ï in 

moving from Li to Mg, there is an increase in the reduction potential of ~0.7 V. This 

inherently gives RMB a disadvantage regarding the voltage window. For instance, if 

two batteries have the same cathode material, and one has a Mg anode and the other 

has a Li anode, the battery with Mg will have an overall smaller cell voltage. However, 

this loss can be compensated for by choosing cathode materials with sufficiently high 

capacities.  The power of a system in units of Watts (W) is calculated using Equation 

1.3, where i is the current.  

ὅίὴὩὧ=  
ὲὊ

ὓ
 Equation 1.1 

ὉὲὩὶὫώ=  ὠὧὩὰὰ ×  ή  Equation 1.2 

ὖέύὩὶ= Ὥ × ὠὧὩὰὰ Equation 1.3 
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As mentioned previously, the power describes how fast a battery can be charged and 

discharged due to its dependence on the current. When assessing batteries, power 

performance evaluations at varied current densities is usually coupled with testing the 

cycle life or cyclability of the battery. Cyclability tests the battery over a long period 

and large number of charge/discharge cycles to see how long the battery can be cycled 

without losing capacity. The above mentioned calculations will be used throughout this 

dissertation to convey the properties and performance of different electrode 

configurations and battery systems. 

1.3.  Materials for Magnesium batteries 

There are three main components of rechargeable batteries ï two electrodes, the 

anode and the cathode, and the electrolyte which isolates them from one another. 

Regardless of the electrode or electrolyte materials chosen, the underlying 

electrochemical processes at each electrode during charge and discharge can be 

described in a similar manner. The convention for batteries is that the cathode is the 

electrode which undergoes reduction accompanied by cation movement into the 

electrode (either via insertion or conversion, further discussed in the next section) when 

the battery is used to provide energy, or discharged. The discharge process is 

demonstrated by the red arrows in Figure 1.1. The anode is the electrode which 

undergoes oxidation upon discharge, and releases cations into the electrolyte. The 

discharge process causes electrons to flow through the external circuit to provide usable 

energy, while ions migrate from the anode to the cathode. The opposite process, 

charging, requires that external current be applied to reverse the reactions, 
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demonstrated by the green arrows in Figure 1.1. In the following sections, the four 

major types of cathode and anode materials, as well as important characteristics of each, 

will be discussed.  

 Cathodes 

 

A variety of battery materials exist which can be utilized as cathodes and 

anodes, each with a different type of electrochemical reaction that provides energy. The 

first group of materials widely utilized in energy storage are intercalation materials. 

The most well know Li-ion battery, graphite and LiCoO2, contains intercalation 

materials as both the cathode and anode.  Graphite and LCO are both layered materials, 

but other compounds, including metal oxides and sulfides, can also be composed of 

tunnel structures where the cations are able to insert in open sites within the crystal 

lattice.6 The electrochemical oxidation and reduction reactions occur at the metal 

centers of the compounds, such as Co in LCO, and the Li+ (or Mg2+ in the case of RMB) 

e
-
 e

-
 

 Mg
2+

 

A 

charge discharge 

Mg metal  
anode 

MnO
2
 cathode 

e
-
 e

-
 

 Mg
2+

 

A 

charge discharge 

Bismuth  
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Sulfur (S
8
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A B 

Figure 1.1 Different battery configurations demonstrating the 4 major types of 

electrodes, a) metal anode paired with metal oxide intercalation cathode and b) alloying 

anode paired with a sulfur conversion cathode. The blue colored space separating the 

electrodes represents the electrolyte. 
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ions are retracted or inserted depending on the reaction occurring at the electrode to 

maintain charge neutrality. Common intercalation materials of interest for Mg battery 

chemistries, particularly metal oxides, will be discussed more thoroughly in Section 

1.5. Further, the most relevant material for this dissertation, MnO2, will be addressed 

in detail in Section 2.1. 

Another important reaction utilized in battery systems are conversion reactions. 

Different than intercalation electrode materials, these reactions involve a chemical 

conversion upon the elemental cathode materialôs reaction with the ion in solution. 

Prominent conversion materials include sulfur7, 8 and oxygen,9 while halides such as 

bromine10 and iodine11 have also been studied as potential materials to utilize in RMBs. 

An example of the solid-state cathode reduction reaction for Mg-S batteries is in 

Equation 1.4, demonstrating the reduction of sulfur and subsequent reaction with Mg2+ 

to form a new product. This chemical equation is a simplified description of the reaction 

occurring at the S cathode upon a full two-electron transfer reaction, as the exact 

electrochemical reaction mechanism and species formed during the reaction is 

currently a significant focus in the Mg-S battery community.8 The mechanism is 

suggested to be a complex combination of the solid-state mechanism in Equation 1.4 

and a multi-step solution-mediated mechanism involving dissolved Mg polysulfide 

species in the electrolyte.12-15 

Conversion cathodes are favorable for RMBs due to their high theoretical 

specific capacity, which for a sulfur cathode is 1672 mAh/g.3 Although the voltage for 

this chemistry is limited, a theoretical voltage of 1.77 V vs. Mg which in experiments 

Equation 1.4 Mg2+ +  
1

8
S8  + 2Ὡ ᴼMgS  
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is generally lower, the theoretical energy densities for this chemistry are 1700 Wh/kg 

and 3200 Wh/L.3 Despite the high theoretical energy density values, there are a few 

critical issues for sulfur battery systems. One such problem is polysulfide dissolution 

into the electrolyte, which can cause material loss at the cathode and thus capacity loss 

as well as degradation products formed at the Mg metal anode.16 Additionally, the 

electronically insulating nature of sulfur means it must be paired with an electronically 

conductive scaffold, traditionally an activated carbon material, to provide electronic 

pathways, which adds material weight that does not significantly contribute to the 

capacity of the cathode. While solutions to these problems are under investigation, 

intercalation materials are a favorable choice due their higher voltage and intrinsically 

higher electronic conductivity. 

 Anodes 

 

While insertion materials can also be anodes, such as graphite, charge storage 

reactions at the anode beyond insertion predominantly involve metals that form alloys 

upon ion insertion and pure metal electrodes for the chemistry of interest, such as Li or 

Mg metal. The metals that have been most consistently studied as alloy anodes in the 

literature for RMB are bismuth17-19 and tin,20-22 as well as mixed phases of these 

materials23, 24 and others,25 while computational studies have looked into the possibility 

of using germanium and silicon.26 These alloy anodes are attractive because they still 

have a relatively low potential vs. Mg (measured ~0.15 V for Sn, ~0.23 V for Bi),27 

which means there will not be a significant sacrifice in the voltage of the battery. 

Further, these metals are more stable in conventional electrolytes and therefore 
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passivation layers do not hinder Mg2+ insertion, which is major problem for Mg metal 

electrodes. These alloying materials also have the potential to contribute high 

capacities, with tin and bismuth having theoretical capacities of 903 mAh/g and 385 

mAh/g, respectively, although they are less than the theoretical specific capacity of Mg 

metal, which is 2206 mAh/g. Another drawback of these anodes is that they can have 

a significant volume change upon Mg2+ insertion,26 which means their cyclability is 

very low due to significant breakdown of these anodes over time. Additionally, Mg2+ 

still needs to intercalate into the metal structure for the alloy to form, which also can 

be plagued by slow insertion kinetics of Mg2+. These drawbacks are why most 

researchers are still focusing on finding ways to utilize Mg metal anodes. 

Mg metal anodes are the most promising anode for RMB, with high theoretical 

specific (2206 mAh/g)  and volumetric capacities (3833 mAh/g), and they are not 

hindered by slow Mg2+ insertion kinetics. The redox reactions that occur at the Mg 

metal anode are simply the oxidation of Mg metal to Mg2+ upon discharging, called Mg 

dissolution or stripping. Upon charging of the battery, Mg2+ ions migrate from the 

cathode to the Mg anode where they are reduced back to Mg metal, referred to as Mg 

deposition. Mg metal is also well-known to deposit in non-dendritic morphologies,28-31 

though a few recently published papers have demonstrated Mg may have the capability 

to form dendrites under certain conditions.32, 33 However, Mg largely deposits in a non-

dendritic manner which is a major advantage over Li metal anodes, which are notorious 

for the formation of dangerous Li-metal dendrites.5 Dendrites are hazardous because 

they can grow from the anode through the separator and electrolyte and make contact 

with the cathode, shorting the battery. 
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The most critical issue for Mg metal anodes is that they are easily passivated 

through reactions with conventional electrolytes34, 35 and contaminants such as water.36 

The term ñpassivation layerò is most commonly used regarding these layers formed on 

the Mg anode interface because it is different from the solid electrolyte interphase, or 

SEI, which forms in Li metal anodes due to the fact that Mg2+ ions cannot diffuse 

through this layer to be oxidized or reduced at the Mg metal surface. These passivation 

layers inhibit the electrochemistry on the anode side, whereas the SEI in Li-ion batteries 

is not passivating because Li+ ions can move through the SEI layer and electrochemical 

reactions can still occur. This issue will be discussed further in Section 1.4 and Chapter 

4, which will discuss possible solutions for passivation.  

 The electrodes discussed are only 4 types of materials, though others exist such 

as organic molecule based cathodes and anodes,37-39 and new materials are synthesized 

and investigated all the time. The work in this dissertation will include studies 

specifically focused on the insertion-based material MnO2 as well as Mg metal anodes. 

While the electrodes are critical for battery performance, the last part of this chapter 

will briefly address the final part of the battery, the electrolyte solution. 

 Mg electrolytes 

 

As discussed in the previous section, the passivation layer that forms on Mg 

metal when using conventional carbonate electrolytes is a layer through which Mg ions 

cannot pass, thus no electrochemical reactions occur after it forms. Due to this issue, 

research has focused on developing new electrolytes to circumvent the issue of a 

passivation layer forming on Mg metal anodes.14, 40  This research has been successful 
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in the development of electrolytes and complex Mg salts that can be paired with a Mg 

metal anode, however their synthesis is often time-consuming.4 The field of electrolyte 

development for RMB has been prolific, and a detailed history and analysis of these 

discoveries is beyond the scope of this dissertation. However, we have published a 

perspective paper on this topic,41 and a brief overview of the important issues and 

properties related to electrolytes and some recent findings will be included here. 

For RMB, there are different properties and metrics that are used to characterize 

the effectiveness and utility of an electrolyte. The first thing an electrolyte must be able 

to do is reversibly deposit and strip Mg metal with a high coulombic efficiency. 

Coulombic efficiency is the ratio of charge stripped during oxidation to charge 

deposited during reduction to Mg metal, shown in Equation 1.5. This metric is a 

measure of the reversibility of the deposition and stripping reactions. Low coulombic 

efficiency indicates that not all the Mg being deposited can be removed, which is often 

an indicator that passivation or some other process is hindering the reaction. High 

coulombic efficiency is a good indicator that an electrolyte is compatible with the Mg 

metal interface. 

 Another important property for electrolytes is their oxidative or anodic stability. 

The anodic stability determines the upper end of the voltage limit of the electrolyte 

before it begins to oxidatively degrade at the cathode surface. This upper voltage limit 

determines what cathodes can be utilized with different electrolytes. Recently 

synthesized electrolytes generally have a low anodic stability window, < 3 V vs. 

CE=  
charge stripped 

charge deposited 
 X 100% Equation 1.5 
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Mg/Mg2+, which is below what is needed for most high voltage cathodes (3 V or 

greater).41  While anodic stability influences what cathodes can be used, so does the 

reactivity of the electrolyte salts themselves. Many of the state-of-the-art electrolytes 

are nucleophilic, which is an issue for cathodes such as sulfur which is electrophilic, 

meaning the electrolyte would react with the cathode instead of the electrochemical 

reactions needed for energy storage.   

Recently, many studies of electrolytes have focused on Mg salts containing 

weakly coordinating anions, hoping to decrease the reactivity of the anions in the 

electrolyte at the Mg anode surface. It was demonstrated by some computational work 

that some contact ion pairs, such as [MgTFSI]+ have decreased reductive stability 

which enables degradation on the anode interface.42 By decreasing the ion pair ability, 

the goal is to increase the reductive stability of the anion. Further, many of these 

electrolytes have demonstrated higher oxidative stability, including carborane anions, 

such as Mg(CB11H12)2
43, 44 and Mg(CB9H10)2,45 and fluorinated alkoxyaluminates.46, 47 

Another promising discovery is that electrolyte additives have improved reversibility 

and coulombic efficiency in some well-studied systems such as Magnesium aluminum 

chloride complex (MACC)48 and Mg(TFSI)2/MgCl2.49 While these properties are great 

strides forward, many of them have not been demonstrated with high voltage cathodes, 

due in part to a lack of sufficient materials with good Mg2+ insertion kinetics.  

One of the goals of this dissertation is to work towards finding a route to utilize 

a high voltage cathode in a RMB with a conventional electrolyte through the use of 

creative strategies to increase Mg2+ insertion, the focus of Chapters 2 and 3. This 

approach would bypass the need for complex electrolytes, but would then require a 
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different solution for the incompatibility of conventional carbonate solvents and simple 

Mg salts with the Mg anode, discussed in Chapter 4. An alternate strategy to completely 

remove the incompatibilities of liquid electrolytes is to move to a solid-state electrolyte 

system, which will be further elucidated in Chapter 5.  In order to understand the 

possibility for utilizing electrolytes that are not completely compatible with the Mg 

anode, meaning they traditionally form passivation layers, it is important to analyze the 

current knowledge of the Mg anode interface in conjunction with the different available 

electrolytes present in the literature.  

1.4.  Progress in Understanding the Mg Metal Interface 

With conventional electrolytes that contain carbonate or acetonitrile solvents 

with simple salts such as Mg(ClO4)2, these components are easily reduced on the Mg 

anode surface which forms a passivating film that blocks Mg deposition and 

dissolution.34 Upon this discovery, the focus of much research became the synthesis of 

electrolytes that did not degrade on the Mg anode surface because it was believed Mg 

needed to be pristine for reversible deposition and stripping. However, over the past 

few years electrolytes such as those based on Mg(TFSI)2 and Mg(BH4)2 in ether 

solvents have demonstrated reversible electrochemistry at the Mg anode with some 

degree of electrolyte degradation on the Mg surface, although the overpotentials for 

Mg deposition and stripping are much higher than compatible electrolytes.50-53 These 

observations draw attention to the importance of understanding the types of different 

interfacial phenomena that may be occurring and discerning what properties make a 

layer truly passivating. Other interface layers may act similar to an SEI layer that does 
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not block Mg2+ ions, and layers of adsorbed species have been observed that are 

removed from the surface under a bias.54  

Multiple studies have demonstrated the sensitivity of Mg interfaces to trace 

impurities, especially water. Water can create MgO and Mg(OH)2 compounds at the 

Mg surface.36 Additionally, water can alter the intrinsic solvation of Mg with the anions 

in the electrolyte or disturb the distributions of ions in the double layer formed at the 

Mg surface.55 Water can also enable both solvent and salt decomposition by introducing 

OH- species which can act as a nucleophile, and in one study OH- was shown to attack 

both diglyme and the [MgTFSI]+ contact ion pair.56 It has been demonstrated that Cl- 

can help prevent some level of Mg anode surface passivation, but Cl corrodes common 

cell components such as stainless steel, which make electrolytes containing chloride 

less than ideal.36, 57, 58 Specifically regarding Mg-S batteries, reports of chemistries 

using HMDS-Cl and Mg(TFSI)2/DME electrolytes have demonstrated the feasibility 

of the system despite a visible presence of reduced sulfur and other species on the 

magnesium anode.13, 59 The ability of Mg to deposit and strip reversibly and for Mg-S 

batteries to function even with SEI layers on the surface gives promise to the idea of 

protection layers, and indicates that a completely pristine Mg surface may not be 

necessary for Mg batteries. These results provide evidence that if a layer with favorable 

properties for Mg diffusion, and therefore deposition and stripping, is present at the Mg 

anode interface then purposeful surface engineering of the Mg anode may be possible 

with an artificial SEI layer or protection layer. 
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 Prospects for Protection in Mg batteries  

 

Not only have studies of the Mg interface indicated promise for Mg protection 

efforts, but there have also been a few studies demonstrating the success of ion-

conducting layers at the Mg surface. It has been demonstrated that by adding iodine as 

an additive in an Mg(TFSI)2/DME electrolyte, a functional SEI forms containing MgI2 

which can conduct Mg ions.60 This layer enabled a significant decrease in the 

overpotential for Mg deposition and stripping demonstrated in Mg-Mg symmetrical 

cells, and a decreased charge/discharge voltage hysteresis observed in a Mg-S full cell. 

Further, protection using a cyclized polyacrylonitrile polymer with Mg(CF3SO3)2 

enabled use of Mg(TFSI)2/PC electrolyte containing water in a full cell with a V2O5 

cathode61 Unlike monovalent Na and Li-based energy storage systems, physical 

deposition methods have not been demonstrated in any RMB technology thus far. 

Methods such as ALD are promising for Mg protection due to the ability to precisely 

control the thickness of the artificial SEI layer down to angstrom scale, although the 

lack of materials with high Mg mobility available using ALD or other deposition 

methods is an important issue. There is a great amount of room for investigation and 

development of both old and new materials for Mg batteries, especially in the 

application of protection layers. 

For future protection efforts, some of the ideal properties of a functional SEI or 

protection layer should include Mg ion conductivity while also being electronically 

insulating. Further, due to the potential for break-down of the SEI or protection layer 

if it is rigid, it may be favorable to use flexible layers like polymers to accommodate 

any volume change. The use of electrolyte additives to form an SEI is also promising 
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because if Mg metal is exposed due to SEI degradation during cycling, the layer can be 

re-formed by the additives instead of having the newly exposed or deposited Mg be 

immediately passivated. Interfacial properties of Mg anodes and the potential for Mg 

protection is an open field for examination of different materials, chemistries, and 

electrolyte systems with a goal to try and solve the issue of Mg anode passivation, thus 

enabling a wider range of electrolytes to be utilized. This dissertation will discuss the 

potential for ALD Al 2O3 as a protective layer for Mg anodes in Chapter 4. 

1.5.  Status of intercalation cathodes for Magnesium batteries 

Utilizing intercalation cathodes in RMB is a major goal for many researchers, 

although these materials have challenges associated with them. There are a variety of 

structures that could be utilized in batteries, many of which have been extensively 

studied in Li-ion batteries. However, moving from Li-ion to magnesium based batteries 

is not as simple as changing the ion in the electrolyte and changing graphite to Mg 

metal. Part of the difficulty was discussed in the previous chapter ï the Mg interface is 

passivated by the layers formed upon reactions with conventional electrolytes because 

Mg2+ ions cannot diffuse through the interphase layer. A related issue underlies the 

difficulty with intercalation cathodes ï Mg2+ ions have strong electrostatic interactions 

with the ions in the metal oxide lattices due to its large charge density, and therefore 

high diffusion barriers in many well-studied materials.62 Mg2+ is similar in size to the 

Li+ ion,63 but it has twice the positive charge. The following sections will introduce 

some common cathode materials for RMB, as well as some strategies to overcome the 

limitations for intercalation cathodes in magnesium-based systems.  
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 Overview of common intercalation cathodes  

In addition to synthesizing electrolytes compatible with Mg anodes, research in 

the RMB field has focused on finding and developing cathodes that reversibly 

(de)insert Mg2+ ions, especially those with high voltage and high capacity. Most 

potential intercalation materials fall under two categories: chalcogenide materials and 

oxides. The goal is to make a full-cell RMB that contains a cathode, electrolyte 

compatible with Mg metal, and a Mg metal anode. Full-cell batteries containing 

intercalation cathodes have not been frequently demonstrated, and none with metal 

oxides to our knowledge. The first cathode utilized in a proof-of-concept RMB was a 

chevrel phase material, Mo6T8 (T = S, Se) in 2000.64  Mo6S8 is the standard cathode 

used to demonstrate viability of almost all new electrolytes synthesized in the literature, 

as it has the best Mg2+ insertion and reversibility to date, despite the 20 year period of 

time since it was first introduced. However, this cathode has a relatively low capacity 

of 120 mAh/g with a low voltage of 1.2 V vs. Mg.65  

In addition to the high Mg2+ mobility, the chevrel phase cathodes have a unique 

ability to aid the dissociation of ions from complex electrolyte salts common in 

electrolytes compatible with the Mg anode.66 The difficulty of desolvation from the 

electrolyte and dissociation of Mg2+ from complex anions is the other reason why metal 

oxide cathodes have not been successful in full-cells. The under-coordinated Mo in 

Mo6S8 can aid in the dissociation of Mg2+ from anions to which it is ion-paired, but 

most other metal oxides do not have this catalytic ability meaning complex electrolytes 

do not enable reversible Mg2+ insertion and extraction. For example, MoO3,  while also 

containing a Mo metal center, is not under-coordinated and has relatively high 
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calculated activation energy barriers of 1.1 eV and 0.9 eV for dissociation of Mg2+ from 

both MgðCl and MgðTFSI ion pairs, respectively.67 

The other insertion cathodes demonstrated in a full-cell RMB thus far are other 

chalcogenide materials, such as layered TiS2 and spinel Ti2S4.68, 69 These studies 

utilized a slightly elevated temperature of 60 °C and reported performance at low 

current densities, but it is important to demonstrate that other cathodes beside the 

chevrel phase show promise. Other materials being investigated include MoS2,70 

MgxZr2S4,71 and MX2 (M = Ti, V; X = O, S, Se),72 and others.65, 73 While chalcogenide 

materials generally have lower barriers for Mg diffusion, they have lower voltages 

which means decreased overall energy density of these systems compared to metal 

oxides. The prospect of higher energy density is one of the main driving forces behind 

the continued study of metal oxides for RMB. 

The most abundantly studied metal oxides thus far are those that are also 

common in Li-ion battery studies, such as V2O5 and MnO2. As MnO2 is the structure 

of interest for this dissertation, a more in-depth analysis of its background and 

properties will be given in Section 2.1. There has been a significant amount of research 

in investigating how to make metal oxides viable in RMB, and the work on V2O5 gives 

a good overview of how scientists are approaching the issue. Early on, V2O5 was first 

demonstrated as a potential cathode material by demonstrating that Mg2+ insertion was 

possible in an electrolyte that contained water.74 The addition of water was proposed 

to create a solvation shell around the Mg2+ ion that helped shield the positive charge 

and decrease its interaction with the V2O5 lattice. This strategy has been further 

explored in other materials such as manganese oxides75-77 and VOPO4,78, 79 and 
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others,80 and extended to include the investigation of hydrated materials.81, 82 While this 

is one solution to the insertion kinetics issue, having water in the electrolyte or even in 

the cathode structure may cause water to leach into the electrolyte and react with the 

Mg anode and passivate the surface. Work is also on-going to investigate some of the 

desolvation issues at the V2O5 interface83, 84 to determine compatible electrolytes and 

favorable properties for Mg2+ insertion. Computational studies have been done to help 

determine the best phase of V2O5 for Mg insertion,85, 86 as well as to calculation some 

of the diffusion barriers to help illustrate the materialôs properties.87 While V2O5, or 

any other metal oxide, has yet to been demonstrated in a full-cell RMB, the collective 

efforts by scientists in the literature are moving the field closer to the answer. An 

alternate route to a full-cell RMB with a metal oxide cathode, MnO2 specifically, will 

be addressed through the research reported in this dissertation. 

 Effect of nanostructures and thin films 

 

While the intrinsic properties of many cathode materials are the cause for poor 

performance in RMB, this can in part be mitigated by altering structural parameters of 

the cathode. Different common electrode structures are illustrated in Figure 1.2. In all 

these electrodes, the critical transport properties to take into consideration are the ion 

and electron pathways. In all cases, the electrons will be supplied or removed through 

the current collector, while the ions will be coming from the electrolyte and interacting 

with the cathode material shown in grey in each image. In the bulk electrode, both ions 

and electrons would need to travel a longer distance for the material to be fully utilized. 

In materials with good electronic conductivity, such as LCO, the ion diffusivity often 
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becomes the limiting process if the bulk electrode is too thick.88 In many Mg cathodes, 

the poor Mg2+ diffusion kinetics are worse than Li+,62 meaning bulk electrodes often 

show little to no electrochemical activity so other structures are needed to study the 

materialsô properties.75, 89  

 The alternatives to bulk electrodes include composite, thin film, and 

nanostructured electrodes. Composite electrodes are the most widely used for 

commercial applications, and the particle sizes are smaller than bulk electrodes. This 

decreased particle size means ion diffusion into the materials is better than the bulk 

electrode, and there is also more surface area exposed. The composite electrodes are 

good for testing overall battery material performance, however trying to determine 

specific limitations of ion or electron transport may be difficult if the particles are not 

of uniform size. Further, the distance ions need to travel between particles or electrons 

from the current collector to the particles vary widely within the electrode, meaning 

.ǳƭƪ ŜƭŜŎǘǊƻŘŜ /ƻƳǇƻǎƛǘŜ ŜƭŜŎǘǊƻŘŜ 
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Figure 1.2 Schematic illustrating different types of electrodes utilized in battery 

studies and their varied structures. 
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their contributions to performance cannot easily be deconvoluted.  Additionally, these 

composite electrodes contain both conductive additives and polymer binders whose 

properties may obfuscate what properties of the material itself may be enhancing or 

limiting performance.  

Thin film and nanostructured materials are controllable structures which can be 

used to study the inherent ion and electron transport properties of energy storage 

materials. In thin films, the thickness of the film itself is the only variable to change, 

assuming it is a system where the ionic or electronic properties are known. The 

downside to thin films is they are not generally practical from an energy density 

standpoint, as they do not have much active material from which to derive usable 

electrical energy. However, they are useful to study fundamental transport properties. 

Another way to shorten ion and electron diffusion pathways is by nanostructuring 

the material. The schematic in Figure 1.2 only illustrates an array of one-dimensional 

(1D) nanowires, which will be studied in this dissertation. However, there are other 1D, 

2D, and 3D materials that have been investigated,90 although going through the 

properties of each is beyond the scope of this dissertation. Using the nanowires as an 

example, the ions can diffuse through any point along the length of the nanowire, 

meaning the diffusion path length into the bulk of the material at the core of the 

nanowire is much shorter than a thick bulk electrode. However, there is much more 

material in the same area when compared to the thin film electrode, meaning more 

energy can be stored than a thin film while still having the improvement of decreased 

ion diffusion length. Having this type of controllable structure means properties like 
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the length of the nanowire can be changed to selectively study the effect of electron 

transport or the diameter of the nanowire could be changed to study ion transport.  

1.6.  Overview of Dissertation 

The work included in this dissertation focuses on fundamental properties of both 

anode and cathode materials for RMB, specifically investigating the importance of 

surface properties of these electrodes. In particular, the effects of engineering surface 

layers and precision nanostructures are systematically utilized to shed light on 

important properties of these interfaces and how both mesostructure and surface 

chemistry can affect the charge storage mechanisms.  

¶ Chapter 2 will present in-depth XPS analysis of the surface of MnO2 thin 

film cathodes to demonstrate the effect of adding water into organic 

electrolyte and elucidate the charge storage mechanism. 

¶ Chapter 3 will introduce PEDOT/MnO2 coaxial nanowires as a test-bed 

structure to investigate the effect of electronic conductivity and physical 

conductive polymer layers on the surface of MnO2 nanowires and how it 

affects the diffusion and surface-dominated reaction processes. 

¶ Chapter 4 will discuss the potential for ALD Al 2O3 as a protective layer for 

Mg metal and present methods for testing the effectiveness of these layers 

in a RMB system.  

¶ Chapter 5 will present results on the polymerization of a common battery 

solvent, 1,3-dioxolane, via the addition of an Mg2+ salt catalyst and some 

electrochemical properties and applications of this polymer.  



 

 

 

22 

 

Chapter 2: Determination of MnO2 charge storage mechanism in 

water-containing electrolyte using X-ray Photoelectron 

Spectroscopy 
 

Portions of this chapter have been published in Sahadeo et al., Investigation of the 

water-stimulated Mg2+ insertion mechanism in an electrodeposited MnO2 cathode 

using X-ray photoelectron spectroscopy. Phys. Chem. Chem. Phys. 2018, 20, 4, 2517-

2526., reproduced with permission from the Royal Society of Chemistry. 

(https://doi.org/10.1039/C7CP06312A) Some of the work was started by Dr. Jaehee 

Song and included in her dissertation.91 Additional experiments and results were 

completed as a part of this dissertation, including repeating Dr. Songôs studies, 

designing experiments for depth profiling and angle-resolved XPS, air exposure 

experiments, and electrochemical and SEM analysis. 

2.1.  Introduction 

Manganese oxides come in a variety of crystal structures that have been studied as 

cathodes in different energy storage technologies, although arguably they have been 

most thoroughly studied for Li-ion batteries.92 Manganese oxides are attractive due to 

their low toxicity and wide abundance, in addition to the array of structures from which 

to choose. The utility of these materials has led to their application in beyond-lithium-

ion systems, including both Zn93, 94 and Mg6 chemistries, to name a few. While different 

stoichiometric compositions of manganese oxides are available, manganese dioxide 

(MnO2) is one of the prevalent materials in energy storage applications. MnO2 can be 

synthesized using different methods, including sol-gel,95, 96 hydrothermal synthesis,97 

and electrodeposition,96, 98 and different phases can be synthesized using these methods 

with alterations to the synthesis conditions. Some common polymorphs studied in 

RMBs include tunnel structures such as hollandite (Ŭ), the layered birnessite structure 

(ŭ), pyrolusite (ɓ), and spinel (ɚ).99 While each of these structures is composed of the 

same MnO6 octahedral unit in different crystallographic corner and edge-sharing 
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arrangements, they do not all support reversible insertion of multivalent ions and  can 

have different charge storage mechanisms.100 

 Of the synthesis methods mentioned above, electrodeposition provides many 

advantages for studying the fundamental chemistry of MnO2. Electrodeposition is 

versatile in that it can be performed either potentiostatically (constant voltage), 

galvanostatically (constant current), or using CV. Further, since it requires a conductive 

current collector for the deposition, the structure of the material can be modified based 

on the structure of the current collector to study different morphologies and 

mesostructures.101 Controllable nanostructures can also be synthesized using templates 

such as porous anodized aluminum oxide (AAO). AAO consists of vertically aligned 

pores, and in order to deposit within the pores the current collector is deposited on the 

bottom of the pores and 1D nanowire arrays are formed as the electrodeposited material 

grows inside the well-defined pores.102 AAO has been widely used by our group for 

many different studies of structural effects on electrochemistry, as the pore size and 

nanostructure length can be systematically controlled to study different aspects of the 

material properties, ion transport, and electron transport.103-105 Electrodeposition also 

removes the need for any conductive additives or binders common in composite 

electrodes, making them ideal for studying the true material properties of MnO2.  

 The electrochemical reaction that will be used to deposit MnO2 in this work is 

anodic electrodeposition. It is a one-step deposition process where the Mn species in 

an aqueous solution is oxidized to form MnO2, demonstrated in Equation 2.1.  

Mn2+ ὥή + 2H2OὰᴼMnO2 ί+ 4H+ ὥή + 2Ὡ  Equation 2.1 
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This electrodeposition reaction provides amorphous MnO2 which does not possess 

long-range crystallographic order; however, it may contain smaller crystal domains. 

When examined using Raman spectroscopy, the electrodeposited MnO2 studied in this 

dissertation contains peaks which possess vibrational modes indicative of ŭ-MnO2.75 

Amorphous materials can be beneficial due to less rigid interstitial spacing and sites 

for ions to insert, where well-defined crystal structures may be limited by strict tunnel 

sizes and inter-layer spacings.100, 106  If the sites in these structures are not favorable for 

Mg2+ insertion, then some structures are not viable as cathodes without further 

structural modification or other strategies to help aid ion insertion. Structural influences 

and strategies will be further addressed in Chapter 3.  

 The work in this chapter is a follow-up to previous work published by our 

group.75 It was demonstrated that electrodeposited MnO2 was only able to reversibly 

insert/retract Mg2+ ions when water was present in an organic propylene carbonate 

electrolyte and the MnO2 was in a nanostructure morphology. The capacity and 

cyclability of this electrode in water-containing electrolyte was the highest reported at 

the time, and an interesting effect was observed that the MnO2 could be cycled in water-

containing electrolyte and then transferred into dry electrolyte and still demonstrate 

reversible Mg (de)insertion, which we call a ñwater-activationò process.  

 Other reports of MnO2 polymorphs and their electrochemistry are important to 

consider when evaluating possible cathode materials. Although a different structure 

than the electrodeposited MnO2, computational studies of Ŭ-MnO2 indicated that 

conversion reactions forming MgO and MnO upon insertion of Mg2+ into the metal 

oxide structure were thermodynamically favorable, and while Mg2+ insertion was 
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determined to be kinetically possible in small nanostructures, conversion could still 

occur above a critical Mg concentration of 0.125Mg per MnO2 unit.107 This result was 

supported by experiments showing that K+-stabilized Ŭ-MnO2 formed a shell of 

conversion products upon Mg2+ insertion.108 With these works in mind, it was 

important to determine what the charge storage mechanism was in our electrodeposited 

MnO2 cathode, especially due to its cyclability in dry electrolyte. A study published 

within a few months of our own also confirmed that crystal water and water-containing 

organic electrolytes for ŭ-MnO2 indeed help to improve Mg2+ insertion, and their 

cathode demonstrated over 60% capacity retention over 10,000 cycles in an aqueous 

electrolyte.109 Another study demonstrated that the charge storage mechanism for ŭ-

MnO2 was more insertion-based in aqueous electrolytes, while in organic electrolytes 

conversion was favored.76 

To follow-up on our previous study, the work in this chapter utilized XPS to 

investigate the charge storage mechanism of Mg2+ insertion in a water-containing 

Mg(ClO4)2/PC electrolyte. As MnO2 electrodes in the literature demonstrated different 

mechanisms depending on either organic or aqueous electrolyte, it was critical to 

determine what the charge storage mechanism was in the mixed electrolyte system. 

Further, we wanted to confirm the origin of the water-activation effect to help 

determine the feasibility of using this cathode in a full-cell RMB. The work herein 

utilizes different XPS capabilities, such as angle-resolved XPS and depth profiling 

XPS, to investigate the charge storage mechanism of electrodeposited MnO2 in water-

containing organic electrolyte.  
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2.2. Experimental Methods 

 Synthesis of Thin Film MnO2 Electrodes 

 

To perform XPS analysis on the electrodeposited MnO2, a thin-film structure 

was necessary as opposed to a nanowire morphology. The thin film MnO2 electrode 

was prepared using an electrodeposition method. First, 150 nm thick platinum (Pt) was 

sputtered on the branched side of a Whatman anodized aluminum oxide (AAO) 

template as a current collector using a Denton Desk III sputter coater. Copper tape with 

conductive adhesive (3M) was then attached to the Pt sputtered side of the AAO as a 

contact for electrodeposition. The electrode was sealed between two layers of parafilm 

with an exposed circular area punched out to define the electroactive area (0.32 cm2) 

and sealed using a heat gun. The electrodeposition was performed in a three-electrode 

cell, with Ag/AgCl as the reference electrode, Pt foil as the counter electrode, and the 

AAO as the working electrode. The deposition solution was 100 mM manganese 

acetate tetrahydrate in Millipore water, and the oxidative electrodeposition was done at 

a constant voltage of 0.60 V vs. Ag/AgCl. Varying the amount of charge passed enabled 

the thickness of the MnO2 layer to be precisely controlled. The as-prepared MnO2 

working electrode was carefully rinsed with Millipore water, dried, and then soaked in 

the electrolyte solution prior to testing.  

 Electrochemical Measurement  

 

For electrochemical studies, both dry and water-containing electrolytes were 

made. The water-containing electrolyte was 0.1 M Mg(ClO4)2 · 6H2O in propylene 
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carbonate (PC), while the dry electrolyte was 0.1 M Mg(ClO4)2 (anhydrous) in PC. All 

electrolytes were purged using Ar gas before measurement. Three-electrode cells were 

employed with MnO2 on AAO as the working electrode, Pt foil as the counter electrode, 

and Ag/AgCl as the reference. All voltages reported are vs. Ag/AgCl unless otherwise 

indicated. The MnO2 samples were electrochemically tested using a few different 

techniques. Chronoamperometric (CA) experiments were employed to discharge 

electrodes by holding potential at -0.4 V for 5 minutes, and charged electrodes were 

held at 1 V for 5 minutes following an initial discharge. The cyclic voltammetry (CV) 

technique was used with a potential window of -0.4 to 1.2 V, and the CV was stopped 

in either charged (de-magnesiated) or discharged (magnesiated) state by ending the 

scans at either end of the potential window. To further drive reactions to completion, 

the CV was followed by a CA potential hold (either -0.4V or 1V) until a negligible 

current was observed, driving the reaction at the electrode nearer to a fully charged or 

discharged state. The treatment of specific electrodes will be identified in the text. 

To determine the effect of pre-activating electrodes by cycling in water-

containing electrolyte, MnO2 thin films were activated using cyclic voltammetry and 

left at different stages of magnesium insertion and de-insertion. The first type of 

electrode was cycled and left in the discharged, or Mg inserted, state referred to as AD-

MnO2. The second electrode was cycled and left in the charged, Mg retracted, state 

referred to as AC-MnO2. The pre-cycling of MnO2 electrodes was done by cycling the 

electrodes for 10 cycles between -0.4 and 1.2 V in 0.1 M of Mg(ClO4)2Ā6H2O/PC. To 

assess the electrodes in dry electrolyte after activation, the electrodes were rinsed with 

dry PC and moved into a cell with dry 0.1 M Mg(ClO4)2/PC. For XPS analysis of the 
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activated electrodes, both AD-MnO2 and AC-MnO2 electrodes were cycled in dry 

electrolyte for 3 CV cycles then the potential was held at -0.4 V for 5 minutes. 

 X-ray Photoelectron Spectroscopy (XPS)  

 

Ex-situ XPS analysis was performed by using a Kratos AXIS 165 spectrometer 

operating in hybrid mode using monochromatic aluminum x-rays. Survey spectra and 

high resolution spectra were collected with pass energies of 160 eV and 40 eV 

respectively.  Charge neutralization was required for all samples.  A differentially 

pumped monoatomic argon ion sputter source operating at 4 KV and 20 mA, with a 

beam diameter of ~1 mm and beam current of ~3.1 µA (measured at the sample holder) 

was employed for depth profiling. The sputter gun was calibrated using a standard Ta 

sample with 1000 Å of Ta2O5, and the beam current of 3.1 µA used in our sputter depth 

profiles is equivalent to a sputter rate of 1.7 nm/min on Ta2O5.  The sputter source was 

rastered resulting in a crater of ~7 x 7 mm. For angle resolved measurements the iris 

was reduced to 5 mm to improve angular resolution.  All peaks were calibrated to the 

hydrocarbon peak at 284.8 eV, except for the depth profiling studies which were 

calibrated to Cl 2p at 198.8 eV upon disappearance of adventitious carbon after ion 

etching. The curves were fitted using CasaXPS software. Spectra were processed using 

a 70%-30% Gaussian-Lorentzian product function and a Shirley-type background110.  

While samples were analyzed ex-situ, steps were taken to ensure minimal air 

exposure. Samples were electrochemically treated so that they were fresh before XPS 

analysis, and not allowed to sit in air for extended time. They were kept wet with PC 

after rinsing, and then transferred directly into a vacuum desiccator that was vacuumed 
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and then purged with Ar gas three times to minimize contact with the atmosphere. 

Samples were only exposed to air for about 5 minutes during transfer into the XPS 

vacuum chamber. 

2.3.  Results and Discussion  

 Characterization of MnO2 thin films 

 

For this study, a thin film morphology was essential to make clear observations 

using XPS. The high aspect-ratio nature of nanowires does not give a uniform surface 

upon which small changes in surface chemistry can be easily identified. However, very 

thick (>1-2 m˃) electrodeposited films cannot be magnesiated.75 Conversely, when 

films are very thin, e.g. tens of nanometers, and deposited on planar substrates, they 

cannot be cycled extensively before degradation occurs. To get enough nanostructure 

to extend the cyclability while keeping the films thin, a nanostructured substrate was 

chosen that also was uniform and flat enough for the surface-sensitive XPS technique. 

On the back side of Whatman AAO, when Pt or other metals are sputtered small 

nanometer grains form on the walls of the AAO as seen in Figure 2.1a. When MnO2 is 

electrodeposited, it conforms to the Pt grains as illustrated in Figure 2.1b. The thickness 

can be altered based on the amount of charge passed, with a 15 mC deposition giving 

a thickness of ~50 nm in Figure 2.1b. Also, it is important to note that the 

electrodeposited MnO2 is amorphous, although it has vibrational modes characteristic 

of delta-phase, layered MnO2 as indicated by the Raman spectrum in Figure 2.2a.  



 

 

 

30 

 

 Confirmation of water-activation in MnO2 film  

 

 To confirm the water-activation effect from our previous study75 in the thin 

film MnO2, MnO2 cathodes were electrodeposited until 15 mC of charge was passed. 

One electrode was cycled using CV in dry 0.1 M Mg(ClO4)2/PC electrolyte as a control, 

while a second was cycled in electrolyte containing 0.1 M Mg(ClO4)2·6H2O in PC, 

which was the optimal ratio determined previously.75 Representative CV curves can be 

seen in Figure 2.1c. There is increased capacity observed in the CV of MnO2 in wet 

electrolyte as compared to the dry electrolyte, indicating the positive effect resulting 

Figure 2.1 SEM images of a Pt sputtered AAO electrode (a) prior to electrodeposition 

and (b) after 15 mC of MnO2 was electrodeposited.  (c) Cyclic voltammogram of MnO2 

cycled at 0.5 mV s-1 in 0.1 M Mg(ClO4)2Ā6H2O in propylene carbonate electrolyte, and 

dry 0.1 M Mg(ClO4)2/PC electrolyte. 
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from the addition of water previously observed in MnO2 NWs is also observed in the 

nanostructured film. Two peaks are present, one at 0.5 V in the anodic scan, and about 

0.1 V in the cathodic scan, which we assign as indicative for the oxidation of Mn3+ to 

Mn4+ and reduction of Mn4+ to Mn3+, respectively.111 However, the exact valence states 

of Mn during the discharge and charge process were not able to be further confirmed 

via XPS in the current study due to the fact that there are likely multiple manganese 

oxide species present throughout the sample after cycling, which severely complicates 

the oxidation state determination via XPS.112 Some evidence of Mn reduction can be 

deduced from increased contributions at lower binding energies in the Mn 2p3/2 peak 

upon discharge, shown in Figure 2.2b. The contributions from lower-valent Mn3+ shift 

the peak center to lower binding energy, which then shifts back to the pristine binding 

energy upon charging, confirming the reversibility of the reaction. 

 Surface analysis of MnO2 cycled in water-containing electrolyte 

 

First, the initial positive effect of water during the activation process, depicted in 

Figure 2.1c, was investigated to determine what chemical changes are occurring during 

a) b) 

Figure 2.2 a) Raman spectrum of as-deposited MnO2 on the Pt-sputtered AAO b) Mn 

2p XPS spectra for pristine MnO2, and electrodes charged and discharged after 10 CV 

cycles in 0.1 M Mg(ClO4)2·6H2O/PC electrolyte. 
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the cycling in water-containing PC electrolyte. A series of ex-situ XPS measurements 

with the MnO2 electrodes was conducted to examine the evolution of chemical 

speciation on the electrode surface upon discharging and charging of MnO2. For this 

study, electrodes were charged and discharged using the CV and CA methods described 

in the experimental section. It is important to note the XPS is probing solely the first 

few nanometers at the surface ï depth profiling studies were also conducted and will 

be discussed later.  

Figure 2.3 shows the O 1s XPS spectra of MnO2 electrodes at varying charged and 

discharged states. For reference, control samples of as-electrodeposited MnO2 and 

MnO2 discharged in dry 0.1 M Mg(ClO4)2/PC are depicted in Figure 2.3a and b, 

respectively. For all O 1s spectra collected in this work, there were three major peaks 

which appeared at binding energies of 530 eV, 531.7 eV, and 533 eV, with error of 

Figure 2.3 O 1s XPS spectra for MnO2 thin film electrodes. (a) Pristine MnO2, (b) 

MnO2 discharged in dry electrolyte after 2 CV cycles (c) MnO2 in charged state after 

10 CV cycles (d) MnO2 discharged after 10 CV cycles (e) charged using CA (f) 

discharged using CA. 
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±0.2 eV. The lowest binding energy peak at 530 eV is generally due to the O2- from 

metal oxides,112 which is most apparent in the pristine MnO2 and charged electrodes in 

Figure 2.3a and e, respectively. The middle peak at 531.7 eV is attributed to two 

functional groups that tend to overlap, which are hydroxide (-OH) and carbonyl (-C=O) 

species.113, 114 Examining the O 1s region of the as-deposited MnO2 electrode in Figure 

2.3a, the presence of a peak at 531.7 eV likely indicates some manganese oxyhydroxide 

(MnOOH) is present on the surface due to the aqueous electrodeposition, and also there 

may be some carbon species from adsorbed CO2 also present in the same region. The 

peak at 533 eV also may have overlapping species, and in the as-deposited MnO2 it is 

believed to be water adsorbed on the surface or within the metal oxide structure.115 

However, when examining cycled electrodes, the peaks at 531.7 and 533 eV have 

contributions from carbon species with C=O or C-O bonds that are part of carboxylic 

or ester functional groups, or other species resulting from decomposition of propylene 

carbonate electrolyte.113 Table 2-1 contains the detailed quantitative results of the 

components in peak fitted O 1s and C 1s spectra of MnO2 electrodes to emphasize 

important differences.  

The electrodes activated using CV were examined first, as CV is the method 

utilized to activate the MnO2 in both this work and the previous study. The charged and 

discharged samples are shown in Figure 2.3c and d, respectively. The higher Mg 

content in the discharged sample is shown in Table 2-1, and the Mg/Mn ratio of the 

discharged sample is 0.56 compared to the charged sample which is 0.20. This result 

confirms the insertion of Mg upon discharge, and the reversibility of the reaction is 

supported by the disappearance of Mg upon charging. However, there is a significant 
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peak around 533 eV in the O 1s region for both samples, with the charged sample 

having the largest contribution of 53.8%. This peak indicates that a significant amount 

of carbon-oxygen and perchlorate species are likely present on the surface and appear 

to be covering much of the signal from oxide or hydroxide species. To determine what 

is occurring upon Mg insertion, CA experiments were done to minimize the amount of 

this layer formation which is present over longer electrochemical tests.  

 

The O 1s spectra for MnO2 samples charged and discharged through holding the 

potentials are depicted in Figure 2.3e and f, respectively. The reversibility of the Mg2+ 

insertion process in the water-containing electrolyte can again be seen by analyzing the 

atomic composition of Mg obtained by XPS in the discharged and charged MnO2 

electrodes (Table 2-1). The results show that about 97% of the Mg detected in the 

surface of the discharged MnO2 (14.4 %) is retracted upon the charging (0.5 %) 

revealing highly reversible charge and discharge process of MnO2 thin film electrode 

 % Composition 

  O 1s C 1s 

 Mg 1s Mn 2p H2O/C-O/ClO4
- OH/C=O O2- C-C/C-H COOR C-O 

Pristine - 30.3 0.5 18.6 26.2 14.2 5.3 3.4 

Discharged, 

dry PC (CV) 2.8 16.3 4.7 21.7 17.2 27.2 4.6 4.8 

Discharged, 

wet PC (CV) 6.1 10.8 25.2 21.6 10.6 12.1 2.5 5.9 

Charged, wet 

PC (CV) 1.0 4.9 53.8 9.7 4.2 12.7 2.3 5.9 

Discharged, 

wet PC (CA) 14.4 1.3 21.0 32.0 1.5 12.2 4.3 7.3 

Charged, wet 

PC (CA) 0.5 22.9 3.0 17.1 22.7 20.3 4.9 7.5 

Table 2-1. Atomic composition results determine from XPS analysis of MnO2 

electrodes in various states of charge and discharge 
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with Mg2+ ions. Analysis of the high-resolution XPS spectra is presented to further 

elucidate the chemical changes. 

When the MnO2 is discharged in wet electrolyte, depicted in Figure 2.3f, the oxide 

peak at 530 eV decreases significantly while the peak at 531.7 eV increases. This 

middle peak indicates an increase in either OH or carbonyl species. Comparing the 

atomic percent carbon in Table 2-1 and the high resolution C 1s spectra in Figure 2.4e 

and f, there is not an increase in carbon content or a significant change in the species 

detected.  To give a more in-depth analysis of the O 1s region of the discharged in wet 

electrolyte sample via CA (Figure 2.3f), we have quantitatively considered all possible 

contributions.  If it is assumed that the entire 4.3% of C=O species in the COOR 

overlaps with the OH- region, there would still be 22.5% total OH after subtraction of 

a 

b

 

c

d

e

f
 

Figure 2.4 C 1s spectra for samples illustrated in Figure 2 of the main text. (a) Pristine 

MnO2, (b) MnO2 discharged in dry electrolyte (c) MnO2 discharged using CV (d) MnO2 

in charged state after CV (e) discharged using CA (f) charged using CA. The three main 

components consist of C-C and C-H at 284.8 eV, C-O species at ~286.5 eV, and 

carboxyl species at 289 eV. 
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the C=O contribution. In the Mg 1s, we can attribute a further 1.9% to leftover 

Mg(ClO4)2 contamination, which by process of elimination leaves 12.5% Mg that can 

only be Mg(OH)2. The ratio of Mg:OH suggested by this atomic percent (1:1.8) is close 

to the 1:2 Mg-to-OH ratio expected for Mg(OH)2. Therefore, the increase in the peak 

at 531.7 eV with respect to the peak for oxide species is mostly attributed to the 

formation of a hydroxide species. This species forms a thick surface layer that is greater 

than (or at least comparable to) the sampling depth of XPS (~3-10 nm), such that the 

manganese oxide component presumed to exist underneath the hydroxide layer was 

only minimally detected.  

While the observed hydroxide layer can potentially be attributed to multiple 

species, such as Mg(OH)2, Mn(OH)2, or MnOOH, it is important to note that the atomic 

composition of Mn (1.3%) is significantly reduced proportional to the amount of 

magnesium (14.4%). This evidence supports the assertion that the hydroxide species is 

Mg(OH)2, not any manganese associated hydroxide compound. Further, this Mg(OH)2 

is likely covering the Mn species underneath. It is also possible that some carbon 

species are contributing to the signal at the same binding energy as the hydroxide 

species, however as shown in Table 2-1 the amount of contributions from carbonyl 

species (COOR component) overlapping the hydroxide is the same within 1-2% for all 

samples. Therefore, the change in the 531.7 peak is attributed to hydroxide species. The 

Mg content increases significantly upon  discharge also supporting the claim of 

Mg(OH)2 formation. In the charged MnO2 electrode, shown in Figure 2.3e, the 

hydroxide component decreases, and Mn and oxide compositions are restored, 
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indicating reversible behavior of the Mg(OH)2 formation. The reversibility is further 

supported by the observed decrease in the amount of Mg after charging.  

It is also critical to note that water is required for the formation of the Mg(OH)2, 

and the water can come from either water-containing PC or aqueous electrolyte. When 

the MnO2 is discharged in a dry electrolyte without significant water content, there is 

only a small increase in the amount of hydroxide species visible in the O1s XPS in 

Figure 2.3b. Most of the experiments performed here were done in water-containing 

PC, however electrodes discharged in aqueous electrolyte show similar chemical 

speciation when analyzed using XPS. In Figure 2.5, MnO2 fist discharged and then 

recharged can be seen in (a), while the MnO2 discharged in aqueous electrolyte is 

shown in (b). The decreased oxide component is still seen in aqueous electrolyte similar 

to wet electrolyte, and the reaction is also reversible upon charging. However, there is 

more Mn still visible upon discharge in the aqueous samples (5.3%) listed in Table 2-2,  

compared to in the wet PC (1.3%).  

While the mechanism of these reactions will be discussed in detail later, the 

observation of more Mn indicates that in aqueous electrolyte insertion may be more 

favored, while in water containing electrolyte, we see a combination of conversion and 

insertion reactions. While Mg(OH)2 forms in aqueous electrolyte, it is to a lesser extent 

than in water-containing PC, therefore there is a thinner layer on the surface leaving 

more Mn exposed. Different mechanisms based on the type of electrolyte were 

observed by Nazar and coworkers76 for birnessite MnO2; organic electrolyte led to a 

conversion mechanism, while aqueous electrolyte favored insertion. Therefore, it is 

plausible that a mixed electrolyte system has a combination of insertion and conversion 
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reactions. Further, the reversibility of Mg(OH)2 formation appears unique to the MnO2 

redox reactions. With aqueous electrolyte there may be some additional side reactions 

with water, with precipitated or electrochemically formed Mg(OH)2 being one of the 

possible products. Precipitated Mg(OH)2 formation on the surface of MnO2 was ruled 

out by an electrochemical precipitation study by Jaehee Song in her dissertation.91 It 

was demonstrated that cathodic electrodeposition of Mg(OH)2 could not be removed 

from a Pt electrode upon application of an oxidative potential.  

Table 2-2. Atomic composition results for MnO2 in aqueous electrolyte 

 Depth profiling of MnO2 cycled in water-containing electrolyte 

 

XPS depth profiles were performed in order to examine the distribution of Mg 

throughout the MnO2 samples. For the depth profiles, the CV method was employed to 

cycle the MnO2 electrodes to their charged and discharged states. Because the depth is 

examined through sputtering with the ion gun, the surface layers that were initially 

 % Composition 

  O 1s C 1s 

 Mg 1s Mn 2p H2O/C-O/ClO4
- OH/C=O O2- C-C/C-H COOR C-O 

Charged MnO2 1.3 18.0 1.0 22.5 19.0 24.6 3.9 5.8 

Discharged MnO2 7.3 5.3 4.0 47.1 5.4 18.6 3.8 2.6 

Figure 2.5 High-resolution XPS results for electrodes in aqueous Mg(ClO4)2 

electrolyte. (a) Charged MnO2 and (b) discharged MnO2, both via CA. 
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problematic for surface analysis are not consequential when probing the relative 

amounts of elements in the samples. Each sample was cycled for 10 cycles and stopped 

at either -0.4 or 1.2 V, and then underwent a potential hold for 5 minutes at the 

respective oxidative or reductive potential prior to XPS analysis. Due to preferential 

sputtering of oxygen and reduction of manganese species by the Ar ion gun, the depth 

profiles cannot be used to accurately examine the different oxidation states of 

manganese oxide species throughout the sample. However, it gives insight into the 

relative amount of different species detected. The full depth profiles for all elements in 

discharged and charged MnO2 samples are in Figure 2.6. For the discussion here, the 

depth profiles in Figure 2.7 depict the Mg/Mn ratios of MnO2 samples in both the 

charged and discharged states.  

The depth profiles show the changes in the amount of Mg and Mn throughout the 

sample. In the discharged MnO2 sample there is a steady Mg content of about 10% 

throughout the depth of the sample, while it is only 3% in the charged sample (Figure 

2.6). These results combined with the Mn data give the overall ratios of Mg to Mn as 

Figure 2.6 Depth profiles of all elements in the a) discharged and b) charged MnO2 

electrodes in 0.1 M Mg(ClO4)2·6H2O/PC electrolyte after 10 CV cycles. 
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provided in Figure 2.7. There is a high concentration of Mg at the surface of the 

discharged sample (0.6 Mg/Mn) and a constant ratio of ~0.25 Mg/Mn underneath the 

surface. The charged sample has a ratio of ~0.2 Mg/Mn at the surface and 0.1 

throughout the depth examined. These results support that a Mg-containing layer is 

more prevalent on the surface of the discharged sample, which is subsequently removed 

upon charging of the MnO2. The presence of magnesium deeper within the bulk of the 

MnO2 film is evidence that indicates insertion of Mg is also occurring in addition to 

the reactions on the surface.  

Considering both the XPS depth profiling and high resolution XPS analysis, we 

believe there is more than just a simple insertion reaction occurring in water-containing 

electrolyte. There is distinct, reversible formation of Mg(OH)2 on the surface of the 

MnO2 indicative of a conversion process which requires the presence of water. 

Figure 2.7 Mg/Mn ratios of AD-MnO2 (stopped at discharged state) and AC-MnO2 

(stopped at charged state) over 10 etching steps each lasting for 90 seconds. The 

electrolyte used for CV cycling was 0.1 M Mg(ClO4)2·6H2O in PC. 
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However, there is also Mg insertion detected throughout the film, not just on the surface 

where the conversion occurs. Considering these results, we propose the following 

charge storage mechanism of MnO2 in the presence of water molecules:  

ὼ-Ç -Î/ ςὼÅ          -Ç-Î/         Equation 2.2 

 

-Ç/( -Ç-Î/        Equation 2.3 

The reversible oxidation and reduction of Mn in MnO2 is apparent from the 

CVs collected, in addition to the shifting of the Mn 2p peak in XPS (Equation 2.1). 

This redox behavior is accompanied by the insertion of Mg2+, which was confirmed by 

EQCM and ICP in a previous study.75 While concentrations of Mg and Mn in this work 

were too low for ICP, an SEM cross section maps in Figure 2.8 can give support to Mg 

insertion into the bulk of the film. Further, the XPS depth profile results provide 

evidence to conclude that inserted Mg exists under the Mg(OH)2 layer. In the presence 

of water molecules, MgxMnO2 converts to an inhomogeneous composition of Mg(OH)2 

on the surface layer and possible reduced manganese oxide species underneath of 

Mg(OH)2, although its precise composition is not known. Another possible discharging 

+ H2O + H2O 

Figure 2.8 SEM-EDS maps for a 300 nm thick film of MnO2 discharged using the CA 

method. 
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mechanism is direct conversion from MnO2 to Mg(OH)2 and reduced manganese 

species (Equation 2.2), simultaneous with Mg insertion. There are likely MnO, 

MnOOH, or Mn(OH)2 species present underneath of Mg(OH)2 based on the decreased 

Mn composition with increased hydroxide component and vice versa demonstrated in 

the XPS data. Upon charging, the oxidation of Mn species reverses the conversion 

reaction which formed Mg(OH)2, which was determined to otherwise be irreversible as 

reported by Song.91 The initial surface XPS studies combined with electrochemical data 

give a foundation for our mechanism when cycling in water-containing electrolyte. The 

next section will investigate the observed water-activation phenomenon where Mg2+ 

insertion is still observed when the MnO2 electrodes are transferred to dry electrolyte.  

 Charge storage mechanism of pre-activated MnO2  

To understand the mechanism of the observed activation phenomenon of MnO2 

nanowire electrodes discussed in our previous publication75 and to elucidate on the 

observations of the surface properties of the activated thin film MnO2 electrodes in the 

previous section, further XPS studies were conducted. The thin films were deposited 

and cycled in water-containing electrolyte using CV as previously described and 

stopped at either their charged or discharged state. Potential holds were then applied 

for 5 minutes at either -0.4 V (AD-MnO2) or 1 V (AC-MnO2) to fully insert or remove 

Mg2+ ions.  The pre-cycled electrodes were then cycled in dry electrolyte to examine 

the evolution of the surface species relevant to the water-activation effect. Figure 2.9a 

shows the CV of activated and pristine MnO2 electrodes cycled in the dry electrolyte 

at a scan rate of 0.5 mVs-1. The differences in the voltammograms give insight into the 
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importance of the contribution of water molecules from the electrolyte.  

Upon inspection of the CV curves in Figure 2.9a, the oxidation and reduction peaks 

are similarly separated after activation regardless of the state of charge of the electrode. 

This result indicates a higher overpotential for redox of the MnO2,  predominantly for 

the oxidation reaction, which is likely due to the presence of less water in the system 

overall. However, another important trend is that the electrode left in the discharged 

state, AD-MnO2, has a higher peak current and overall higher capacity compared to the 

electrode left in the charged state, AC-MnO2. The AD-MnO2 is expected to have Mg2+ 

and co-intercalated water still inside the lattice with Mg(OH)2 on the surface, while 

AC-MnO2 has Mg2+ ions and excess water removed with minimal Mg(OH)2 on the 

surface. However, both electrodes are believed to have water trapped within the MnO2, 

although more is expected in the case of AD-MnO2. Figure 2.9b and c show O 1s 

spectra of AD-MnO2 and AC-MnO2 that were cycled in dry electrolyte and left in the 

discharged state. Both electrodes demonstrate an increase in OH contributions at 531.7 

eV upon discharge, though more OH is apparent in the AD-MnO2 sample. While all 

Figure 2.9 XPS spectra for pre-cycled MnO2 electrodes cycled in dry electrolyte. (a) 

CVs of AC-MnO2, AD-MnO2, and pristine MnO2 electrodes cycled in 0.1 M 

Mg(ClO4)2/PC electrolyte at 0.5 mV·s-1 and O 1s spectra for (b) AD-MnO2 and (c) AC-

MnO2 electrodes after 2 CV cycles in dry electrolyte. 
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the OH cannot be definitively ascribed to Mg(OH)2 due to the visible amount of Mn, 

the increase in OH is still accompanied by the discharge and subsequent Mg insertion. 

This possible layer formation is also apparent through the decreased amount of both 

oxide and manganese signals in AD-MnO2 as compared to AC-MnO2, as well as the 

larger amount of OH detected in AD-MnO2. The atomic composition and peak fitting 

data for the XPS spectra are shown in Table 2-3. 

 

To further investigate the OH formation on the surface, angle-resolved XPS (AR-

XPS) was performed on AD and AC-MnO2 samples that were discharged in dry 

electrolyte. In AR-XPS, the sample stage is tilted to alter the take-off angle of the 

electrons from the surface. At smaller angles relative to the sample surface, electrons  

are detected from a shallower depth while at larger angles the electrons are collected 

from deeper into the bulk of the sample. In this study, analysis was done at electron 

take-off angles of 90° and 20° (with respect to the sample surface). The AR-XPS for 

AC-MnO2 and AD-MnO2 are in Figure 2.10a and b, respectively, and all data is 

normalized to the O2- peak. In the O 1s data in Figure 2.10a, the increase in signal is 

apparent in the OH and H2O/C-O regions at 531.7 and 533 eV, respectively. As the 

XPS gets more surface sensitive, there is more hydroxide species as well as some 

carbon species from surface contamination. Most important is the increase in the 

 % Composition 

  O 1s C 1s 

 Mg 1s Mn 2p H2O/C-O/ClO4
- OH/C=O O2- C-C/C-H COOR C-O 

AC-MnO2 6.1 17.5 14.5 21.7 12.1 15.9 4.1 3.6 

AD-MnO2 6.1 12.4 12.6 25.5 9.0 20.0 5.5 6.0 

Table 2-3. Atomic composition results determined from XPS analysis of activated 

electrodes cycled in dry electrolyte and stopped in the discharged state 
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amount of OH relative to O2- as indicated in Table 2-4. This observation supports the 

formation of hydroxides closer to the surface. Additionally, in Figure 2.10b, the same 

increase in the OH and H2O/C-O regions is clear, and there is a marked increase in OH 

compared to O2-. However, in the AD-MnO2 there is a larger overall OH/O2- ratio. This 

result makes sense, as the AD-MnO2 is believed to contain more water and therefore 

have a larger propensity for Mg(OH)2 formation, and hydroxide formation in general. 

The AD-MnO2 sample has a larger amount of Mg visible at the surface, with Mg/Mn 

ratios of 0.57 at 0.59 at 90° and 20°, respectively. Conversely, the Mg/Mn ratios of the 

AC-MnO2 are 0.15 at 90° and 0.17 at 20°. The higher Mg/Mn ratios for AD-MnO2 

further support that the OH formation is directly related to the discharge and Mg 

insertion process and shows a correlation with water content in the electrode. 

Figure 2.10 Angle-Resolved O 1s XPS spectra for (a) AC-MnO2 discharged in dry 

electrolyte and (b) AD-MnO2 discharged in dry electrolyte. 

Table 2-4. Atomic composition results for AR-XPS of activated electrodes cycled in 

dry electrolyte 
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The pre-activated electrodesô electrochemical response and surface chemical 

speciation upon cycling in dry electrolyte give important insight into the role of water 

in Mg insertion into MnO2. When cycling in water-containing electrolyte, if all the 

water which co-intercalates with Mg2+ is removed upon charging, Mg(OH)2 would not 

be formed upon cycling in dry electrolyte, especially in AC-MnO2. Further, the extent 

of Mg(OH)2 formation is influenced by what state of charge the MnO2 is in, thus the 

amount of water likely in the structure, with AD-MnO2 showing more extensive 

Mg(OH)2 conversion products than AC-MnO2. These observations support the 

proposal that some water remains in the MnO2 structure after cycling in wet PC 

electrolyte.  Additionally, the presence of structural water is a likely explanation for the 

water activation phenomenon where MnO2 retains capacity after cycling in wet 

electrolyte and transferring the electrode to dry electrolyte. 

As mentioned in the introduction to this chapter, many groups have studied Mg 

insertion mechanisms into a variety of polymorphs of MnO2, including ɚ-MnO2,116 Ŭ-

MnO2,107 and other studies of ŭ-MnO2.76, 109 Despite differences in the crystal structures 

studied, there is a general trend that intercalation of Mg is favored in aqueous 

electrolyte systems, while surface conversion reactions predominate in non-aqueous or 

organic electrolyte systems. A recent study by Sun et.al. reported on the mechanisms 

for the same ŭ-MnO2 in both aqueous and organic systems. They also observed 

significant Mg(OH)2 formation in addition to MgO on the surface, and they were able 

to differentiate some Mn species using XPS and EELS.76 Similar to our study, the 

insertion is attributed to the ability of water to solvate Mg2+ and screen the charge from 

the metal oxide. They propose that the conversion reaction in non-aqueous electrolyte 
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occurred due to the increased thermodynamic stability of Mg(OH)2 and MgO products 

which form from unstable MgxMnO2. Our results lead to a somewhat different 

conclusion in our amorphous material, and we propose that in a mixed water-containing 

organic electrolyte system there is a combined insertion mechanism and Mg(OH)2 

formation. We suggest that in systems where water is present, whether aqueous or 

mixed water-in-organic electrolyte or cathodes containing structural water, there is 

insertion of Mg2+ into the amorphous electrodeposited MnO2. This insertion is either 

simultaneous with a conversion reaction, or a conversion reaction follows insertion, 

giving Mg(OH)2 at the surface and reduced MnO, MnOOH, or Mn(OH)2 species in the 

bulk.  Also, we suggest that the formation of Mg(OH)2 in conjunction with the charge 

screening effect could be the driving force that has generated the observed 

improvement in Mg2+ capacity in the presence of water molecules.  

 Effect of air Exposure on XPS analysis 

To test the effect of air exposure, two MnO2 samples of different thicknesses (one 

deposited by passing 15 mC of charge, the other was deposited by passing 5 mC of 

charge) were first electrochemically treated outside of the glovebox in the same manner 

as described in the experimental section. However, after being rinsed with PC to 

remove salt species, they were transferred directly to the antechamber of a MBRAUN 

glovebox with <0.5 ppm water and oxygen instead of being moved into a vacuum 

desiccator. The electrodes were still wet with PC during transfer to prevent as much air 

exposure as possible. They were also transferred from the glovebox to a glove bag 

attached to the XPS vacuum chamber without any air exposure. With these precautions, 
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the samples were not exposed to air. After taking the XPS spectra in Figure 2.11a and 

c, both samples were removed from the glovebox and allowed to sit in the atmosphere 

exposed to air and humidity for 24 hours. The XPS spectra in Figure 2.11c and d were 

then taken. This amount of exposure was done as an extreme case, as at most the 

samples in this dissertation were exposed to air for 10 minutes during transfer. 

Examining the XPS data after air exposure, it is apparent that there are not major 

changes to the samples. The 15 mC deposited sample saw an increase in the amount of 

oxide present and a decrease in the amount of Mg, which may indicate oxidation of Mn 

by the atmosphere. There was a small amount of this effect seen in the 5 mC sample, 

but very minor. However, this oxidation does not significantly alter our analysis or 

conclusions ï air exposure cannot account for the Mg(OH)2 formation according to 

these results. Additionally, this Mn oxidation would in fact make our expected results 

less pronounced if the Mg ions diffuse into the bulk of the MnO2 and away from the 

surface upon air exposure. While not shown here, the binding energies of the Mg 1s 

regions did not shift more than 0.2 eV after air exposure, which is within the margin of 

error and confirms the stability of the Mg(OH)2 layer upon air exposure. Detailed 

atomic composition results are shown in Table 2-5.  

Table 2-5. Atomic composition results determined from XPS for MnO2 samples before 

and after air exposure 

 % Composition 

  O 1s C 1s 

 

Mg 

1s 

Mn 

2p H2O/C-O/ClO4
- OH/C=O O2- C-C/C-H COOR C-O 

15 mC AD-MnO2, CA 8.2 1.2 21.6 23.9 0.4 28.1 5.2 7.4 

15 mC AD-MnO2, CA 

(air) 5.9 4.6 22.2 21.3 4.5 27.0 5.7 3.4 

5 mC AD-MnO2, CA 12.1 2.8 11.5 31.2 2.4 24.0 6.3 7.5 

5 mC AD-MnO2, CA 

(air) 11.9 3.9 11.7 30.6 3.8 22.9 5.7 7.4 
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Figure 2.11 XPS results for O 1s and C 1s regions of two MnO2 samples discharged 

using CA tested before and after air exposure. a) 15 mC MnO2 deposited and 

discharged, XPS taken with no air exposure b) same sample from (a) after 24 hours of 

air exposure c) 5 mC MnO2 deposited and discharged, XPS taken with no air exposure 

d) same sample from (c) after 24 hours of air exposure.   
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2.4. Conclusions  

The mechanism of charge storage was elucidated for amorphous, electrodeposited 

MnO2 in water-containing Mg(ClO4)2/PC electrolyte. The electrochemical experiments 

coupled with surface, angle-resolved, and depth-profiling XPS analysis demonstrated 

the formation of a Mg(OH)2 layer on the surface of discharged electrodes in addition 

to Mg2+ insertion into the bulk of the MnO2 film. The Mg(OH)2 formation was found 

to be present both during the water activation process and when cycling pre-activated 

electrodes in dry electrolyte. This layerôs formation is reversible, as demonstrated by 

its disappearance upon charging, and is attributed to the reaction of Mg with water 

either within the MnO2 structure or the electrolyte. These findings verify the 

importance of water to the increased performance of amorphous MnO2 cathodes, and 

stress that water needs to be present in some form to enhance the Mg-ion capacity. 

Importantly, the water was observed to not only screen the charge of Mg2+ to facilitate 

insertion, but also contributed to a chemical conversion at the cathode.  

.   
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Chapter 3: Influence of conductive polymer layers on MnO2 

cathode performance and charge storage mechanism 

3.1.  Introduction 

In the previous chapter, MnO2 was demonstrated as a potential cathode material for 

RMB upon the addition of water into organic electrolyte. Water can stay within the 

structure to enable Mg2+ insertion even in a dry electrolyte, and the electrochemical 

charge storage mechanism is proposed to be a combination of Mg2+ insertion and a 

reversible conversion reaction forming Mg(OH)2 at the MnO2 surface. This 

understanding of the MnO2 reactivity is important, but the performance of this cathode 

can still be improved. One disadvantage of MnO2 is that it has a relatively low 

electronic conductivity.117, 118 Poor electronic conductivity can cause a large potential 

drop along the length of the NWs, which may cause decreased material utilization 

especially at higher current densities.105, 119 Also, a well-known issue for MnO2 

cathodes is that there is the possibility of Mn dissolution during cycling, where even a 

small amount of Mn loss can cause significant capacity decay due to its alteration of 

the MnO2 surface chemistry.120 As previously mentioned, Mg2+ has poor kinetics in 

many solid materials, meaning protective layers at the cathode may also impede Mg 

insertion. If Mg2+ can insert into the core MnO2 through a layer engineered on the 

surface, it will be a step forward for understanding the capability for cathode protection. 

To potentially address both of these issues, the research in this chapter investigates a 

previously established co-electrodeposition method to synthesis coaxial PEDOT/MnO2 

nanowires as a test-bed structure for Mg2+ insertion.104, 121 PEDOT is a well-studied 

conductive polymer,122 which in the coaxial structure will deposit on the outside of the 
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MnO2 core to provide electron pathways along the length of the NW while also 

encapsulating the MnO2.  

When utilizing nanostructured materials as battery cathodes, another important part 

of the charge storage mechanism is understanding the contributions to charge storage 

from diffusion-limited reactions versus surface-dominant capacitive or 

pseudocapacitive reactions. Diff usion-limited reactions include the intercalation 

reactions of Mg2+ into the bulk MnO2, which is kinetically much slower than the 

capacitive and pseudocapacitive reactions. The latter two charge storage types differ 

from insertion reactions in that they are dependent on the surface area of the electrode 

materials. While capacitive charge storage is the electrical energy that is stored via ion 

adsorption/desorption in the electrical double layer, pseudocapacitance involves fast, 

surface electron-transfer reactions that are most commonly found in nanostructured 

electrodes. When materials are nanostructured, their surface area is greatly increased. 

As the surface area increases in redox-capable cathode materials, more of the charge 

can be stored due to surface redox reactions, not just capacitive charge. These different 

diffusion-limited and surface-dominant contributions can be mathematically 

deconvoluted using two different methods, which will be referred to as Trasattiôs123 and 

Dunnôs methods.124 These methods will be discussed in detail in Section 3.3.3. 

The different contributions to charge storage have not been widely investigated in 

nanostructured MnO2 materials for RMB. Many studies of MnO2 as supercapacitor 

electrodes have demonstrated the utility of these calculations in determining how 

charge is stored,103, 125 but there are few studies of MnO2 as cathodes for RMB. A recent 

study of ɚ-MnO2 nanoparticles demonstrated that smaller particles (80 nm) have 
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increased diffusion-limited charge storage compared to large particles (800 nm) and 

had larger capacity overall, demonstrating the importance of understanding how the 

mechanism may affect performance of different nanostructured electrodes.116 The work 

in this chapter will address this gap in understanding of MnO2 cathodes as RMB 

materials, and investigate the charge storage mechanism of MnO2 in 1D nanowires and 

how the surface PEDOT layer affects the charge storage. Using electrochemical 

characterization in conjunction with microscopy and elemental analysis, we will report 

the influence of the PEDOT conductive polymer on the Mg2+ insertion into MnO2 and 

the contributions from diffusion-limited and surface-dominant processes. 

3.2.  Experimental Methods 

 Nanowire Electrodeposition  

 

The MnO2/PEDOT coaxial nanowires were synthesized using a previously 

published procedure,121 which is described briefly here. First, 300 nm thick gold (Au) 

was sputtered on the branched side of a Whatman AAO template, with 200 nm diameter 

pores, as a current collector using a Denton Desk III sputter coater. Copper tape with 

conductive adhesive (3M) was then attached to the Au sputtered side of the AAO as a 

contact for electrodeposition. The ordered pores were exposed to the electrolyte 

solution. The electrode was sealed between two layers of parafilm with an exposed 

circular area punched out to define the electroactive area (0.32 cm2) and sealed using a 

heat gun. The electrodeposition was performed in a three-electrode cell, with Ag/AgCl 

as the reference electrode, Pt foil as the counter electrode, and the AAO as the working 

electrode. The electrodeposition solution contained 10 mM Mn acetate tetrahydrate,  
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80 mM 3,4-ethylenedioxythiophene (EDOT), 100 mM LiClO4,  and 140 mM sodium 

dodecyl sulfate (SDS) dissolved in Millipore water. As previously reported, the 

thickness of the PEDOT shell was altered by depositing at different constant voltages. 

Here, voltages of 0.67, 0.70, 0.75, and 0.80 V vs. Ag/AgCl were used. Pure MnO2 

nanowires were deposited at 0.60 V vs. Ag/AgCl in 0.1 M Mn acetate tetrahydrate in 

Millipore water. 

 Electrochemical Measurement 

 

All  the electrochemical measurements were performed in a three-electrode cell 

with MnO2 or coaxial nanowires as the working electrode, Pt foil as the counter 

electrode, and Ag/AgCl as the reference electrode, except for the GV cycling where 

activated carbon cloth (ACC) as used as the counter electrode. The electrolyte was 0.1 

M Mg(ClO4)2Ā6H2O/PC, with a voltage window of -0.4 to 1.1 V vs. Ag/AgCl for CV 

and -0.4 to 1.15 V for GV. For the charge storage mechanism analysis, scan rates of 

0.2, 0.3, 0.3, 0.8, 1, 2, 3, 5, 10, 20, and 40 mV/s were run. Each electrode was activated 

for 10 cycles by cycling the electrodes from -0.4 to 1.1 V vs. Ag/AgCl in 0.1 M 

Mg(ClO4)2Ā6H2O/PC before performing the CV with different scan rates and before 

GV power performance testing.  The current densities used for the GV of both MnO2  

and coaxial PEDOT/MnO2  samples will be specified within the text in this chapter.  

 Electron Microscopy Characterization 

 

Samples for SEM were mounted with the gold side down on conductive carbon 

tape. The AAO was removed with 3 M NaOH for 20 minutes, then rinsed 3 times with 

Millipore water. Cycled samples were soaked in PC and water (2 times in each solvent) 
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to remove salt and electrolyte residue before being gently scraped from the parafilm 

and mounted on the conductive carbon. For TEM analysis, the AAO was removed from 

the parafilm after electrodeposition of the active material. The gold current collector 

was scraped off using sandpaper, and then the whole AAO was dissolved in 3 M NaOH 

solution. The NaOH was replaced with water and the nanowires were rinsed with 

Millipore water as many times as needed to achieve a neutral pH, indicating removal 

of all NaOH (~10 times). The nanowires were then dispersed in ethanol, and 6 L˃ was 

dropped onto a lacey carbon TEM grid and dried at 60 °C for 1 hour before analysis.  

 Raman Spectroscopy  

 

Raman samples were left sealed in the parafilm electrodes after removal of the 

AAO, and spectra were taken of both pristine and electrochemically treated MnO2 and 

coaxial structures. Raman spectra were collected on a Horiba Jobin Yvon LabRam 

ARAMIS instrument with a 532 nm laser and ~ 1 m˃2 spot size. MnO2 spectra were 

collected with a spectral window of 300 to 900 cm-1, while coaxial PEDOT/MnO2 were 

collected with a window of 100 to 2500 cm-1. 

 ICP-AES Analysis  

 

ICP-AES analysis was collected using a Shimadzu ICPE-9000. Samples for ICP 

analysis were digested in concentrated aqua regia (3:1 HCl:HNO3) solution for 1 hour 

for pure MnO2 nanowires, while coaxial PEDOT/MnO2 samples were digested for at 

least 3 hours. For coaxial samples, only the MnO2 portion was dissolved while PEDOT 

remained on the parafilm electrode. Samples were diluted to 100 mL in volumetric 
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flasks with Millipore water, giving final acid concentrations of 2% nitric acid and 2.7% 

hydrochloric acid. Standards for calibration curves were prepared using an Inorganic 

Ventures multi-element standard, traceable to NIST standard reference materials. The 

wavelengths used for analysis were 279.553 nm for Mg, and 257.610 nm for Mn.  

3.3.  Results and Discussion 

 Deposition of Coaxial Nanowires 

 

The PEDOT/MnO2  coaxial nanowire synthesis was previously developed and 

published by Dr. Ran Liu as an ideal structure for supercapacitors.121 For this work, the 

published protocol was repeated to achieve the coaxial nanostructures at deposition 

voltages of 0.70 V, 0.75 V, and 0.80 V vs. Ag/AgCl. An additional coaxial nanowire 

structure was also deposited at 0.67 V to achieve a structure with thinner PEDOT than 

the 0.70 V sample. A TEM image of the 0.67 V structure is depicted in Figure 3.1a, 

where the porous structure of MnO2  can be seen with a thin layer of PEDOT on the 

surface, less than 10 nm in thickness. EDS mapping was performed, and an EDS 

spectrum was extracted from this data. However, due to the low S content, the S signal 

from the EDS was below the threshold of the TEM software and neither an individual 

map of the S signal nor a line scan could be created. As a rough comparison, the Mn/S 

ratio able to be calculated from the EDS for 0.67 V was ~10, where the published Mn/S 

ratios for 0.70 V and 0.75 V were 9 and 1.05, respectively.104 These ratios indicate the 

higher amount of Mn at 0.67 V, although it is very close to the composition of the 0.70 

V sample. On the other hand, a line scan was able to be created for the 0.75 V sample 

in Figure 3.1c due to the much higher proportion of PEDOT, and therefore S signal 
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intensity. The coaxial structure is apparent for the 0.75 V sample, showing the 

reproducibility of the coaxial NW synthesis.  

 Cyclic Voltammetry and Confirmation of Mg2+ insertion 

 

After depositing the coaxial NWs, it first needed to be determined whether Mg2+ 

ions could insert into the MnO2 through the outer PEDOT layer. Previous investigations 

of the PEDOT/MnO2  coaxial structures discovered that the PEDOT layer is relatively 

porous,104 so it was hypothesized that Mg insertion would not be an issue. To assess 

the Mg2+  insertion capability, CV of the coaxial electrodes was conducted in 0.1 M 

Mg(ClO4)2 ·6H2O PC. As discussed in Chapter 2, water is necessary for Mg2+  insertion 

into MnO2, and this is still the case for the coaxial structure. This hydrated electrolyte 

10 nm 

Figure 3.1 TEM images of coaxial nanowires deposited at a) 0.67 V b) 0.70 V with an 

HAADF image in the inset, c) 0.75 V, and d) EDS line scan of the 0.75 V sample.  

a b 

c d 
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is used for all electrochemistry in this chapter. Three CVs representative of different 

PEDOT thicknesses are depicted in Figure 3.2 to give an overview of how PEDOT 

affects the Mg2+  insertion. CVs of other samples will be provided later in this chapter, 

but for comparison samples deposited at 0.67 V have a PEDOT thickness of < 10 nm 

and 0.75 V samples have PEDOT layers ~45 nm thick. 

 As a control sample, pure MnO2  was deposited and is the green curve in Figure 

3.2. The peaks are broad, but there are still peaks for both oxidation and reduction of 

Mn that occurs upon extraction and insertion of Mg2+ , respectively. In blue, the 0.70 

V coaxial NW sample with a mid-range thickness of PEDOT, about 25 nm, shows a 

much sharper oxidation peak than pure MnO2  around 0.5 V and a reduction peak at 

0.1 V, which is a comparable potential to pure MnO2. There is smaller peak separation 

нр ƴƳ 

фл ƴƳ 

aƴh
н 
ƻƴƭȅ 

Figure 3.2 Cyclic voltammetry of pure MnO2 and PEDOT/MnO2 coaxial nanowires at 

varied deposition potentials. 
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for the 0.70 V coaxial sample with PEDOT compared to pure MnO2, which has a broad 

oxidation peak around 0.8 V.  The sharper peak and smaller peak separation for the 

coaxial NW are likely due to the increased electronic conductivity provided by the 

PEDOT along the length of the NW. Although Mg can insert into MnO2  through the 

PEDOT layer at 0.70 V, when there is much thicker PEDOT it does hinder the Mg2+  

insertion. The sample deposited at 0.80 V, shown in yellow, is the extreme case where 

the thickness of PEDOT is ~90 nm. The current response in the CV looks strictly 

capacitive, with no oxidation and reduction peaks visible. The lack of Mn redox peaks 

indicated that Mg is not able to intercalate into the inner MnO2 core.  

 One common argument is because there is water in the electrolyte, proton 

insertion may be enabling the Mn redox instead of Mg2+  insertion. While EQCM and 

ICP-AES studies on the electrochemistry of pure MnO2
75  and the XPS studies in the 

previous chapter support Mg2+ insertion, ICP-AES analysis was also performed on the 

coaxial NW to further confirm that Mg2+ insertion is responsible for the observed 

electrochemical activity with the added PEDOT layer. For samples deposited at 0.67 

V, 0.70 V, and 0.75 V, the Mg/Mn ratio calculated from the ICP elemental analysis is 

shown in Figure 3.3. The activation process consists of 10 CV cycles at 0.5 mV/s in 

water-containing electrolyte, and samples that were activated and left in the discharged 

state are in purple. The Mg/Mn ratios range from 0.45 to 0.50, which correspond to a 

~1 electron transfer reaction per MnO2 unit. This result agrees with the presence of 

only one set of major oxidation and reduction peaks in the CV curves, indicative of an 

oxidation state change from Mn4+ to Mn3+ and vice versa. The capacities calculated 

from the CV curves in the next section 3.3.3, and later GV curves in section 3.3.4, also 
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agree well with these Mg/Mn ratios. As further confirmation, Mg/Mn ratios were 

reported for coaxial NW samples that underwent longer CV cycling at higher scan 

rates. These samples with higher scan rates are depicted by the red data points in Figure 

3.3 and have a lower Mg/Mn ratio between 0.35 and 0.40. This is expected because Mg 

cannot fully (de)insert at faster scan rates, so there will be a lower Mg/Mn ratio.  

More information about the electrochemical reactions can be determined 

through closer analysis of the CVs. Figure 3.4 shows the voltammograms for each 

sample at a slow scan rate of 0.2 mV/s compared with a faster scan rate, 1 mV/s. An 

important property in CV analysis is the peak separation of the oxidation and reduction 

peaks. These are typically relatively widely separated in battery cathode materials126 

which is very different from ideal, reversible electrochemical redox couples which 

follow Nernstian behavior (ɲEp = 59.1 mV/n).127 However, although the peaks for 

batteries are already widely separated, the peak shifting behavior upon increasing the 

Figure 3.3 ICP-AES analysis of MnO2 /PEDOT coaxial NW cycles using CV and left 

in the discharged state.  
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scan rate can help discern some of the effects related to electron and ion transport in 

MnO2.  

As the amount of PEDOT increases, going from pure MnO2 in Figure 3.4a to 

45 nm (0.75 V) PEDOT in d, the extent of peak shifting for the oxidation peak upon 

increasing the scan rate from 0.2 mV/s to 1 mV/s decreases, with the exception of the 

0.67 V sample. For the 0.70 V samples in c, the reduction peak does not shift much in 

this scan rate range, while for pure MnO2  and 0.75 V samples in a and d there is a 

negative shift of the reduction peak potential. An outlier of these trends is the 0.67 

sample. This CV is more complicated due to the presence of shoulder peaks, which 

Figure 3.4 Cyclic voltammograms at 0.2 and 1 mV/s illustrating peak current shifts for 

a) MnO2 and coaxial NWs deposited at b) 0.67 V, c) 0.70 V, and d) 0.75 V.  

a) b) 

c) d) 
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makes the peak analysis using EC-Lab more difficult. The overlapping two reduction 

peaks merge at 1 mV/s, and when the peak analysis is done these two peaks are 

analyzed as one, making it appear to shift to a more positive potential. Due to this 

difficulty, the sample for 0.67 V cannot be conclusively analyzed. Better peak fitting 

analysis outside of EC-Lab could improve the conclusions about peak shifting for this 

sample. However, the observable trends in the other samples indicate that with more 

PEDOT, there is a smaller change in peak separation upon increasing the scan rate, 

while pure MnO2 has the largest peak separation at 1 mV/s. 

In addition to looking at peak shifting, the peak separation at different scan rates 

for each sample is in Table 3-1. The overall ɲEp is the largest for the sample deposited 

at 0.75 V at both scan rates, except for the pure MnO2  sample at 1 mV/s. However, 

upon increasing the scan rate, the peak separation changes the least for the 0.75 V 

sample, increasing only 70 mV. Going from 0.2 mV/s to 1 mV/s,  ɲEp increases by 93 

mV for 0.70 V, 75 mV for 0.75 V, and 253 mV for MnO2. These results indicate that 

it is likely the low electronic conductivity and large polarization of the MnO2 NWs 

causing the peak shifting at higher scan rates, thus this effect is decreased upon adding 

the more electronically conducting PEDOT layer. The larger overall ɲEp for the 0.75 

V sample compared to the samples with thinner PEDOT (0.67 V and 0.70 V) may be 

due to the thickness of the PEDOT layer slowing the Mg2+ insertion into the core of the 

NW. This result is different from the pure MnO2 case where poor electronic 

conductivity was causing the peak separation. These behaviors deduced from the CV 

data confirm that material properties and structures are closely intertwined with the 
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electrochemical reactions. The next section will address the charge storage mechanism 

of these reactions in more detail.  

Table 3-1 Peak separation values for nanowire samples at different scan rates 

 ȹEp (mV) 

Sample 0.2 mV/s 1 mV/s 

MnO2  370 623 

0.67 V (<10 nm) 367 322 

0.70 V (25 nm) 395 488 

0.75 V (45 nm) 450 525 

 

 Charge Storage Mechanism ï Trasattiôs and Dunnôs Methods 

 

As mentioned in Chapter 1, there are various types of reactions that can occur 

at the cathodes depending on whether it is intercalation, conversion, or an alloying type 

material. It was determined in Chapter 2 that MnO2  has a combination of insertion and 

conversion reactions in a water-containing Mg electrolyte system. Also characteristic 

in nanomaterials with high surface area are capacitive and pseudocapacitive 

contributions to the charge storage. To further understand how much of the charge 

storage is surface-dominant (capacitive and/or pseudocapacitive) and how much is 

diffusion-limited (insertion reactions), two different methods were utilized. Both 

methods rely on the fundamental concept that surface-dominant reactions and 

diffusion-limited reactions have different kinetics that can be deconvoluted based on 

their current and charge responses as a function of scan rate.  

The first method for separating charge storage contributions utilizes the 

relationship between peak current and scan rate. This method was introduced by 

Conway128 and further explored by Dunn124. In a system with both surface-dominant 

and insertion reactions, the current at any given point in a CV will be a sum of these 



 

 

 

64 

 

two contributions, which can be described by Equation 3.1. In this equation, the current, 

i, at a given voltage is the sum of surface-dominant contributions (k1) times the scan 

rate v and diffusion-limited contributions (k2) times v1/2.  

In order to calculate the k1 and k2 values, the above equation can be rearranged to 

provide Equation 3.2. Using this equation, a simple linear fit of a plot of v1/2 vs. i/v1/2 

enables the calculation of the slope (k1) and the intercept (k2) for each voltage point.  

This method, which will be referred to as Dunnôs method, enables calculation of 

surface-dominant and insertion contributions at multiple different scan rates. Further, 

plots can be created from this data to directly visualize the different contributions in a 

CV. However, this method is often affected by peak-shifting which can cause poor fits 

of the data. Therefore, a second method is often used to confirm results from Dunnôs 

method and establish conclusions from the data. 

 The second method for deconvoluting charge storage contributions was 

proposed by Trasatti and coworkers in a study of RuO2.123  Instead of utilizing the 

dependence of current on scan rate, Trasattiôs method is based upon the concept that 

the charge, Q, of a system is a sum of faster, surface-dominant processes and slower 

diffusion-limited processes. The different contributions are calculated based on the 

difference in kinetics for the surface and bulk processes. As the scan rate becomes 

infinitely fast, or as v=ό, the only processes that can occur are the fast, surface 

reactions. This value can be calculated from the intercept of the plot of 1/Q vs. 1/ɜ1/2. 

Ὥ(ὠ) =  Ὧ1ὺ+  Ὧ2ὺ
1/ 2   Equation 3.1 

Ὥ(ὠ)

ὺ1/ 2
=  Ὧ1ὺ

1/ 2 +  Ὧ2 Equation 3.2 
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Conversely, at the low end of the theoretical scan rate limit, or v=0, both processes 

would fully be participating. Thus, the total charge is calculated from the intercept 

when Q vs. ɜ1/2 is plotted. Using these principles, the surface-dominant charge can be 

calculated at v=ό and the total charge of the system can be calculated at v=0, while the 

insertion, diffusion-limited charge is the difference between the two. This method is 

not susceptible to peak shifting, although the total charge sometimes can be over-

estimated as it is extrapolated to an extremely low scan rate. However, this method 

should give similar results to Dunnôs method and give two points of comparison in 

determining the contributions to charge storage.  

 Both methods can be utilized to calculate surface and insertion contributions 

from one set of data, as both need CVs collected for multiple different scan rates. The 

voltammograms for the four different MnO2 and coaxial PEDOT/MnO2 nanowires 

structures are depicted in Figure 3.5. It is important to note all the nanowires were 

deposited by passing the same amount of total charge, 200 mC. Qualitatively 

examining these voltammograms, the effect of PEDOT can be visualized. Comparing 

Figure 3.5a to b, c, and d, there is an increase in the overall current going from pure 

MnO2 to the 0.67 V sample with very thin PEDOT, and 0.70 V and 0.75 V also show 

higher current at the high scan rate of 20 mV/s. The increased current indicates that 

with the added PEDOT, the improvement in electron transport likely allows for more 

uniform Mg insertion and de-insertion and better material utilization along the 10 ɛm 

nanowire, especially at very high scan rates. This result is also interesting when 

considering there is also less MnO2 content in the NWs with more PEDOT, further 

highlighting the better utilization of a smaller amount of active MnO2.  
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When examing samples at the scan rates below 20 mV/s, around 2 and 3 mV/s 

scan rates the maximum peak current values for all samples are about the same. 

Looking back at Figure 3.4, at 1 mV/s the 0.67 V and 0.70 V samples have the highest 

current at the lower scan rate of 1 mV/s, with MnO2 having only a little bit less current, 

while 0.75 V has the lowest peak current. Due to the lower electronic conductivity of 

MnO2 without PEDOT, there is a potential drop from the bottom of the NWs to the top, 

meaning the MnO2 furthest from the current collector is not fully utilized without the 

PEDOT layer. This effect is not as detrimental at lower scan rates, but as the scan rates 

increase the current for MnO2 falls behind the others. Further, in Figure 3.5b-d the 

0.70 V (25 nm) 0.75 V (45 nm) 

Figure 3.5 Cyclic voltammograms at scan rates of 0.2-20 mV/s for a) MnO2  and coaxial 

PEDOT/MnO2  nanowires deposited at b) 0.67 V, c) 0.70 V and d) 0.75 V. 

a) b) 

c) d) 

0.67 V  (             ) 
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reduction peak does not shift out of the voltage window at the fast scan rate of 20 mV/s 

and does not broaden as much as the MnO2  sample in a. The oxidation peaks broaden 

at high scan rates for b and c, but for the 0.75 V sample in d both oxidation and 

reduction peaks are still visible at 20 mV/s. There is also the possibility that there is a 

contribution to the capacity from the PEDOT above 0.70 V, which could contribute to 

the higher current. These qualitative observations build upon the discussion of Figure 

3.4 in the previous section, and further demonstrate that the electron transport of 

PEDOT helps improve the material utilization of MnO2.  

  Using this CV data, the contributions from surface-dominant and bulk insertion 

was calculated using Trasattiôs and Dunnôs methods. The difference in the charge 

storage contributions for both discharge (reduction of MnO2, Mg2+ insertion) and 

charge (oxidation of MnO2, Mg2+  extraction) reactions using both methods are depicted 

in Figure 3.6. For Dunnôs method, due to peak shifting above 1 mV/s, the data from 

0.2 to 1 mV/s were used for analysis. The results for the calculated charge contributions 

at multiple scan rates are in Figure 3.6a-c. At the low scan rate of 0.2 mV/s, all samples 

have more than 50% of the capacity coming from surface-dominant charge. As the scan 

rate increases, the percent surface contribution also increases for all electrodes. This 

result is expected, as with a higher scan rate Mg2+ diffusion and its ability to insert is 

not fast enough, thus the surface-dominant pseudocapacitive reactions are favored. 

Overall, adding the PEDOT outer layer in the coaxial NWs does not significantly alter 

the contributions to the charge storage when compared to MnO2.  

The MnO2 has a higher percent of the capacity coming from surface 

contributions, particularly upon charging. There are a few possible explanations for this 
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difference in surface-dominant and insertion contributions. The primary reasons behind 

the differences could be due to changes in the structure upon going from a 

homogeneous MnO2 NW electrode to a heterogeneous PEDOT/MnO2 coaxial NW. As 

the PEDOT thickness increases, the MnO2 diameter decreases. With a wider diameter, 

there is a larger distance for the Mg2+ ions to penetrate the core for insertion reactions. 

Therefore, there is possibly more unused MnO2 at the core of the MnO2 compared to 

the coaxial NW structures with smaller diameters. This reaction may cause a higher 

surface contribution compared to insertion. By this principle, the narrower 

Figure 3.6 Deconvoluted insertion and surface contributions for each type of nanowire, 

MnO2  or coaxial PEDOT/MnO2. The contributions calculated using Dunnôs method 

are demonstrated at different scan rates: a) 0.2 mV/s, b) 0.5 mV/s, and c) 1 mV/s. The 

contributions calculated from Trasattiôs method are shown in d).  

a) b
) 

c
) 

d) 
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PEDOT/MnO2 coaxial NWs should have a higher percent insertion contribution. 

However, as the thickness of PEDOT increases, the Mg2+ diffusion through the PEDOT 

into the core of the MnO2 also becomes more hindered, meaning the surface reactions 

predominate. If these two different structural effects begin to offset one another, this 

could explain why there is not much of a change for the percent surface and insertion 

contributions for the PEDOT/MnO2 coaxial NWs as the PEDOT thickness increases.  

The results from Trasattiôs method show similar trends to those from Dunnôs 

method. The percent of the capacity from the different contributions is depicted in 

Figure 3.6d. As previously mentioned, Trasattiôs mathematical approximation of the 

total capacity at a theoretical scan rate of 0 mV/s can lead to an overestimation of the 

total capacity. For almost all MnO2 and coaxial electrodes, the total capacity calculated 

is over the one-electron theoretical capacity of MnO2 (308 mAh/g), however it is under 

the two-electron theoretical capacity (616 mAh/g), which is greater than those 

calculated via Dunnôs method. The trends in surface contributions from Trasattiôs agree 

well with those calculated using Dunnôs method, however, due to the higher total 

capacity estimated using Trasattiôs the percent surface contribution for all samples 

appears lower. Trasattiôs method also demonstrates that the charge storage processes 

remain similar across samples, with little difference caused by the PEDOT layer. 

The data used to calculate charge storage contributions using Dunnôs method 

can also be used to create plots of the surface and insertion contributions overlaid with 

the experimentally collected CVs. The curves for all four MnO2 and coaxial 

PEDOT/MnO2 samples at 1 mV/s are in Figure 3.7. While only the predicted surface 

contributions are shaded, the areas that lack shading indicate where the insertion 
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contributions occur. These plots allow a visualization of the potentials at which the 

redox reactions are occurring.  There is an indication that the de-insertion reactions 

occur around 0.5-0.6 V during the oxidation sweep and the insertion at 0.1-0.2 V during 

the reduction sweep. These similarities demonstrate that adding the PEDOT layer does 

not fundamentally change the electrochemical reactions or their oxidation and 

reduction potentials.  The shapes of the shaded regions also show that the surface-

dominant reactions do not have a square-shaped current profile indicative of strictly 

capacitive or double-layer like reactions. The presence of distinct peaks supports a 

pseudocapacitive charge storage mechanism consistent with faradaic reactions 

a) b) 

c) d) 

Figure 3.7 Predicted surfaced contributions calculated using Dunnôs method at 1 mV/s 

for a) MnO2, and PEDOT/MnO2 coaxial NWs deposited at b) 0.67 V, c) 0.70 V, and d) 

0.75 V.  
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occurring within MnO2.126 Overall, the charge storage deconvolution using Dunnôs and 

Trasattiôs methods give further evidence that there is a combination of insertion 

reactions and surface dominant reactions for MnO2 and coaxial PEDOT/MnO2 NWs in 

a water-containing organic electrolyte system.  

 Galvanostatic Cycling 

 

In the previous section, the charge storage mechanism of MnO2 and 

PEDOT/MnO2 coaxial NWs was able to be further elucidated using cyclic 

voltammetry. To test these electrodes for their potential as cathodes for Mg batteries, 

constant current or galvanostatic (GV) cycling was utilized. Of interest during GV 

testing is the ability to assess the power performance of the MnO2 and coaxial 

electrodes. Due to the increased electronic conductivity along the length of the NWs 

containing PEDOT, it was hypothesized that the coaxial NWs would perform better at 

higher current densities than MnO2 on its own. The current densities were calculated 

based on the theoretical two-electron transfer capacity of MnO2, 616 mAh/g. The 

current densities were calculated based on the mass of MnO2 after depositing 200 mC 

of charge, and all electrodes were cycled at the same areal current densities based on 

nominal electrode area (0.32 cm2). However, it is important to note that the masses of 

the coaxial electrodes deposited with the same amount of charge, 200 mC, have 

different masses than pure MnO2. This difference is due in part to the higher molar 

mass of EDOT as well as the lesser amount of MnO2 in the coaxial nanowires as the 

deposition voltage is increased. The results of the power performance followed by long-

term cycling GV cycling are depicted in Figure 3.8. Also, coulombic efficiency 
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indicated in this figure is referring to the ratio of charge measured during the discharge 

and charge processes, which is slightly different to the definition in Chapter 1. For 

cathodes, coulombic efficiency is discharge capacity/charge capacity x 100%.  

The GV cycling data demonstrate that adding the PEDOT layer in the coaxial 

NWs does affect the power performance and cyclability of the MnO2. Examining 

Figure 3.8a, the sample that is MnO2 with no PEDOT is shown in green and has the 

second-highest overall initial capacity, ~220 mAh/g. The sample deposited at 0.70 V 

with 25 nm of PEDOT in blue has slightly higher initial capacity, ~230 mAh/g, while 

the 0.67 V sample with < 10 nm PEDOT  starts off with a capacity of ~200 mAh/g but 

increases over the first 5 cycles to 210 mAh/g. This increase may be due to some 

activation with water in the electrolyte still occurring, even though all samples were 

Figure 3.8 Galvanostatic charge and discharge cycling for MnO2 and PEDOT/MnO2 

coaxial NWs. The data shown in a) are normalized to the entire mass of the active 

material, while b) is normalized to the first cycle capacity (100 ɛA/cm2).  

a) 

b) 
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cycled for 10 CV cycles to activate them before GV cycling. The 0.75 V coaxial sample 

with the thickest PEDOT has the lowest initial capacity of 150 mAh/g, which is 

expected due to the decreased amount of MnO2 deposited in these samples. Overall, 

the 25 nm sample retains the highest capacity for the longest, followed by the pure 

MnO2 sample. The 0.67 V sample performs well for the first 60 cycles but has a sharp 

decrease beyond 70 cycles. There is not a clear reason for this behavior, but it was 

reproducible and seen for more than one sample. Similar behavior was seen in some 

MnO2 samples also, though not all, but was not seen in any of the 0.70 V or 0.75 V 

samples. It could be a result of a contact issue with the electrodes, or a point at which 

there was some large number of NWs that became disconnected or fell off the gold 

current collector. The latter may be why samples with more PEDOT did not have this 

issue ï the polymer was able to add structural and mechanical stability to the electrodes. 

Lastly, the 0.75 V sample has a sharp decrease in capacity over the first 10 cycles, but 

then levels off and remains the most stable throughout the long cycling at 200 ɛA/cm2.  

The bottom graph, Figure 3.8b, shows the same data from Figure 3.8a 

normalized to the first cycle capacity to make the power performance data easier to 

compare. The 0.75 V sample from the beginning has the worst power performance, 

losing almost 56% of its capacity going from 100 A/cm2 to 1 mA/cm2. The 0.70 V 

sample in blue performs the best, even at high current, losing 39% of its initial capacity 

while the 0.67 V sample lost 42% and the MnO2 sample lost 44%. The 0.75 V sample 

with the thickest PEDOT likely loses the most capacity due to the limitation of Mg2+ 

diffusion through the PEDOT at higher current densities. The sharp decrease in 

capacity over the long-term cycling is more apparent for the MnO2 shown in green, 
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which after 100 cycles loses 60% of its initial capacity like the 0.75 V sample. The 0.70 

V sample in blue does not have as severe of a capacity drop and loses ~40% of its initial 

capacity after 100 cycles. Overall, PEDOT helps improves power performance by 

increasing electronic conductivity, although it becomes a barrier to Mg2+ transport at 

thicknesses greater than 25 nm. This observation is supported by the Trasattiôs and 

Dunnôs method analysis that shows the percent contributions do not change 

significantly, possibly indicating a balance between increased electron transport and 

decreased ion transport. The sample with the best performance is 0.70 V, where there 

is a balance between the thickness of PEDOT and the improved electronic conductivity.  

To gain further understanding of the effect of the charge storage mechanism on 

the cathodesô performance, the same samples were cycled at lower current densities. 

The Trasattiôs and Dunnôs method data suggest that at lower scan rates, and similarly 

lower current densities, insertion behavior predominates over surface reactions. In 

Figure 3.9a and b, the GV performance of coaxial PEDOT/MnO2 NWs at different 

current densities are normalized to the mass and 50 ɛA/cm2 first cycle capacities, 

respectively. The specific capacities in Figure 3.9a agree well with those in Figure 3.8 

at the same current densities, and the power performance shows the same trends in 

Figure 3.9b, with 0.67 and 0.70 V samples performing similarly and 0.75 V not 

maintaining capacity at higher current densities. The major difference appears during 

the long-term cycling at 100 ɛA/cm2, half of the current density used in Figure 3.8. The 

0.67 V coaxial NW shows a sharp decrease in capacity after only 45 total cycles. The 

0.70 V sample lasts longer, about 75 cycles, before also showing a sharp drop in 

capacity. The 0.75 sample shows a more gradual decrease in capacity, and has the 
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highest capacity after 100 cycles, although only by a small margin and all samples have 

a capacity of less than 50 mAh/g. The differences in performance at high and low 

current density likely indicate how the overall performance is affected by the charge 

storage mechanism, and how the ion insertion or conversion reactions influence the 

cathodesô cyclability. These effects will be further discussed in the next section. 

The effect of current density of MnO2 electrodes without PEDOT was also 

explored. In Figure 3.10, two MnO2 electrodes were cycled at two different current 

densities, 1C and 1.5 C (200 and 300 A˃/cm2). The sample cycled at 1 C has a higher 

capacity initially, which is expected due to the better material utilization at a lower 

current density. However, the capacity drops off significantly over 100 cycles, retaining 

Figure 3.9 Galvanostatic cycling at lower current densities.  

a) 

b) 
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only 38% of its capacity. On the other hand, the sample cycled at 1.5 C is much more 

stable over 100 cycles and retains 84% of its initial capacity. The sample at 1.5 C also 

has better coulombic efficiency, which may be an indicator for its superior performance 

ï at 1 C, if more inserted Mg is stuck in the structure each cycle, there would be less 

capacity on the next discharge, leading to a lower coulombic efficiency. The possible 

reasons for the degradation based on the charge storage processes are addressed next. 

 Possible Degradation Mechanisms of MnO2  

 

Both MnO2 and PEDOT/MnO2 coaxial nanowires demonstrate decreases in 

capacity over long-term cycling. One common cause of degradation in manganese 

oxide cathodes is dissolution of Mn at the surface.120 These interfacial changes have 

been determined to affect the phase stability over cycling of spinel LiMn2O4 in Li 

systems,129 although the effects have not been very well-studied in cathodes for RMB. 

To track differences in both Mg and Mn content in the different electrode structures, 

Figure 3.10 Capacities over 100 cycles for MnO2 electrodes cycled at 1 C and 1.5 C. 
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ICP-AES was utilized. The Mg/Mn ratio of different electrode samples left in their 

discharged state after GV testing is shown in Figure 3.11, which also includes data 

from Figure 3.3, repeated here for easy comparison. The GV data for each electrode, 

shown in green, are the same samples cycled at low current density in Figure 3.9. It is 

apparent that the samples cycled by GV have a lower Mg/Mn ratio than those cycled 

using CV, which indicates that less Mg2+ is inserted per Mn unit. This trend makes 

sense considering that the capacity is dropping significantly over time, meaning less 

charge is being stored and therefore less Mg2+ should be present.  

However, if the capacity is calculated based on the amount of Mg2+ detected by 

ICP-AES, the expected capacities would be ~154 mAh/g (0.25 Mg/Mn) for 0.67 V, 

123 mAh/g (0.20 Mg/Mn) for 0.70 V, and 92 mAh/g for 0.75 V (0.15 Mg/Mn), based 

on a theoretical one-electron transfer capacity of 308 mAh/g for MnO2 (0.5 Mg/Mn). 

These theoretical capacities are much higher than the experimentally observed 

capacities in Figure 3.9, which indicates that there is Mg trapped in the structure that is 

Figure 3.11 ICP-AES analysis of MnO2 /PEDOT coaxial NW cycled using CV and 

GV and left in the discharged state. 
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not being reversibly inserted and extracted. This theory of Mg2+ trapping is supported 

by the XPS depth profiles in the previous chapter, which shows about 0.1 Mg/Mn in 

the bulk of the MnO2 thin film upon charging (Figure 2.7). The trapping of Mg2+ in 

addition to interface affects from Mn dissolution may account for the capacity fading.  

ICP-AES was used to compare the masses of MnO2 for the different electrode 

compositions to give more insight into the possible Mn dissolution. In Figure 3.12, the 

calculated values for all electrodes are generally the highest, as they assume that all the 

electrons transferred during the electrodeposition go to the oxidation of Mn2+ to Mn4+, 

and in most cases the as-deposited masses agree well with those calculated based on 

the charge passed. The as-deposited masses had the smallest standard deviation for pure 

MnO2, while all coaxial samples had some variation. These differences are due to small 

variations in the relative thickness of the PEDOT layer and amount of MnO2 in the 

core. For pure MnO2, there is a decrease in amount of MnO2 upon cycling via CV, and 

25 nm 

MnO
2 
only 

<10 nm 

45 nm 

Figure 3.12 Mass of MnO2 in all electrodes, including theoretically calculated values, 

pristine electrodes, and Mn content of cycled electrodes (both CV and GV) analyzed 

using ICP-AES. Error bars indicate standard deviations of as-deposited samples.  
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then even more for GV, about 5% and 10% of the total mass, respectively. While that 

general trend is also noticeable for the coaxial samples, it is difficult to definitively say 

this is due to Mn loss instead of just sample variation because the values fall within the 

standard deviation. The loss seen in the MnO2 only NW is consistent with previous 

results that show this small amount (~5%) of Mn dissolution can cause significant 

capacity fade.120 Therefore, we tentatively propose that Mn dissolution combined with 

Mg trapping within the structure are responsible for the capacity loss over time.  

3.4.  Conclusions 

The combination of structure, materialsô properties, and the charge storage 

mechanism are critical factors in the MnO2 cathodeôs performance in a Mg battery 

system. Mg2+ ions were determined to be able to insert into the MnO2 core of 

PEDOT/MnO2 coaxial nanowires. Further, the charge storage mechanism of MnO2 and 

coaxial structures was found to be largely surface-dominant, although there is increased 

contribution from insertion processes at slow scan rates and low current densities. The 

presence of a PEDOT layer at the surface did not significantly alter the charge storage 

mechanism, but the added electronic conductivity helped increase material utilization 

along the length of the nanowires and improve power performance. Electrodes did 

exhibit significant capacity decay, and it is proposed that irreversible insertion of Mg 

in addition to Mn dissolution may be responsible, though further experiments may be 

needed to fully support the latter claim. These fundamental understandings of Mg2+ 

reactions and properties of the MnO2 cathode are important for informing what types 

of materials, structures, and electrolyte systems will be ideal for next generation RMB.  
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Chapter 4:  Effect of aluminum oxide ALD coatings on 

magnesium anode surface reactions 
 

4.1.  Introduction 

The previous two chapters gave a detailed understanding of the reaction and charge 

storage mechanisms for electrodeposited MnO2. While adding water into the 

electrolyte and a conductive polymer surface layer improve Mg2+ insertion/conversion 

and power performance, helping to mitigate the issue of having a cathode with fast 

enough Mg2+ insertion to demonstrate in a full-cell, this cathode cannot be paired with 

a Mg metal anode with water in the electrode or electrolyte. Another important thing 

to note is that the cathode demonstrated good performance in a Mg(ClO4)2/PC 

electrolyte, which is not compatible with the Mg metal anode. One solution to both 

compatibility issues is to create a protection layer on the Mg metal surface to prevent 

water, electrolyte components, and other potential contaminants from reacting with Mg 

metal and passivating the electrode. Another advantage of this method is that complex 

Mg electrolytes would not be needed. The application of protection layers has been 

extensively studied in Li-ion batteries130, 131 as well as other battery chemistries such as 

Na batteries.132 Protection layers are also called artificial SEI layers, as these interface 

layers generally serve to protect the anode interface from unwanted reactions by 

preemptively creating an engineered SEI layer with the desired properties needed to 

improve the anodeôs compatibility with the electrolyte as well as its performance. 

Aluminum oxide (Al 2O3) has a very robust and well-known atomic layer deposition 

(ALD) chemistry.133 Al 2O3 has been effective as a protection layer in both Li134 and 
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Na132 metal anode systems, protecting these interfaces from significant electrolyte 

degradation on the surface and helping prevent the formation of dendrites, which are 

an issue for both Li and Na. However, utilizing Al 2O3 for Mg would serve slightly 

different purposes. While the prevention of the electrolyte degradation is still the major 

goal, Mg does not have significant dendrite issues. However, Mg has poor diffusion 

kinetics in most solid materials, so using a protection layer with good Mg mobility that 

is also electronically insulating is critical. ALD Al 2O3 could potentially mitigate the 

poor Mg2+ diffusion issue by creating an extremely thin layer. While Mg2+ conductivity 

in Al 2O3 may be low, if Mg only needs to travel a few nanometers ionic conductance 

may be sufficient despite low intrinsic Mg2+ ionic conductivity. Recent computational 

work has indicated that MgAl2O4 has an electrochemical stability window (stable 

versus reduction and oxidation) of 3.13 V, and suggests that although it is not stable at 

0 V vs. Mg/Mg2+, it could exhibit some metastability that would enable it to function 

as a protective coating.135 Further, another study demonstrated that MgAl2O4 has a low 

migration barrier for Mg2+, calculated to be 491 meV.136 While ALD deposits non-

magnesiated Al 2O3, if the layer can be magnesiated to MgAl2O4 the results from this 

computational work are encouraging. 

While the ultimate goal of Mg anode protection is to utilize Mg(ClO4)2/PC based 

electrolyte in a full-cell, some other simple salt-based electrolytes are common in the 

literature that are more compatible with Mg metal but also have room to improve their 

interfacial characteristics. At the time this work was initiated, the understanding of 

magnesium bis(trifluoromethanesulfonyl imide) (Mg(TFSI)2) in ether electrolytes was 

relatively unexplored. Mg(TFSI)2 in a mix of 1,2-dimethoxyethane (DME) and 
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diglyme was first demonstrated as an electrolyte for RMB in 2014.51  Further studies 

of Mg(TFSI)2/DME electrolyte demonstrated that there was a high overpotential for 

both Mg deposition (0.6 V) and stripping (1.5 V) using this electrolyte.52 Regarding 

Mg deposition and stripping via CV, thermodynamically reduction (deposition) should 

occur once the potential of the system is scanned below 0 V vs. Mg/Mg2+, while 

oxidation (stripping) should occur above 0 V vs. Mg/Mg2+. The amount of potential 

required above/below 0 V to induce these reactions is called the overpotential. The high 

overpotential in Mg(TFSI)2 electrolytes is due to the TFSI- anionôs instability at the Mg 

anode which causes it to degrade and form MgS as well as MgF2.32, 53, 137 While the 

degradation layer is not completely passivating, it causes large voltage hysteresis issues 

in full-cell systems.138 Some work has also proposed that cycling Mg metal in this 

electrolyte can cause dendrite growth,32 although the deposits are not long and branch-

like so some researchers do not agree with this terminology. However, it is now more 

well-known that spherical Mg deposits can potentially grow through separators, though 

they may not deposit as true dendrites.53 

In this work, to determine if a protection layer can help improve the degradation of 

Mg(TFSI)2, Al 2O3 was deposited at different thicknesses on different Mg metal 

substrates. The surface chemistry, overpotential evolution, impedance, and surface 

morphology were examined to investigate the effect of the Al2O3 layer on Mg 

deposition and stripping. The goal of this chapter is to demonstrate different methods 

and substrates that could be utilized to study the potential for ALD materials to be used 

to protect Mg metal anodes, describe how Al 2O3 affects the electrochemical properties 

and surface chemistry, and elucidate properties important for protection layers.  
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4.2. Experimental Methods 

 Preparation of Mg metal  

 

The magnesium metal foil used was >99.9% purity, 0.1 mm thick purchased 

from MTI corporation. Prior to use, all foil was mechanically polished with SiC 

sandpaper with three grits, going from lowest to highest (600, 1200, and 2000) and then 

wiped with a Kim Wipe. For use in coin cells, foils were punched out with a hammer-

driven punch with the desired diameters, either 3/8ò or 1/2ò. Thermal evaporation was 

also used to deposit Mg on stainless steel spacers (15 mm diameter, MTI) in a 

homemade high-vacuum evaporation chamber attached to a glovebox filled with inert 

Ar to minimize air and moisture exposure. The Mg source for evaporation was Mg 

ribbon (99.5%, Sigma Aldrich) scraped with a razor blade to remove the surface MgO 

layer. All M g preparation, both foil and evaporation, was performed in either MBraun 

or LC technology gloveboxes with <0.5 ppm H2O and O2.  

 Atomic Layer Deposition 

 

All ALD on Mg metal was performed in a Cambridge Ultratech Fiji reactor 

attached to an MBraun glovebox with inert Ar, allowing for no exposure to the ambient 

atmosphere. The Al 2O3 ALD process used trimethylaluminum (TMA) as the aluminum 

source and oxygen plasma as the oxidant. The ALD process consisted of a 0.06s TMA 

pulse, Ar purge, 20s oxygen plasma pulse, and an Ar purge at a reactor temperature of 

150 °C, giving a growth rate of ~1 Å/cycle. Approximate thickness of the layers will 

be indicated in the text.  
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 Electrochemical Testing 

 

All electrochemical tests were performed in 2032 coin cells (MTI) in a 

symmetric configuration where both electrodes in the two-electrode cell are Mg metal 

(foil or evaporated). The separators used were glass fiber (Whatman GF-A) and were 

wet with 125 ɛL of electrolyte in each test. The electrolyte was 0.25 M Mg(TFSI)2 in 

1,2-dimethoxyethane. GV tests were run at constant current for fixed amounts of time 

(30 min or one hour) alternating positive and negative currents for oxidation and 

reduction, respectively, to monitor the overpotential. Electrochemical Impedance 

spectroscopy was performed an a Biologic VMP Potentiostat with 10 mV amplitude 

between frequencies of 200 kHz-10mHz, either at the OCP or at relevant potential 

values. Details for EIS voltages, alternative frequency ranges or voltage amplitudes 

will be indicated in the text. 

 Characterization 

 

Ex-situ XPS analysis was performed using a Kratos Ultra DLD XPS 

spectrometer using monochromatic aluminum x-rays. Cases where non-

monochromatic magnesium x-rays needed to be used will be specified in the text. 

Survey spectra and high resolution spectra were collected with pass energies of 160 eV 

and 20 eV respectively.  An argon ion sputter source was employed for depth profiling. 

The curves were fitted using CasaXPS software. Spectra were processed using a 70%-

30% Gaussian-Lorentzian product function and a Shirley-type background.110 
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4.3.  Characterization of Bare Mg metal  

Before the protection of Mg metal, the surfaces of both Mg metal and 

evaporated Mg were characterized. The XPS survey spectrum and SEM image of the 

evaporated Mg surface are depicted in Figure 4.1. The only detectable elements after 

Mg evaporation are carbon, oxygen, and magnesium. Although the surface 

contamination layers (typically MgO and MgCO3) were removed as much as possible 

from the Mg metal used for the evaporation, there is still enough present to deposit with 

the Mg film. The full % composition for the evaporated Mg is in Table 4-1. The Mg 

surface in Figure 4.1b shows a uniform surface, where small Mg crystals are visible. 

These properties are promising as Mg substrates, but high resolution XPS spectra and 

XPS depth profiles give further insight into the chemical composition.  

To further understand the chemical speciation at the evaporated Mg metal 

surface, the high resolution XPS spectra are shown in Figure 4.2. While the overall 

composition at the surface is 45% Mg, a significant portion of that is MgO and other 

Mg2+ species as apparent in Figure 4.2a and b. In the Mg 2s spectrum in Figure 4.2a, 

5 ɛm 

Figure 4.1 Surface characteristics of evaporated Mg, a) XPS survey spectrum and b) 

SEM image of the Mg surface on a stainless steel spacer.  

a) b) 
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the Mg metal peak appears at 88.5 eV and a broader peak is present at 89.5 eV, the 

latter of which is representative of Mg2+ species. Examining the O 1s spectra in Figure 

4.2b, the oxide peak appears at 530.7 eV, while the high binding energy peak around 

533 eV consists of a combination of Mg(OH)2 and MgCO3, and a higher energy peak 

at 535 eV which is likely MgCl2 formed by reacting with contaminants in the glovebox 

atmosphere. The C 1s spectrum in Figure 4.2c contains adventitious hydrocarbon 

surface species at around 286.5 eV, C-O species around 288 eV, and carbonate species 

at 291 eV. Depth profiling was also performed to determine which species were present 

at the surface as compared to those that exist in the bulk of the film. In Figure 4.2d and 

e, some of the surface species in the Mg 2s and O 1s are the same as before sputtering, 

in particular Mg metal and MgO. However, some notable changes include the removal 

of the carbon species that were shown in Figure 4.2c, including MgCO3. Further, the 

Mg(OH)2 and MgO have decreased. This demonstrates that the carbon, most of the 

Figure 4.2 High resolution XPS spectra as deposited for a) Mg 2s, b) O1s, and c) C 1s 

and after 1250 seconds Ar sputtering for d) Mg 2s and e) O 1s.  



 

 

 

87 

 

Mg(OH)2, and the MgCO3 were surface contaminants while Mg metal and MgO are 

present throughout the film.  

 Table 4-1 Atomic composition results for Mg metal surfaces 

The full depth profile demonstrating how the elements vary into the bulk is 

presented in Figure 4.3. The carbon and chlorine are only present at the very surface, 

disappearing after 30 seconds and 180 seconds, respectively, supporting the assertion 

that they are surface contaminants. While the majority of the sample is about 80% Mg, 

30% of that Mg in the bulk is MgO ï it is not pure Mg metal. Because most of the 

evaporated Mg was metal, this substrate was still utilized in the ALD protection tests. 

The influence of the MgO on the electrochemistry will be discussed in Section 4.4. 

 % Composition 

Region 

Evaporated  

Mg 

Mg metal  

(as received) 

Mg metal 

(polished, F 

contaminated) 

Mg metal 

(polished) 

Mg 2p 45.46 9.96 21.04 14.43 

O 1s 38.24 36.29 35.63 24.16 

C 1s 16.30 50.91 31.14 61.41 

F 1s - 2.84 12.19 - 

Figure 4.3 XPS depth profile of 100 nm thick evaporated Mg film on Si wafer. 



 

 

 

88 

 

In addition to evaporated Mg, Mg foil was also chosen to study the effects of ALD 

on the interface characteristics. Mg foil electrodes are quicker and easier to prepare for 

experiments; however, the interface needs to be mechanically polished due to the 

significant amounts of surface contamination that naturally form on the surface during 

processing and shipping. The XPS survey spectrum and an SEM image of the polished 

Mg foil are shown in Figure 4.4a and b, respectively. From the SEM, it is apparent that 

the surface is rough, likely on the order of ɛm, so it was not further characterized by 

AFM. This observation is one important difference from evaporated Mg, but due to the 

high conformality of ALD and its ability to coat high aspect-ratio structures the 

roughness should not prevent coating by ALD.  

10 ɛm 

a) b) 

Figure 4.4 Surface characteristics of polished Mg foil , a) XPS survey spectrum and b) 

SEM image of the Mg surface. High resolution XPS spectra of c) as-received Mg 

metal foil and d) mechanically polished Mg metal foil. 

c) d) 
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Different prepared Mg metal surfaces and their elemental compositions determined 

using XPS are shown in Table 4.1. The as-received Mg metal has significant carbon 

and oxygen species on the surface and only 9% of the observed sample was Mg, and 

the Mg detected was almost entirely in the form of Mg2+ compounds (~50-51 eV) and 

not Mg metal which occurs at lower BE ( Figure 4.4c). There is also F contamination 

present, which was in the high vacuum system or glovebox atmosphere. Two polished 

Mg samples are represented, one with and without F contamination. In both cases the 

Mg content is almost doubled, and the Mg metal peaks appear after polishing 

demonstrating the removal of some, although not all, surface Mg2+ species (Figure 

4.4d).  With the exposure of Mg metal through polishing, this method was carried 

forward and used to prepare samples prior to ALD coating of the Mg metal electrodes.  

4.4.  Al2O3 Protected Mg electrodes 

 ALD Deposition on Mg metal 

 

For ALD growth, the functional groups on the surface of the Mg need to be 

reactive with the Al precursor, TMA. Since the XPS in the previous section 

demonstrated that the surface contains some MgO and Mg(OH)2, it was hypothesized 

that Al 2O3 growth should not be an issue on Mg metal. The proposed reaction scheme 

is depicted in Figure 4.5. Figure 4.6a shows the Al 2p high resolution spectra of an 

evaporated Mg surface after 5 cycles and 10 cycles of Al 2O3 ALD. This data illustrates 

that the Al 2O3 coating does not grow enough to be detected on the surface until after 

10 cycles, which based on the growth rate on Si is about 1 nm.  The Mg metal peak is 

still visible, which can be determined from the presence of the Mg plasmon peak around 
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70 eV that is still apparent. ALD deposition was also performed on Mg metal, and 

Figure 4.6b shows the XPS survey spectrum for Mg metal after 100 cycles of Al 2O3 

ALD. The thickness of the Al 2O3 with this number of cycles is likely between 9-10 nm, 

and at this thickness it completely and conformally covers the Mg metal ï no signal in 

the XPS for Mg is apparent. Generally, 6-10 nm is the depth of the surface that XPS 

can penetrate, although this depends on the materials and the inelastic mean free path 

of the photoelectrons.139 This observation supports that the thickness of the Mg is likely 

consistent with the ALD growth rate on Si, with slightly thinner Al 2O3 based on the 10-

cycle delay in detecting the Al signal.  

Figure 4.5 Schematic demonstrating the reactions during Al 2O3 deposition with TMA 

and oxygen plasma. 

Figure 4.6 XPS of a) evaporated Mg after 5 and 10 Al 2O3 ALD cycles and b) Mg 

metal after 100 cycles Al2O3.  

a) b) 
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Mg metal has a sufficiently low reduction potential that degradation can occur 

on the surface from electrolyte being reduced at the metal interface. To test the ability 

of Al 2O3 to protect Mg metal from initial contact with the electrolyte, Mg metal foil 

electrodes, both bare and protected with Al 2O3, were soaked in 0.25 M 

Mg(TFSI)2/DME electrolyte for 24 hours. The XPS survey spectra of these electrodes 

are shown in Figure 4.7. The sample without protection has degradation products on 

the surface from the electrolyte, with both F and S appearing in the XPS spectra. The 

exact atomic composition for the protected and bare samples is shown in Table 4-2. 

Both samples contain a small amount of Si contamination that likely comes from 

contact with residue from the latex gloves used inside of the glovebox. Most 

importantly, the sample with 100 cycles of Al 2O3 deposited does not show any 

degradation on the surface, as there are no F or S signals in the XPS, only Al, O, C, and 

the Si. These results confirm that the ALD layer can keep the Mg metal underneath 

from reducing the electrolyte components. 

Figure 4.7 XPS survey spectra of Mg metal electrodes soaked in 0.25 M Mg(TFSI)2 

in DME electrolyte for 24 hours.  
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Table 4-2 Atomic composition of Mg soaked in 0.25 M Mg(TFSI)2/DME 

 % Composition 

Region 
Mg metal 

(bare) 

Mg metal 

(10 nm Al2O3) 

Mg 2p 19.55 - 

O 1s 30.86 32.79 

C 1s 40.05 51.88 

Al 2p - 12.74 

F 1s 6.14 - 

S 2p 2.46 - 

Si 2s 0.94 2.60 

   

 Electrochemistry of evaporated Mg 

 

The first substrate tested with Al 2O3 deposition was the evaporated Mg metal. 

To get an initial baseline for the electrochemical performance, symmetric coin cells 

were made with 0.25 M Mg(TFSI)2/DME electrolyte and bare evaporated Mg 

electrodes. The GV and EIS data for a bare Mg cell are depicted in Figure 4.8. The 

overpotential starts high, around 3 V, then settles to 2 V most consistently. In the 

following data, 1 cycle consists of 30 minutes of negative current plus 30 minutes of 

positive current, so 1 cycle = 1 hour. There are a few cycles where the overpotential 

drops below 1 V, indicating that the current at certain times could be maintained at a 

lower voltage. This high overpotential value is larger than some reported in the 

literature for Mg with this electrolyte,54 which may be a result of the MgO in the 

evaporated Mg or some surface layer preventing Mg deposition and stripping. Lower 

overpotentials were observed for a different trial with evaporated Mg (Figure 4.9), but 

in that case the overpotential does ultimately increase and reach the upper limit set for 

the measurement (4 V).  
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The EIS in the inset of Figure 4.8b shows a large initial interfacial impedance 

in the inset, which supports that an SEI or passivation layer is forming at the interface. 

As this Mg is not protected, the electrolyte is likely degraded at the interface as 

demonstrated by the XPS results in Figure 4.7, increasing the impedance. The 

remaining EIS data are different from the inset because they are performed at the 

overpotential value, so the voltage is oscillated at the voltage measured from the 

preceding GV cycle. The main semicircle, representing the interfacial resistance, 

evolves over the course of the GV cycling. The origin of the low frequency semicircle 

going below the axis is not very clear and could have been due to instrumental issues 

causing inductive behavior. 

The impedance in Figure 4.8b decreases going from 5 to 30 cycles, then slowly 

increases up to 70 cycles, then decreases again at the 100th cycle. The initial decrease 

in impedance could be due to breakdown of an initial MgO or other contamination still 

left on the surface, creating areas for Mg to more easily deposit/strip. However, if those 

sites become passivated by reacting with the electrolyte the impedance will reach a 

point where it starts to increase again. SEM imaging and XPS of the cycled evaporated 

Figure 4.8 Electrochemistry of symmetric evaporated Mg coin cells, a) GV 

overpotential profiles and b) EIS during cycling, with EIS at the OCV before cycling 

in the inset.  

a) b) 
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Mg electrodes was difficult because the Mg deposits grew into the glass fiber separator, 

meaning they could not be separated from the Mg. A less extreme example of this is 

shown in Figure 4.9b, where Mg deposits on Mg metal grew into the glass fiber 

separator and pieces of it are left behind after disassembling the cell (discussed further 

in the next section, 4.4.3). This observation may also indicate that the Mg was plating 

and stripping on top of the Mg film and the evaporated Mg potentially was minimally 

participating in the reaction.  

The overpotential performance of the evaporated Mg electrodes after ALD of 

Al 2O3 is shown in Figure 4.9. The overpotentials for both samples with Al 2O3 are 

higher, remaining stable just above 2 V for about the first 30 GV cycles. The voltage 

of the sample with ~ 2 nm Al 2O3 (20 ALD cycles) is only slightly higher than the 

sample with ~ 1 nm (10 cycles), with only a 50 mV difference between them. These 

high overpotential values indicate that the Mg deposition and stripping process occurs 

farther from the equilibrium potential. The increase can be attributed to the addition of 

the Al 2O3 layer, and the root cause is likely either slow Mg diffusion in the Al 2O3 (mass 

transport limited) or the electron transport is limited by the Al 2O3, but still occurs due 

to the extremely thin nature of the protection layer or other defects. The bare and 2 nm 

Al 2O3 samples both reach a point where the overpotential increases and reaches the 

voltage limit set, which was 5 V. The 10 cycle sample does not reach 5 V, although it 

comes close. The difference between hitting the limit and stopping versus continuing 

to cycle is very small, so we believe similar processes are occurring at all electrodes. 

However, more uniform passivation or somehow more ion or electron-blocking in 
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certain cases (bare and 20 cycles in Figure 4.8) causes the limit to be reached whereas 

other electrodes (10 cycles in Figure 4.8 and bare Mg in Figure 4.7) can cycle longer. 

Another interesting observation about the GV curves themselves is that they 

change shape when going from the lower overpotential region ~2 V to the higher region 

at ~3-4 V. The profiles change from flat plateaus to more of an arc shape for the 1 nm 

of Al 2O3 sample. In studies with Li metal, this GV shape change was attributed to dead 

Li metal accumulating at the anode interface, creating mass transport limitations at the 

anode surfaces.140  The similar GV curve evolution in these evaporated Mg cells may 

indicate that a layer at the interface is limiting the mass transport of Mg2+ ions as well, 

Figure 4.9 a) GV cycling of evaporated Mg after different cycle numbers of Al 2O3 

ALD: Mg with no coating, 10 cycles, and 20 cycles. SEM images in b) and c) 

demonstrate Mg deposits on top of Mg foil electrodes that grew into the separator. 

a) 

b c 
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though more detailed study would be needed to confirm this hypothesis. Due to the 

protrusive nature of the Mg deposits into the separator as well as the variances in GV 

performance, Mg metal was next investigated to determine if the evaporated Mg 

substrate could improve the electrochemical performance and properties.   

 Electrochemistry of Mg foil 

 

Mg foil was studied under the same conditions as evaporated Mg to determine 

if the characteristics from the previous section could be attributed to the different 

methods of preparation and surface characteristics of the two types of Mg. The GV 

cycling and corresponding EIS of bare Mg foil before ALD is shown in Figure 4.10. 

There are a few cycles with a high overpotential, but it quickly stabilizes with an 

overpotential value around 500 mV. This behavior is similar to the  bare evaporated 

Mg, although the overpotential value is much more stable and does not increase after 

longer cycling times and never reaches the 4 V limit. Examining the EIS, the initial 

impedance at the OCV before cycling for Mg foil is less than the evaporated Mg, but 

it is still in the hundreds of kiloohms range, indicating the interfacial resistance is high. 

At the overpotential around 500 mV after 10 cycles, the impedance again decreases 

Figure 4.10 Bare Mg foil cycles in 0.25 M Mg(TFIS)2/DME electrolyte a) GV 

cycling and b) EIS at corresponding overpotential values during cycling.  

a) b) 

0.03 mA cm
-2
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significantly like in the evaporated Mg case. Over successive cycles, the impedance 

once again increases each time. As mentioned previously, this observation is likely due 

to the passivation of new Mg deposits which causes higher impedance at the interface. 

With the addition of an Al 2O3 layer, we expect there to be changes in overpotential and 

impedance, likely increases for both. However, improvements in stability of the 

overpotential and impedance values are some desired outcomes that could indicate 

improvement of Mg deposition and stripping at the interface.   

The electrochemical data for Mg foil protected with 20 cycles of Al 2O3 is 

provided in Figure 4.11. While at the same current density of the bare sample, the 

overpotential stays higher for many more cycles around 2 V, similar to the value for 

evaporated Mg. However, over time the overpotential value starts to decrease, and 

stabilizes around 325 mV, like the bare Mg foil sample in Figure 4.10a. If the high 

overpotential is due to a hindrance of the electron transport, the stabilization over time 

could be a result of defects forming in the Al 2O3 layer which allows better electron 

transport and thus a decrease in the overpotential. The EIS data follows the same trend 

previously exhibited by both the evaporated Mg samples and the control sample of the 

bare Mg foil. The initial value of the impedance at the OCV is high, but after cycling 

Figure 4.11 Mg foil with 20 cycles Al 2O3 in 0.25 M Mg(TFSI)2/DME electrolyte, a) 

GV cycling and b) EIS at the overpotential values during cycling.  

0.03 mA cm
-2

  

a) b) 
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and probing at the overpotential for the reaction there is a decrease in interfacial 

impedance. 

The last thickness of Al 2O3 tested on Mg foil was 50 cycles, or ~5 nm. The 

overall overpotential behavior, shown in Figure 4.12a, is like previous thicknesses 

although the high overpotential region at the beginning only lasts ~12 hours. 

Additionally, the overpotential stabilizes around 250 mV, which is the lowest value so 

far. A higher current density was also tested, 0.1 mA/cm2, in Figure 4.12b. The higher 

current sample settles to a noisy overpotential of ~500 mV but reaches this value after 

only 5 hours. We propose that the higher current forces breakdown of the protection 

layer more quickly than low current, decreasing the time at the high overpotential. The 

0.03 mA cm
-2

  

Figure 4.12 Mg foil with 50 cycles of Al 2O3 in 0.25 M Mg(TFSI)2/DME electrolyte, 

a) GV at low current density, b) GV at higher current density, and c) EIS during 

cycling at high current density.  

0.10 mA cm
-2

  

b) c) 

a) 


























































