
ABSTRACT 

BOYD, SHELBY KATHERINE. Interlayer Chemistry and Energy Storage Mechanisms of 

Manganese-Rich Oxides in Aqueous Electrolytes. (Under the direction of Dr. Veronica 

Augustyn). 

 

Electrochemical alkali metal cation insertion from aqueous electrolytes into transition 

metal (TM) oxides is appealing for low-cost and safe electrochemical energy storage (EES), 

desalination, and element recovery. The strong interactions between water, electrolyte salts, and 

TM oxide surfaces dictate the material stability and EES mechanisms. However, these are not yet 

understood well enough to enable large scale long-life neutral-pH aqueous EES. To advance this 

understanding I synthesized micron-sized and nanostructured layered manganese-rich oxides and 

determined how their interlayer environment effects their structural and electrochemical behavior 

in aqueous electrolytes. First, by tuning the TM content. Second, by tuning the amount of interlayer 

water. And third, by determining the mechanisms of pseudocapacitive behavior in nanostructured 

birnessite MnO2. 

The effect of TM composition on P2 layered Na+ manganese-rich oxides has been 

extensively investigated for non-aqueous electrolytes, but not aqueous electrolytes. In Chapter 2, 

I synthesize the following series of P2 oxides and characterize their structural stability upon 

aqueous electrochemistry: Na0.62Ni0.22Mn0.66Fe0.10O2, Na0.61Ni0.22Mn0.66Co0.10O2, 

Na0.64Ni0.22Mn0.66Cu0.11O2, and Na0.64Mn0.62Cu0.31O2. Electrochemistry and ex situ X-ray 

diffraction (XRD) show that water intercalation upon interlayer Na+ removal causes an irreversible 

phase transformation in all compositions, although transformation extent depends on TM 

composition and the maximum anodic potential. The 25% c-axis expansion causes eventual 

electrode failure due to loss of electronic connectivity and particle delamination. These first studies 



on the structural effects of aqueous electrochemistry in P2 oxides show the significance of TM 

composition on interlayer water affinity. 

The capacitive electrochemical behavior of hydrated P2 oxides suggested that these 

particles have potential for high power EES. Chapter 3 describes my in situ synchrotron XRD 

investigation of the water insertion mechanism, and the scalable ñtop-downò strategy I 

subsequently developed to electrochemically expand micron-scale P2 oxides. I hypothesize that 

the electrochemical expansion produces a promising electrochemical capacitor material by two 

changes: (1) interlayer hydration, which improves interlayer diffusion kinetics and buffers 

intercalation-induced structural changes, and (2) particle expansion, which significantly improves 

electrode integrity and volumetric capacitance. Compared with commercially available activated 

carbon, the expanded materials have higher volumetric capacitance at charge/discharge timescales 

Ó40 seconds. Therefore hydrating the interlayer of large manganese-rich oxide particles makes 

them viable for high power electrodes. 

To conclude my study of the effect of interlayer environment on the electrochemical and 

structural behavior of layered manganese-rich oxides, I investigated the nature of capacitive charge 

storage in nanostructured birnessite ŭ-MnO2. Whether capacitance in birnessite is due to non-

faradaic (double layer) or faradaic (pseudocapacitive) behavior is a topic of debate. In Chapter 4, 

I used ex situ XRD, electrochemical quartz crystal microbalance (EQCM), in situ Raman 

spectroscopy, and operando atomic force microscope (AFM) dilatometry to observe the electronic, 

vibrational, structural, gravimetric, and mechanical response of birnessite during electrochemical 

cycling in an aqueous electrolyte. XRD and Raman spectroscopy showed significant interlayer 

contributions likely due to faradaic processes. EQCM showed that a combination of ions and water 

molecules were involved in the complex energy storage mechanism. AFM showed that while the 



interlayer expands upon ion removal, the electrode as a whole contracts. In addition, this was the 

first electrochemical AFM dilatometry study on a material undergoing interlayer ion insertion. 

Overall, this study showed that capacitive energy storage in birnessite MnO2 involves ion 

intercalation into the interlayer in a capacitive charge storage process. Based on experimental and 

simulation results, we hypothesize that nanoconfinement within the hydrated interlayer blurs the 

distinction between pseudocapacitive and electrical double layer processes.  

Overall, my dissertation showed how to tune the electrochemical response and interlayer 

chemistry of manganese-rich oxides and their mechanism of charge storage in aqueous 

electrolytes. These results are promising for obtaining high power EES with low cost, sustainable 

metal oxides as well as fundamental understanding of electrochemical behavior under 

confinement. I discovered the role of transition metal composition on the stability of sodium 

manganese-rich oxides in aqueous electrolytes. I developed a scalable synthesis to 

electrochemically expand and hydrate large transition metal oxide particles for high volumetric 

capacity electrodes. Finally, I conducted a multi-modal study to address a major fundamental 

question of aqueous EES, determining that capacitive charge storage in birnessite originates from 

a complex mechanism involving (de)insertion of both ions and water molecules in the interlayer, 

where nanoconfinement blurs the distinction between pseudocapacitive and double layer 

capacitive mechanisms. 
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taking the qualifier exam, being awarded the NSF GRFP, and a research exchange where I spent 
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CHAPTER 1 

Motivation and Introduction  

1.0 Introduction 

The beauty of materials science and engineering is its ability to attribute observable 

phenomena to atomistic behavior in solids. It makes the infrastructure we use in our daily lives 

more understandable and gives us the keys to improve it. In a society that relies heavily on on-

demand energy, using materials science to improve energy storage devices is vital to technological 

and societal advancement. In 2017, renewable sources generated 17% of energy in the United 

States, with 8.8 % produced by intermittent wind and solar.4 Electrochemical energy storage (EES) 

devices are especially promising for microgrids and storing intermittently generated energy due to 

their high efficiency and versability. Unfortunately, the EES devices such as rechargeable 

(secondary) batteries used to store and dispense the collected power remain expensive, inefficient, 

and/or hazardous. Thus far, the most promising have been derivatives of well-developed high-

performance lithium-ion battery chemistries for electric vehicles and personal electronics. These 

systems use flammable electrolytes and rare transition metals, making them too risky and 

expensive at the scale required for grid storage, where the system safety and abundance of the 

components is even more important than for portable electronics.5 Significant advances in device 

lifetime, power capability, and safety are required to support a continued increase in renewable 

energy use.  

In my dissertation, I addressed the need for advanced EES technology by studying the 

fundamental charge-storage mechanisms of manganese-based layered oxides in aqueous 

electrolytes. The 2017 ñNext Generation Electrical Energy Storageò Basic Science Needs (BSN) 

report highlights the need to ñtune functionality of materials and chemistries to enable holistic 
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design for energy storageò.5 That is, understanding and altering the interactions between the key 

components of a battery to improve its performance. These components are the electrodes, which 

store charge, and the electrolyte, which conducts ions between electrodes. The electrodes are 

connected by an external circuit to enable curresponding electron transfer upon ion movement. 

Safe and efficient electrolytes are necessary for grid-scale EES, and neutral-pH aqueous 

electrolytes offer significant safety advantages over existing non-aqueous and extreme-pH 

aqueous systems technology due to their inflammability and relatively low corrosivity. However, 

the interactions between water, electrolyte ions, and the electrode materials are complex and are 

not yet fully understood, especially for secondary battery systems. Furthermore, understanding 

derived from this research is applicable to emerging aqueous technologies that require ion 

intercalation into host materials such as electrochemical desalination and element recovery. This 

dissertation research focuses on manganese-based layered oxides for aqueous intercalation 

cathodes. Other classes of materials studied for aqueous intercalation include the low conductivity 

polyanionic phosphates and Prussian blue analogues. While  NaTi2(PO4)3 is the most common 

aqueous Na+ anode,6ï9 phosphate cathode materials have low conductivity, low water-stability 

(Na3V2(PO4)3), and low theoretical capacity (~ 62.5 mAh g-1 for Na2VTi(PO4)3).
10 Prussian blue 

analogues have low voltages and a similar capacity limit, although these are improving.11 On the 

other hand, manganese-based oxides have higher redox potentials, theoretical capacities, and 

stability. Manganese is attractive for large scale applications because of its abundance.12,13 As a 3d 

transition metal, it is redox-active, relatively light-weight, and forms a wide range of structures 

capable of intercalating a variety of cations, including H+, Li+, Na+, K+, Mg2+, and Zn2+.13ï16 

Among the many polymorphs, the layered structures in particular offer capacity > 100 mAh/g,17 



   

3 

 

and an interlayer environment which can be readily tuned by transition metal chemistry and 

interlayer water and cation content.18ï20 

By investigating how the atomic structure of manganese-based layered oxides in aqueous 

electrolytes affects their electrochemical energy storage behavior, my research addresses the need 

for holistic design of materials for aqueous batteries with promising economic, environmental, and 

safety profiles. In the remainder of this introduction, I will set the stage by further introducing 

fundamentals of aqueous electrolytes, electrochemical charge storage reactions, and a variety of 

manganese-based oxides. 

 

1.1 Energy Storage Mechanisms 

Electrochemical energy is typically stored using two types of electrochemical reactions: 

faradaic and non-faradaic.21 In faradaic processes, electron transfer to or from the species of 

interest reduces or oxidizes it, respectively. These reactions are also called ñcharge transferò or 

ñredoxò reactions. Transition metal oxides can undergo conversion reactions, surface redox, or 

insertion redox reactions. Surface and insertion reactions exhibit higher reversibility and rate 

capability because they involve significantly less structural rearrangement than conversion 

reactions. Because of this, the remainder of my dissertation focuses on the former. For surface 

redox and ion insertion reactions in transition metal oxides, these faradaic reactions involve 

electrons transferred via the external circuit coupled with ions transfered from the electrolyte to 

maintain charge neutrality of the electrode material. This typically involves electron transfer to 

and from the valence electron orbitals, which can be filled and emptied without forming and 

breaking primary bonds already within the structure.22 In its simplest form, faradaic reactions are 

often considered to follow the Nernst equation: 
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Where: 

E = the potential at which the reaction occurs 

E0ǋ = the standard reaction potential 

R = the universal gas constant, 8.314 J/K mol 

T= temperature in Kelvins 

n = number of e- transferred in the reaction 

F = Faradayôs number, 96485 C/mol e- 

[Red] = concentration of reduced species 

[Ox] = concentration of oxidized species 

 

This equation can be expanded with terms to account for species interaction, electron or 

ion migration, availability of reactants, and type of reaction products.21 It gives rise to a single 

peak as in Figure 1A, and produces large capacities on the order of ~180 mAh/g for a single-

electron reaction in MnO2.
23 However, practical capacities may be lower as most reversible ion 

insertion reactions in aqueous electrolytes only transfer 0.1-0.5 e- per transition metal center. 

Insertion-based faradaic reactions involve the bulk of the electrode material requiring fast solid 

state ion transport and electron transport. Since few materials exhibit both simultaneously, 

electrode architectures are carefully engineered to enable fast ion and electron diffusion. The 

electron transfer in faradaic processes leads to changes in bond lengths and energies observable by 

X-ray diffraction (XRD), and vibrational spectroscopy such as infrared (IR) and Raman. This is 

coupled with signature (primarily) monotonic mass and volume changes.24ï31 From a fundamental 

standpoint, the changes in bond length and structure due to faradaic processes can limit material 
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rate capability and cyclability.  Typical rechargeable faradaic systems store charge on the order of 

hours, and have lifetimes of ~1000 cycles.32 

 

Non-faradaic reactions, on the other hand, involve charge accumulation at the electrode-

electrolyte interface via polarization of the delocalized conduction band electrons without electron 

transfer.21,22 The charge on the electrode causes the formation of the electric double layer (EDL) 

on the electrolyte side, which will be described more in Section 1.2. These reactions are also called 

ñcapacitiveò, and their charge is determined by: 

ὅ
ή

Ὁ

‐‐ὃ

Ὠ
 

Where: 

C= capacitance (F) 

Q = charge on the electrode 

E = potential window over which the electrode is cycled 

Ůr = dielectric constant of the electrolyte 

Ů0 = dielectric constant of a vacuum  

A = surface area of the electrode 

d = double layer or charge separation distance 

 

The double-layer capacitance is typically on the order of 4-20 ɛF/cm2 of the electrode 

material surface area,22,33,34 but EDL capacitors are able to attain high capacitance values up to 100 

ï 300 F/g (28 ï 83 mAh/g over 1 V) because of the large surface area of activated carbons (>1000-

2000 m2/g) and the small distance at which ions can approach in aqueous electrolytes.22,33,35 Figure 

1B shows the typical rectangular CV of a capacitive non-faradaic reaction, which exhibits no redox 
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peaks. Capacitive reactions store energy on the order of seconds, with lifetimes of ~ 1,000,000 

cycles.22,36 

 

Figure 1. Characteristic cyclic voltammetry response of an A) Nernstian faradaic redox couple 

showing reversible peaks and low background current in regions away from the redox peak. B) A 

non-faradaic EDL capacitance response showing a constant current across the potential window. 

 

While pure Nernstian reactions are easily  distinguished from pure EDL behavior, not all 

energy storage materials fit into these neat boxes. In particular, some faradaic reactions occur with 

high degrees of reversibility at charge times from tens of seconds to tens of minutes. These fast, 

highly reversible redox reactions that exhibit a continuous dependence of faradaic charge on the 

electrode potential and occur at or near the material surface are called  ñpseudocapacitiveò.37,38 

Given the respective limitations of faradaic batteries and EDL capacitors, the prospect of energy 

storage devices capable of bridging the gap in their performance by storing relatively large 

amounts of charge quickly and with extended cyclability is highly attractive. However, 

pseudocapacitance has been widely debated since its conceptualization, as extensively discussed 
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in a recent review paper.39 Initially used to describe fast, faradaic reactions such as the 

heterogeneous under-potential deposition of a single layer of metal atoms, ñpseudocapacitanceò 

was not intended to describe a particular reaction mechanism. The only limitations were that the 

reaction 1) could not be limited by solid-state diffusion for charge times in the order of minutes, 

and 2) was highly reversible and could not be attributed to EDL formation. When it was first 

proposed, intercalation chemistry had not yet been established, and typical redox-active energy 

storage reactions were kinetically-limited alloying and conversion reactions. In 1971 Trasatti et al. 

found that hydrous RuO2 exhibited pseudocapacitive behavior, the first demonstration in transition 

metal oxides.40 Since then, the energy storage community has devoted itself to understanding what 

materials design mechanisms lead to pseudocapacitance.  

The current working definition requires that the electrodes in question must exhibit almost 

purely capacitive CVs, while storing energy on the same order of magnitude as faradaic 

materials.41 However, this does not account for the redox peaks observed in CVs of many materials 

which otherwise appear pseudocapacitive, or the fact that almost any material can appear 

pseudocapacitive if it its particle size is reduced to be on the same order as the diffusion length 

within the particle.42ï44 The broad redox peaks in pseudocapacitive CVs of nanostructured 

materials such as LiCoO2 and V2O5 are attributed to the distribution of intercalation site energies 

due to the high surface area, and their rate capability to the short diffusion lengths.42,43 In micron-

scale particles, these materials clearly behave as Nernstian faradaic materials. This highlights the 

need to understand what mechanisms give rise to pseudocapacitance, so that intrinsically 

pseudocapacitive materials can be engineered and implemented. 
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1.2 Aqueous Electrolytes 

The interactions between water and transition metal oxide electrodes are similar to those 

that occur during geological weathering. In EES, water is a unique electrolyte solvent because its 

high polarity and small molecular size allow it to strongly solvate salts, spontaneously hydrate and 

corrode oxide surfaces, and form a highly conductive, structured electrolyte.1,45,46 Aqueous 

electrolytes have a conductivity of 10-190 mS cm-1 vs. <10 mS cm-1 for most non-aqueous 

electrolytes, making them attractive for high-power systems.8,47  

Water molecules readily react with under-coordinated metal cations and oxygens exposed 

on pristine oxide surfaces.48 In some oxides, this enables the formation of hydroxide surface phases 

via hydrolysis reactions.49 Although water molecules frequently exchange between the surface and 

bulk electrolyte, the organization of aqueous electrolytes at an electrode surface is typically 

described using static models. Most build off the limiting cases of the simple Gouy-Chapman-

Stern model (Fig. 2A).50 Here, adsorbed water molecules form the Inner Helmholtz Plane, while 

hydrated cations form the Outer Helmholtz Plane. The width of the parallel-plate capacitor formed 

by these two planes is called the Stern layer.51 The Stern layer narrows with increasing salt 

concentration, increasing the EDL capacitance.51 Electrode polarization during electrochemical 

cycling increases interfacial charge and therefore further increases EDL capacitance. 

Unfortunately, the uniqueness of water also leads to practical difficulties in implementing 

aqueous electrolytes. Thermodynamically, water can only withstand an applied potential of 1.23 

V without undergoing degradation reactions to evolve oxygen or hydrogen gas.52,53 This 

significantly limits the capacity and energy density available in aqueous EES relative to non-

aqueous electrolytes with ~ 4 V thermodynamic stability windows, as energy density is directly 

proportional to the applied voltage.32,54 In addition, non-aqueous electrolytes are kinetically 
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stabilized by electrolyte degradation at the electrode-electrolyte interface to form a stable, ionically 

conductive, and electronically insulating cathode- or solid-electrolyte-interphase (CEI or SEI) 

layer.55,56 Because the decomposition products of water are volatile gases or reactive ions,52,53 an 

SEI-like protective film cannot readily form in aqueous electrolytes. Figure 2B shows a Pourbaix 

diagram for water, which describes the thermodynamic stability of water as a function of both pH 

and applied potential.57 In water, the oxygen evolution reaction (OER) occurs above the maximum 

positive (anodic) potential, and the hydrogen evolution reaction (HER) occurs below the minimum 

(cathodic) potential. When these reactions occur, they lower electrode stability by altering the local 

pH at the electrode interface.6,58,59 If charge transfer to the electrode causes the material to reach a 

soluble valence state, the electrode material may dissolve.8,60 In the last several years, researchers 

have determined that the formation of a protective SEI-like layer may be possible in ñwater in salt 

electrolytesò (WiSE), which are more salt than water by both mass and volume.52 These 

electrolytes are stable up to ~ 3 V because fewer water molecules are available to interact with the 

electrode surface, allowing significantly less active material dissolution during cycling.1,8,52,61ï65 

Because they offer a wider potential stability window and are less corrosive than aqueous 

electrolytes, while maintaining the desirable inflammability, WiSEs may be of interest for follow-

up studies to those presented in this dissertation. 

In addition to WiSE, other approaches to improving the stability of oxides in aqueous Na+ 

electrolytes by removing the driving force for water molecules to undergo decomposition reactions 

at the electrode surface include: (1) removing dissolved oxygen,65ï67 (2) introducing an electrolyte 

additive or electrode surface coating that conducts ions but prevents water molecules from 

contacting the active material.59,67ï69 Dissolved O2 and CO2 can be removed from the electrolyte 

by bubbling N2 and Ar into the cell before electrochemical characterization.9,65ï67,70,71 Most studies 
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demonstrate mild improvements in the short-term cycling stability and Coulombic efficiency,8,66,70 

but long term cycling still shows a severe drop in performance, indicating that removal of excess 

oxygen from the electrolytes does not completely address the challenges of electrochemical energy 

storage in aqueous electrolytes.9,70 Electrolyte additives such as disodium propane-1,3-disulfonate 

(PDSS) and sodium dodecyl sulfate allow higher cyclability than deaerated electrolytes.59,67 They 

also offer a cheaper alternative to the water-in-salt electrolytes, although they do not reach as high 

of anodic potentials. 

 

Figure 2. A) Gouy-Chapman-Stern model of the electric double layer at a transition metal 

oxide/aqueous electrolyte interface. The electrochemical potential at the electrode-electrolyte 

interface decreases linearly across the Stern layer thickness (dStern), where the coordinated waters 

of the Inner Helmholtz Plane (IHP) and hydrated cations of the Outer Helmholtz Plane (OHP) 

form a structured layer of water at the interface. B) Reactivity of water demonstrated by a Pourbaix 

(potential vs. pH) diagram of water showing the thermodynamically stable region. The upper (red) 

dashed line represents the OER, and the lower (blue) dashed line shows the HER. Reproduced 

from Ref. 1 by permission of The Royal Society of Chemistry. 
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The high polarity of water enables reactions between water molecules and under-

coordinated metal cations and oxygens on the electrode surface.48 These reactions are enhanced 

by the auto-dissociation of water into the reactive H3O
+ and OH- species, which increases the 

likelihood of electrode material degradation relative to non-aqueous electrolytes since many oxides 

will readily undergo hydrolysis upon protonation.49 Figure 3 is a schematic of how the aqueous 

electrolyte interacts with the electrode, hydrating it, co-intercalating with the cations,72 and 

coordinating to the surface, which lead to gas evolution at the right applied potentials.49  

 

Figure 3. Strong interactions of aqueous electrolytes with a hydrated layered transition metal 

oxide, including surface coordination and hydration by free waters. 

 

One important signature of aqueous electrolytes is the effect of waterôs polarity on 

diffusion of cations in solution. Aqueous electrolytes form short-range hydrogen-bonded ordered 

network of tetrahedrally-coordinated water molecules.45,73,74 Within this network, anions similar 

to O2- occupy water sites and interact with water via H-bonds, while metal cations are fully 

coordinated by water molecules.73 The ionic strength, or point charge density, of cations 

determines the size of their solvation shell.75 For the monovalent cation electrolytes I studied, the 
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hydrated radius of the cations is inversely proportional to the crystal size, shown by the comparison 

of their the crystal, hydrated, and Stokes radii in Table I. The Stokes radius is experimentally 

calculated from the equivalent conductance of the relevant hydrated species.75 For example, 

although the small size of unsolvated Li+ lends itself to fast solid-state diffusion within electrode 

materials, in aqueous electrolytes its high charge density results in larger Stokes and hydrated radii, 

indicating the slower diffusion of Li+ through aqueous electrolytes.15,29,76ï78  In carbons, the high 

charge density of Li+ results in slightly lower capacitance because the larger solvation shell means 

Li+ are 1) slightly further from the electrode surface than other cations, 2) the areal density of Li+ 

is lower, and 3) solvated Li+ requires larger pores than solvated Na+ or K+.76,79 In Mn-based oxide 

electrodes, the high charge density of Li+ leads to lower cyclability and rate capability than those 

observed in K+ electrolytes.15,29,77,78 As K+ has the smallest charge density of these ions, it forms 

the smallest hydration shell and therefore has faster adsorption/desorption kinetics.80 K+ also 

interacts less strongly with the electrode material, causing less stress upon (de)intercalation.81,82 

For these reason, many manganese-based oxides are studied in K+-containing aqueous 

electrolytes.15,29,77,78 

Figure 4 summarizes the various challenges of working with aqueous electrolytes, 

highlighting that the goal is safe and economical EES. Materials that are suitable for aqueous 

secondary batteries are also viable options for redox-active water desalination, or ion separation 

and element recovery.83ï87 The next section will describe some of the manganese-based oxides 

used in aqueous EES. 
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Table I. Radii of Alkali Cations in Aqueous Electrolytes. Values from Ref. 75 

Ion Ionic Radius (Å) Stokes Radius (Å) Hydrated Radius (Å) 

H+ -- (0.28)*  (2.82)*  

Li+ 0.60 2.38 3.82 

Na+ 0.95 1.84 3.58 

K+ 1.33 1.25 3.31 

*extrapolated from theoretical model 

 

 

Figure 4. The challenges and prospects of aqueous electrolytes for EES devices. If the hurdles of 

gas evolution, low voltage, and material dissolution can be overcome, low cost, high power, and 

sustainable EES awaits. Reproduced from Ref. 1 by permission of The Royal Society of Chemistry. 

 

 

 

 



   

14 

 

1.3 Manganese Oxides 

1.3.1 Manganese Dioxide 

Manganese is the 10th most abundant element in the earthôs crust, and its natural occurrence 

as Mn2+, Mn3+, and Mn4+, allows it to form > 30 oxide and hydroxide structures, many of which 

act as heavy metal sorbents in soil and water.13 Of these, the mixed-valence manganese dioxide 

structures are some of the most heavily-studied materials for EES. The various manganese dioxide 

polymorphs shown in Figure 5 occur due to variations in polymerization of MnO6 octahedra, and 

are described by the subsequent octahedral arrangement into tunnels or layers.13,88,89 Within a 

MnO2 crystal, one octahedron has an edge length of 2.6 Å.14 For example, Ŭ-MnO2 (hollandite, or 

cryptomelane for K+-containing compositions) consists of 2x2 tunnels which measure ~ 4.6 x 4.6 

Å, while layered ŭ-MnO2 (birnessite) consists of 2D layers of edge-sharing MnO6 octahedra 

stacked on hexagonal arrays of water molecules and cations, which leads to a 7 Å interlayer 

spacing.14,90  

MnO2 can easily be tuned to form different structures by varying the size of the 

incorporated alkali or alkaline earth cation, and the amount of structural water,2,91,92 which depend 

on synthesis pH, solution concentration, and/or heat treatment.14,93,94 Layered and 2x2 tunnel-

structured MnO2 include additional cations A+ (where A+ is Na+, K+, Mg2+, Rb+. etc.) to balance 

the charges and stabilize the structure.2,91,92 A low pH weakens A+-H2O bonds within the layered 

birnessite structure, squeezing out H2O as the small 1x1 tunnels of ɓ-MnO2 (pyrolusite) form.91 

The A+-H2O interaction strengthens at high pH, forming MnO2 structures with larger tunnels such 

as hollandite (2x2 tunnels) and todokorite (3x3 tunnels).91 MnO2 can also be electrodeposited to 

form both the birnessite and intergrowth phases, and the electrodeposition salts and applied 

potential determine the structure.92  
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Figure 5. Common polymorphs of MnO2, where MnO6 octahedra are represented by the purple 

and yellow octahedra, and cation intercalation sites are represented by the gray polyhedra. 

Structural waters are not shown. Reprinted with permission from Ref. 2 Copyright 2017 American 

Chemical Society.  

 

Only MnO2 polymorphs with insertion sites larger than a single octahedron can 

accommodate alkali cations, as predicted by the Stokes radii in Table I.14,88 Devaraj et al. compared 

the Ŭ-, ɓ-, ɔ-, ŭ-, and ɚ-MnO2 structures in Na2SO4 and found that only the Ŭ- and ŭ-MnO2 allowed 

significant Na+ intercalation. The capacity decreased with interior site size: Ŭ å  ŭ > ɔ > ɚ > ɓ, from 

297 to 9 F/g.88 Similar studies in 0.5 M K2SO4 by Ghodbane et al. showed that structures with 

tunnel (or layer) dimensions < one MnO6 octahedron only gave rectangular (supposedly 
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pseudocapacitive) responses, likely attributable to only surface redox or H+ insertion. Again, the 

phases with larger interstitial sites exhibited higher capacity, with the exception of the 3 x 3 tunnel 

Ni-todokorite, where Ni+ within the tunnels interfered with cation intercalation.14
 The remainder 

of this section will describe the behavior of selected MnO2 and manganese-based oxides relevant 

to this dissertation research. 

 

1.3.1.1 Amorphous MnO2 

The pseudocapacitive behavior of amorphous MnO2 in aqueous electrolytes was first 

reported by Lee and Goodenough in 1999.80 The capacitive behavior is shown by the rectangular 

CVs, fast switching times, and is called pseudocapacitive because the amount of charge stored is 

larger than expected for a purely surface-adsorption process, suggesting that fast redox reactions 

are also occurring.95 However, surface-dominant charge storage behavior of amorphous MnO2 

leads to swift capacity decline with increasing electrode thickness, making this material 

impractical from a device standpoint.96  

 

1.3.1.2 Hollandite (2x2) Tunneled Ŭ-MnO 2 

As mentioned above, this phase reversibly intercalates cations into its 2 x 2 (~4.6 Å) tunnels 

and Mn vacancies for battery-type and redox-active desalination applications.81,88 It has been 

studied for hybrid EES devices because of its pseudocapacitive behavior,97 which is due to both 

H+ and A+ contributions (A+ = Li+, Na+, or K+).81 In particular, K+ is more favorable than Li+ 

because its large size allows it to interact with several inter-tunnel oxygens at once.98 Although 

Mn dissolution leads to low capacity retention when Ŭ-MnO2 is cycled below 0 V vs. Ag/AgCl, it 

has moderate capacity retention of 75% after 500 cycles at 0.5 mA/cm2 between 0 ï 1 V.88,99 Over 
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this potential window in 0.1 M Na2SO4, Ŭ-MnO2 exhibits 50 F/g (16 mAh/g) to 240 F/g (67 mAh/g) 

depending on morphology.88 Young et al. propose that this high capacity is due to the stabilization 

of conduction band orbitals as cations intercalate: the overlap of the materialôs indirect band gap 

and the stability window of the electrolyte allows cations from the electrolyte to interact with the 

electrode and form defect sites in the band gap.81,98,100 In later work, they suggest that while the 

capacity of Ŭ-MnO2 is primarily due to faradaic reactions, the high rate capability is due to the 

stability of A+ ñdefectsò within the structure even after their corresponding e- have been removed. 

Because of this, they argue that some cations remain upon oxidation, reducing the number of 

diffusing ions and leading to high rate capability.   

 

1.3.1.3 Spinel ɚ-MnO2 

This phase of MnO2 is a cubic spinel prepared by chemically or electrochemically 

delithiating LiMn2O4.
88,101 Oxidation in aqueous electrolytes containing cations larger than Li+ 

(Na+, Mg+) drives a phase transformation to the birnessite ŭ-MnO2 as water is chemically 

intercalated to compensate for charge lost during oxidation.102,103 Typically, this material appears 

capacitive in neutral pH aqueous electrolytes, but becomes visibly redox active in buffered or 

acidic electrolytes due to the dissolution/solidification process enabled by the higher H+ 

concentration and an extended potential window.23 It does allow Li+ insertion from aqueous 

electrolytes, where its band gap sits nicely over the potential window of water, and the 

pseudocapacitive nature of the charge storage is attributed to the gradual stabilization of individual 

Mn ï O orbitals just below the conduction band.98 Because the overlapping band gap and stability 

window of water, charge transfer can readily take place. This explains why the spinel phase 

transforms to birnessite rather than remaining inactive like ɓ-MnO2.
81,102,103 In the right electrolyte, 
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this phase exhibits ~100% capacity retention in aqueous electrolytes after 500 cycles from 0 ï 1 V 

vs SCE at 0.5 mA/cm2.88 Because of its cyclability, low cost, and relatively high capacity (up to 

360 F/g or 100 mAh/g), Whitacre et al. studied the spinel phase for large-scale (>30 Wh) aqueous 

batteries. The ɚ-MnO2 synthesized for these large-scale batteries delivered ~78 mAh/g over a 1.8 

V charge in 1 M Na2SO4 (aq), and did not show any capacity fade upon extended cycling at both 

low and high rates.101  

 

1.3.1.4 Birnessite ŭ-MnO 2 

Birnessite ŭ-MnO2 consists of 2D layers of edge-sharing MnO6 octahedra electrostatically 

stabilized by hexagonal interlayer arrays of water molecules and cations, which leads to a 7 Å 

interlayer spacing.14,90,104 It has been widely studied because it is easily synthesized and is similar 

to the layered oxides popular for Li -ion batteries. In addition, it is useful across a range of 

applications, from EES to Faradaic desalination to heavy-metal sorption, because it can 

accommodate a variety of cations.84,85,105ï108 Practically, the main drawback of the MnO2 

polymorphs, including birnessite, is their low conductivity. When the MnO2 layers are doped with 

0.5 ï 1 % first row transition metals, additional sites are formed in the band gap, the charge transfer 

resistance decreases, and the material capacity is increased from 83 to 145 F/g.18,109 Doping the 

MnO2 layers with point defects has similar results.110 Birnessite has also been studied in alkaline 

electrolytes as a catalyst for water splitting.111 Pinaud et al. show that in 0.1 M NaOH the 2.1 eV 

band gap of birnessite MnO2 lies within the potential stability window of water, which suggests 

that the band gap of birnessite also overlaps the stability window of neutral pH water.111 

The relatively low surface energy of birnessite MnO2 provides little driving force for 

crystal growth after precipitation,93 and typical syntheses result in high surface area nanocrystalline 
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particles without long-range crystallinity. The lack of crystallinity complicates detecting structural 

changes resulting from electrochemistry, and the high surface area welcomes speculation over 

whether ion insertion occurs or if the charge storage behavior is dominated by non-faradaic or 

faradaic reactions. The potential range between ~ 0 ï 1 V vs. SCE generates the most debate. 

Within this range, birnessite typically has a capacity of ~ 42 mAh/g (150 F/g over 1 V), and 

possesses a primarily rectangular CV with broad redox peaks. Scientific literature generally 

accepts the possibility of two processes: 1) surface redox adsorption/desorption and 2) ion 

insertion/intercalation into crystalline material, site and ion size permitting.17,88,99,112 At potentials 

beyond the 0 ï 1 V, a third charge storage mechanism is possible: dissolution and re-deposition of 

Mn.23,113 This 2e- process leads to high capacity (1100-1400 F/g) but requires addition of Mn salts 

to the electrolyte to maintain a steady supply of the mobile Mn2+ close to the electrode surface.23 

Over 0 ï 1 V vs. SCE, the proposed charge storage mechanism has been described by 

surface redox and ion insertion, where A+ is a proton or a metal cation:  

ὓὲὕ ὼὃ ὼὩᴾὃὓὲὕ 

Electrochemical quartz crystal microbalance studies show that this reaction is oversimplified, and 

multiple species are involved in the charge storage reactions.26,114 The apparent areal capacity 

based on gas adsorption surface area measurements indicates that faradaic processes must 

significantly contribute to the charge storage,85,115 but these surface area measurements can be  

erroneous,14,88 leading some to suggest that charge storage occurs due to increased surface 

adsorption by the extension of the EDL into the material interlayer.116 Although MnO2 does not 

go through a semiconductor-to-metallic transformation and so lacks a large number of free charge 

carriers that would enable pure EDL behavior,117,118 in some structures free charge carriers may be 

available for polarization since the cathodic potential is within the conduction band.23,81,98,111,119  
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Arguments also vary on the proposed faradaic reaction mechanism. Some claim that Mn-

based redox occurs due to the intercalation of alkali cations120,121 or H+ which then exchanges with 

an alkali cation from the electrolyte.122 Depending on the electrolyte, there may be coordinated, or 

uncoordinated movement of structural water molecules as well.77,114,123 Surface chemistry (via a 

negative zeta potential) indicates that cations will be the primarily attracted species during neutral-

pH aqueous electrochemistry.108,124ï126 Both energy dispersive X-Ray spectroscopy (EDS) and 

inductively-coupled plasma optical emission spectroscopy (ICP-OES) indicate that alkali cations 

contribute to at least some of the charge storage mechanism.15,127 However, while birnessite is 

considered attractive as a pseudocapacitive, high longevity, and high capacity aqueous cathode 

materials, its exact energy storage mechanisms are still unknown. Chapter 4 of this dissertation is 

devoted to uncovering these mechanisms. 

 

1.3.1.5 Intergrowth ɔ-MnO 2 

The intergrowth phase consists of randomly intertwined regions of ɓ-MnO2 with the 2x1 

tunnels of the Ramsdellite phase. Also called electrolytic MnO2 (EMD), ɔ-MnO2 is the phase most 

commonly formed by electrodeposition.2 Some reports describe EMD as Ů-MnO2, which is 

significantly less stable than, and can easily be transformed to, ɔ-MnO2.
128,129 Prior to widespread 

secondary battery development, ɔ-MnO2 was used as the cathode material in alkaline and Zn-C dry 

cell primary batteries. In EES devices, reported capacitances vary from 23 ï 107 F/g between 0-1 

V vs. SCE depending on synthesis conditions.130 Here proton insertion is expected to dominate as 

the 1x1 and 1x2 tunnels of ɔ-MnO2 are not large enough to accommodate alkaline cation insertion, 

and the charge storage behavior is EDL-dominated at rates above ~ 10 mV/s.2,88,130  
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1.3.2 Manganese-Based Oxides  

Other types of manganese-rich oxide materials include those of the form AxMO2, where A is 

an alkali cation such as Li+, Na+, or K+, and M is a transition metal or combination thereofð

typically from the first row. Both the structure and the atmospheric stability of NaxMO2 are 

determined by structural cation content.131ï134.134ï137 Tunnel structures form at x < 0.44, and 

various layered structures form at 0.33 < x < 1.131ï134 Cation content, which relates to the open 

circuit potential of the material, relates inversely to atmospheric stability. Batteries cannot store 

energy without a potential difference between the electrodes, so one electrode must be reduced 

upon assembly, meaning that it contains the inserting cation. Because cations are often intercalated 

at potentials below the reduction potential of water (3.94 V vs. Na/Na+), many materials 

synthesized in a fully reduced state spontaneously oxidize upon exposure to water and air.138 This 

substantially reduces the number of materials compatible with ambient processing and aqueous 

electrolytes. For example, a material with x = 1 will almost always form an impurity phase with a 

lower sodium content upon atmospheric exposure,139 while the tunnel structures are quite stable. 

The tunnel structures exhibit higher atmospheric stability because their low cation content means 

the M exists at higher oxidation states to stabilize the structure. In the manganese-based layered 

structures, the Jahn-Teller distortion of manganese requires additional transition metal content in 

order to improve the cycling stability.19 The Jahn-Teller distortion occurs when Mn3+ is in a high 

spin state, and the MnO6 octahedron distort to reduce degeneracy, as in Figure 6. This adds more 

stress into the material and reduces the cyclability of manganese-based layered AxMO2. Additional 

transition metal content reduces the amount of Mn available to change between the 3+/4+ oxidation 

state. Materials of this type are common cathodes in non-aqueous Li-ion batteries, and have been 

widely studied for Na- and K-ion batteries, where they have been engineered to optimize their 
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capacity (up to ~120 mAh/g).140ï142 This high capacity is attractive for aqueous EES, but the 

corrosive ability and low potential stability window of water complicate the development of 

compatible electrode materials.  

 

Figure 6. Schematic of the Jahn-Teller distortion of Mn3+. Two distortions are shown that slightly 

alter the energy levels of electrons in the t2g orbital, stabilizing them rather than forcing them to 

maintain the same energy level. These elongations and compressions cause cyclic stress in the 

material, leading to structural degradation with extended cycling. Reproduced from Ref. 3 with 

permission. Copyright 2017 by the Royal Society of Chemistry. 
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1.3.2.1 Tunnel-Structured NaxMO2 

Because of its reversibility, rate capability, and long-term structural stability, the tunnel-

structured Na0.44MnO2 (Na4Mn9O18) has been widely studied as a cathode for aqueous electrolytes 

and Faradaic electrochemical desalination.8,70,141ï146 These behaviors are surprising, given the 

many phase transformations that occur during electrochemical cycling.8,131,141,145,147 The 

orthorhombic crystal structure of Na0.44MnO2 has 2 x 2 and 1 x 3 tunnels containing Na+, Li+, or 

K+, although only the sites in the 2 x 2 tunnels (Fig. 7A) are electrochemically active.146 

Unfortunately, this means that less than half of the theoretical ~ 120 mAh g-1 capacity is 

availableðfurther Na+ deintercalation releases O2 from the structure.134,142,146 Figure 7B and C 

show early studies by Whitacre et al. using this tunnel-structured oxide as an aqueous Na+ battery 

cathode material.144,145 They obtained 45 mAh g-1 at 0.125 C in 1 M Na2SO4 (0.22 Na+ per MnO2), 

most of which was still available after 1000 cycles.144  Later work focused on increasing capacity 

by substituting some Mn with other first row transition metals.134,142 This increases the Na+ content 

and increases the fraction of Mn3+, which can then oxidized instead of the lattice oxygens.142,148ï

150 Using Ti and/or Fe allowed advances such as: maintaining the initial 45 mAh/g capacity at 16 

times the rate,142 suppressing the phase transformations,134,142,146 and increasing the capacity to 76 

mAh g-1.142
 This illustrates how vital transition metal composition is to performance of metal 

oxides. 
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Figure 7.  Crystal structure and electrochemical performance of Na0.44MnO2. A) Crystal structure 

model showing the mobile Na+ in the Na(2) and Na(3) sites. Reproduced with permission from 

Ref. 146. Copyright 2015 Springer Nature. B) The derivative of the capacity with respect to voltage 

(dQ dV-1) from galvanostatic cycling at 25 mA g-1 in a 1 M Na2SO4 aqueous electrolyte, where 

each peak denotes a phase transformation. Reproduced with permission from Ref. 131. Copyright 

2010 The Electrochemical Society. C) Capacity retention of a Na0.44MnO2 vs. activated carbon full 

cell for 1,000 cycles at 5C. Reproduced with permission from Ref. 144. Copyright 2010 Elsevier. 

Figure in this configuration was initially published in Ref 1. Reproduced by permission of The 

Royal Society of Chemistry. 
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1.3.2.2 Layered P2 NaxMO2  

There are many variations on layered NaxMO2, but we will limit this discussion to the P2 

type, a layered hexagonal structure consisting of alternating layers of Na+ and MO6 edge-sharing 

octahedra. The Na+ occupy trigonal prismatic sites (P), and the oxygen layers are arranged in an 

éABBAé stacking sequence along the c-axis (2) (Figure 8).151 When interlayer Na+ has been 

removed so that x < 0.35, NaxMnO2 and NaxNi0.22Co0.11Mn0.66O2 both rapidly form hydrated 

structures upon atmospheric exposure.140,152 The intercalated water molecules in the half-empty 

Na+ sites counteract the electrostatic repulsion between MO2 layers, which typically leads to the 

layer glide experienced upon cycling in non-aqueous electrolytes.137,140  

The research in Chapters 2 & 3 was born out of the fact that while many have studied the 

reactivity of P2 in air,137,140,152ï155 few have studied their aqueous electrochemistry.9 One of the 

few trends is that if the transition metals form an ordered superstructure arrangement within the 

layers, or if the transition metal layer contains Cu, the oxide may be atmospherically stable. So far, 

this is true of 2/3 materials reported stable: Na0.67Ni0.33Mn0.67O2 and Na0.67Ni0.33-xCuxMn0.67O2, (0 

< x < 0.33) both exhibit transition metal ordering, and while Na0.78Fe0.22Cu0.11Mn0.67O2 does not, 

it does contain Cu.110,112,129 Other compositions, including combinations of Mn, Ni, Fe, Zn, Co Ti, 

etc., form hydrated phases upon atmospheric or water exposure.136,137,152,154ï156 In some, H+ from 

water exchanges with Na+ and can possibly dissolve the Mn from these acid-sensitive 

oxides.154,157,158  

Although the P2 oxides are attractive for their high theoretical capacity, not all of it is 

accessible within the stability window of aqueous electrolytes. Some of the few studies of P2 

materials in aqueous electrolytes have reported capacities of 41-62 mAh/g, but while these 

materials are electrochemically active, they also exhibit poor cyclability.9,62,137 Overall, their 
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performance is worse than that of ŭ-MnO2.
17,159 However, their susceptibility to water uptake and 

composition-dependent response made them valuable to understand the effect of interlayer 

chemistry on aqueous EES, which we will discuss in the next section. 

 

 

Figure 8. Structure of P2-NaxMnO2 where Na+ occupies two prismatic interlayer sites, MnO6 

octahedra form edge-sharing layers, and the oxygen stacking sequence is ñéABBAéò. 

 

In non-aqueous electrolytes, P2 oxides have a wide range of electrochemical behavior 

depending on the transition metal content, with capacities between 90 - 216 mAh g-1.160,161 For 

example, substituting Cu for some of the Mn content increases the material conductivity and 

lessens the extent of the Jahn-Teller distortion, also allowing the material to experience a solid-

solution mechanism during charging rather than the multiple phase changes present in other 

composition.153,162ï165 
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1.4 Tuning Material Behavior Post-Synthesis 

As mentioned above, the electrochemical behavior of a given crystal structure can be 

greatly affected by changing their transition metal composition. Another common technique used 

to tune material behavior is by additional processing after the initial synthesis, such as exfoliation 

of bulk crystals into nanosheets, addition of vacancies, and incorporation of structural water. Each 

of these approaches improves the cyclability, rate capability, and capacity of EES electrodes. 

Both electrochemical and chemical exfoliation are often used to make 2D sheets of 

birnessite, graphite, and MoS2.
15,110,166ï171 The electrochemical techniques apply a current or 

voltage to a large crystal to force the intercalation of electrolyte species. The host material is 

subsequently exfoliated by gas bubbles formed upon the decomposition of these electrolyte 

molecules.166ï168 The chemical techniques can be done on small, even nanoscale initial particles, 

and are therefore common in processing birnessite particles. They exfoliate the oxide into 

nanosheets by osmotic pressure, first removing the initial interlayer cations in acidic solution, and 

subsequently forcing the layers apart with the intercalation of bulky cations from a basic solution, 

a process that takes days to weeks with stirring,172,173 or hours with sonication.110 This process 

results in 2D nanosheets that can be restacked into porous electrodes with higher rate capability.15 

Defects such as structural vacancies can also be used to improve the rate capability and 

capacity of transition metal oxides. For example, misplacing Mn atoms in birnessite into surface 

Frenkel defects via acid treatment improved the capacity from 55 to 83 mAh/g at 0.2 A/g, and 

reduced the charge transfer resistance from 30 to 15 ɋ.110 While otherwise outside the scope of 

this dissertation, high temperature heat treatments in a reducing atmosphere have been shown to 

improve capacity and rate capability in MoO3 by inducing O2- vacancies.174 
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Finally, a common way of tuning the performance of a material is by altering the contents 

of the interlayer. For example, interlayer water has been shown to improve the rate capability and 

cyclability of V2O5, WO3, and MnO2.
175ï180 It is hypothesized that interlayer water can 

electrostatically ñshieldò intercalating cations from the transition metal oxide layers, facilitating 

even the intercalation of multivalent cations.106,181,182 While the exact mechanisms are not yet 

known, materials with hydrated interlayers are promising for high rate aqueous EES. 

 

1.5 Summary 

Thus far, we have explored the foibles of aqueous electrolytes, discussed the two main 

mechanisms of EES, and described the behavior of a variety of manganese-based oxides. How 

then do all these topics fit together to make up a PhD? In short, the structure and composition of 

the electrode material determine how it interacts with the electrolyte, and what types of charge 

storage reactions occur. We have already discussed how the spinel ɚ-MnO2 can go from 

dissolution/solidification behavior to EDL behavior depending on electrolyte and potential 

window. Another example is the transition metal-dependent atmospheric stability of P2 oxides, 

which can be tuned by the contents of the transition metal oxide layers.  

While aqueous electrolytes offer significant challenges, they also offer significant 

opportunities for EES as well as related applications in water treatment and element recovery. To 

implement them, we must understand and eventually be able to dictate how the electrolyte interacts 

with the electrode. In the next three chapters, we will look at three aspects of the interplay between 

aqueous electrolytes and layered manganese-rich transition metal oxides. Overall, the goal is to 

understand how the interlayer environment contributes to the energy storage mechanisms. To 

achieve this, I performed materials synthesis as well as physical and electrochemical 

characterization techniques, and worked closely with collaborators to do operando and in situ 
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characterization. Materials synthesis was selected based on the hypothesis of the research project 

and included electrochemical and solid-state methods. Physical characterization techniques such 

as X-ray diffraction, scanning electron microscopy, and Raman microscopy were used to connect 

the structure and morphology of materials to their processing conditions and electrochemical 

behavior. Electrochemical characterization techniques provided the fundamental driving force for 

the EES mechanisms to take place and were coupled to other methods for operando and in situ 

characterization. When put together, the variety of methods I use in my dissertation illuminate 

fundamental mechanisms of layered manganese-rich oxides undergoing EES in aqueous 

electrolytes. In Chapter 2, we study four compositions of P2 oxides to determine their structural 

and electrochemical response to aqueous electrochemistry. We determined that the material forms 

composition-dependent birnessite-like structures while retaining their initial bulk particle 

morphology. This work demonstrated that P2 oxides are not suitable for use as electrode materials 

in aqueous electrolytes. However, it then paved the way for Chapter 3, where we investigate the 

charge storage behavior of these bulk hydrated particles, and establish their viability as an activated 

carbon alternative. Finally, in Chapter 4 we conduct a multi-modal study of a model 

pseudocapacitive material, birnessite, to investigate whether the capacitive charge storage 

mechanism should be considered faradaic or non-faradaic. Chapter 5 offers a brief summary, as 

well as an outlook on the field as a result of this work. 
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CHAPTER 2 

Charge Storage Mechanism and Degradation of P2-Type Sodium Transition Metal Oxides 

in Aqueous Electrolytes 

Preface 

The work in this chapter was published as ñCharge Storage Mechanism and Degradation 

of P2-Type Sodium Transition Metal Oxides in Aqueous Electrolytesò by Shelby Boyd, Rohan 

Dhall, James M. LeBeau, & Veronica Augustyn, in the Journal of Materials Chemistry A, (J. 

Mater. Chem. A, 2018,6, 22266-22276, DOI: C8TA08367C). Here the published main text and 

the supplementary information were intercalated to improve the chapter readability. Scientifically, 

this project was the first to fully investigate the structural and electrochemical behavior of P2 

oxides upon aqueous electrochemistry, and the effect of interlayer chemistry on this behavior. As 

mentioned in the introduction, faradaic charge storage reactions require redox potentials of the 

material to lie within the electrolyte stability window. For this study, we chose a few compositions 

of P2 oxides that showed non-aqueous electrochemistry at potentials overlapping with the stability 

window of water and investigated how altering the transition metal chemistry tuned the material 

behavior in aqueous electrolytes. 

 

 

 

 

 

 

 

https://doi.org/10.1039/C8TA08367C
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2.1 Abstract 

Few transition metal oxides exhibit sufficient stability for aqueous ion intercalation from 

neutral pH electrolytes for low-cost aqueous Na+ batteries and Faradaic desalination. P2 layered 

Na+ manganese-rich oxides have high theoretical capacities and voltages for Na+ storage and are 

extensively investigated for non-aqueous Na+ batteries. However, the charge storage mechanism 

and factors controlling interlayer chemistry and redox behavior of these materials in aqueous 

electrolytes have not been determined. Here, we take a significant step in establishing their aqueous 

electrochemical behavior by investigating a series of P2 oxides that exhibit a range of stability in 

water and ambient air: Na0.62Ni0.22Mn0.66Fe0.10O2 (NaNMFe), Na0.61Ni0.22Mn0.66Co0.10O2 

(NaNMCo), Na0.64Ni0.22Mn0.66Cu0.11O2 (NaNMCu), and Na0.64Mn0.62Cu0.31O2 (NaMCu). 

Depending on the transition metal composition and potential, all materials exhibit significant 

irreversible Na+ loss during the first anodic cycle followed by water intercalation into the 

interlayer. The presence of water causes conversion into birnessite-like phases and microscopic 

exfoliation of the particles. The interlayer affinity for water is primarily driven by the Na+ content, 

which can be tuned by the transition metal composition and the maximum anodic potential during 

electrochemical cycling. The interlayer water affects the reversible capacity and cycling stability 

of the oxides, with the highest reversible capacity (~ 40 mAh g-1 delivered in ~ 30 minutes) 

obtained with NaNMCo. These results present the first studies on the structural effects of aqueous 

electrochemistry in P2 oxides, highlight the significant differences in the electrochemical behavior 

of P2 oxides in aqueous vs. non-aqueous electrolytes, and provide guidance on how to use the 

transition metal chemistry to tune their aqueous charge storage behavior. 
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2.2 Introductio n 

Electrochemical energy storage devices operating in neutral pH electrolytes are attractive 

because of their low cost and high safety. However, few transition metal oxides exhibit sufficient 

stability for electrochemical aqueous ion intercalation at neutral pH conditions, as indicated by 

their Pourbaix diagrams.1 Among these, layered manganese (Mn) oxides are of interest for aqueous 

sodium-ion (Na+) electrochemical energy storage11 and battery-type desalination83 due to their 

redox activity and the abundance and safety of manganese.183 The most widely-studied Mn-rich 

oxides for Na+ intercalation from aqueous electrolytes are the layered birnessites, AxMnO2ĀnH2O 

(where A represents alkali cations such as Na+ and Mg2+), with capacities up to 134 mAh g-1.17 The 

complex interlayer of these oxides includes structural water and cations such as sodium, potassium, 

and magnesium, which makes them relevant for both mono- and multivalent aqueous energy 

storage devices.17,106  

Higher capacities and voltages for Na+ intercalation have been obtained with P2 layered  

oxides (Na0.67Mn1-xMxO2, where M can be a variety of transition metals like Cu, Co, Fe, etc. and 

their combinations) in non-aqueous electrolytes, with reversible capacities of 90 - 216 mAh g-

1.160,161 The P2 terminology developed by Delmas, et al. indicates that the prismatic sites (ñPò) 

between the metal oxide layers are occupied by Na+ and that the layers of edge-sharing transition 

metal oxide octahedra are arranged in an éABBAé stacking sequence (ñ2ò), as depicted in 

Figure 1a.151 These materials are of potential interest as high voltage cathodes for aqueous Na+ 

batteries and desalinators because they are electrochemically active at anodic potentials within the 

limited 1.23 V thermodynamic stability window of aqueous electrolytes,57,160,161 and have high 

theoretical capacities, both of which could give rise to high energy density devices. While the 

intercalation behavior of these materials in non-aqueous electrolytes is fairly well 
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established,19,135ï137,140,152,154,160,161,184ï186 little is known about their behavior in aqueous 

electrolytes, where the presence of water is likely to lead to entirely different intercalation 

phenomena. Recent studies on P2 Na0.67Ni0.33Mn0.67O2 and Na0.67Ni0.25Mn0.75O2 in aqueous Na+ 

electrolytes showed reversible capacities between 42 ï 56 mAh g-1,9,187 but did not provide 

significant insights into the mechanism, effects of material chemistry on electrochemical behavior, 

or interlayer affinity for water. In the present work, we perform a systematic study of these 

fundamental characteristics of P2 oxides and identify the implications for their behavior in aqueous 

electrolytes.  

Water is a unique non-flammable solvent with a higher solvation strength than the standard 

carbonate-based non-aqueous electrolyte solvents, which leads to higher-conductivity 

electrolytes.8,62,188 Due to their high polarity and small size, water molecules strongly solvate 

electrolyte cations such as Na+ and are expected to co-intercalate into materials upon 

electrochemical cycling.188,189 The possibility of hydronium (H3O
+) intercalation also needs to be 

considered in aqueous electrolytes.190 The combination of water and oxygen or carbon dioxide 

oxidizes and hydrates many P2 layered oxides by spontaneously removing Na+ and replacing it 

with water.135ï137,152,154ï156,180,191 Previous work on P2 oxides cycled in non-aqueous electrolytes 

has shown that the reactivity to moisture varies with transition metal composition, where 

Na0.67Mn0.66Ni0.33O2 is stable in water, but Na0.6MnO2, Na0.67Mn0.66Ni0.22Co0.11O2, and 

Na0.67Mn0.5Fe0.5O2 exhibit spontaneous water and carbonate intercalation upon exposure to water 

or humid air.136,137,152 While the cause of enhanced stability has not been determined, one observed 

trend is that materials with a superstructure ordering of the transition metals within the oxide 

layers, such as Na0.67Mn0.66Ni0.33O2 and Na0.67Ni0.33-xMn0.66CuxO2, (0 Ò x Ò 0.33) exhibit 

significantly higher stability in water.135,137  



   

34 

 

Here, we take a significant step in establishing the effects of transition metal composition 

on the interlayer affinity for water and aqueous electrochemical behavior of P2 oxides. By 

synthesizing and characterizing four compositions that exhibit a range of stability in water and 

ambient air: Na0.62Ni0.22Mn0.66Fe0.10O2 (NaNMFe), Na0.61Ni0.22Mn0.66Co0.10O2 (NaNMCo), 

Na0.64Ni0.22Mn0.66Cu0.11O2 (NaNMCu), and Na0.64Mn0.62Cu0.31O2 (NaMCu)135ï137,140 we 

demonstrate that the transition metal composition affects the affinity of the interlayer for water 

intercalation and in turn, the electrochemical charge storage behavior. Using structural and 

electrochemical characterization techniques, we show that these P2 oxides transform to a hydrated 

birnessite-like phase upon aqueous electrochemical cycling and that the transformation is driven 

by the redox potential at which a critical amount of Na+ remains (~ 0.4 Na+ per formula unit) in 

the interlayer. The phase transformation to a hydrated layered structure is accompanied by 

significant exfoliation of the layered structures. These results demonstrate that the transition metal 

composition of layered oxides has a significant effect on the interlayer affinity for water, which in 

turn affects the structural stability and electrochemical activity in aqueous electrolytes. 

 

2.3 Methods 

2.3.1 Material Synthesis 

The P2 oxides were synthesized by room temperature coprecipitation of transition metal 

hydroxides and subsequent high-temperature calcination into sodiated transition metal oxides. 

Specifically, precursor solutions of 0.53 M transition metal acetates [Mn(CH3COO)2Ā4H2O, 

Co(CH3COO)2Ā4H2O, Ni(CH3COO)2Ā4H2O, Fe(CH3COO)2, and Cu(CH3COO)2, Alfa Aesar] in 

deionized (DI) water were prepared according to the following molar ratios: (a) 11 : 66 : 22, Co : 

Mn : Ni, (b) 11 : 66 : 22, Fe : Mn : Ni, (c) 11 : 66 : 22, Cu : Mn : Ni, and (d) 34 : 66, Cu : Mn. 
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Each solution was added to 2.25 M aqueous NaOH (Fisher Scientific) solution at ~ 2.5 mL min-1. 

After precipitation, the hydroxides were washed to pH ~ 7, filtered, dried at 120°C, and ball milled 

in ethanol with 5 mm spherical zirconia beads (U.S. Stoneware) for 24 hours. The dried ball-milled 

hydroxides were mixed into an aqueous NaOH solution with 0.704 mol Na+ per mol of transition 

metal hydroxide to target a final composition of 0.64 Na+. This solution was stirred for 1 hour at 

room temperature and then at 100°C until dry. The dry powder was annealed in a box furnace 

(Thermo Scientific) in air at 500°C for 5 hours, cooled to room temperature and ground with a 

mortar and pestle for 15 minutes before fully calcining at 850°C for 6 hours. All samples were 

transferred from the furnace while above 100°C to an argon-filled glovebox (MBraun Labstar Pro) 

with < 0.5 ppm O2 and H2O to protect them from the ambient atmosphere, and ground with mortar 

and pestle for 30 minutes. 

 

2.3.2 Physical Characterization 

The composition of each oxide was analyzed with an inductively-coupled plasma optical 

emission spectrometer (ICP-OES; Perkin Elmer 8000). 50 mg of each sample was dissolved in 

aqua regia at 70°C for two hours. All reagents, standards, and samples only contacted 

polypropylene to avoid accidental leaching of Na from glass. X-ray diffraction (XRD) was 

performed on an X-ray diffractometer in standard Bragg-Brentano geometry with Cu-KŬ radiation 

(PANalytical Empyrean). Powder samples were rotated at 7.5 RPM, while electrode samples for 

ex situ XRD were stationary. Lattice parameters were determined by Rietveld refinement using 

the GSAS-II software. The morphology of the electrodes and pristine powders was characterized 

using a field emission scanning electron microscope (FEI Verios 460L). Reactivity of the as-

synthesized powders upon water exposure was tested by stirring the ground powders in DI water 
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(20 mg mL-1) for 8 days. The excess water was then centrifuged off, and the damp powders were 

used for XRD, scanning transmission electron microscopy (STEM), and thermogravimetric 

analysis (TGA). 

Samples for STEM were prepared by sonicating the ground pristine powder in ethanol (1 

mg mL-1) for 30 minutes, diluting to 150 ɛg mL-1, and dropcasting 15 ɛL onto lacey carbon TEM 

grids (Pelco) before drying at 100°C in air. Samples of the water-exposed powders were prepared 

by sonicating in water for 30 minutes, diluting to 200 ɛg mL-1, and dropcasting 20 ɛL onto the 

lacey carbon TEM grids. These grids were dried overnight at room temperature. The samples were 

imaged using a probe corrected scanning transmission electron microscope (FEI Titan G2), 

equipped with a high-brightness field emission gun (X-FEG) and operated at 200 kV. For structural 

characterization, high-angle annular dark-field (HAADF) images were acquired with a collection 

inner semi-angle of 77 mrad.  The interlayer distances were then directly measured and averaged 

from several particles. Energy dispersive X-ray spectroscopy (EDS) was used to determine the 

elemental composition of the synthesized compounds using a FEI Super-X EDS detector with a 

large solid angle (~ 0.7 sr).  

TGA was conducted on a SII EXSTAR6000 TG/DTA6200. Dry samples were tested 

immediately after removal from the glovebox. Water-exposed samples (for 16 days) were first 

dried for ~ 20 minutes at 50°C, until they formed a slightly damp powder. All samples were tested 

in aluminum pans between 25 - 300°C using a ramp rate of 5°C min-1 in air. 

 

2.3.3 Electrochemical Characterization 

Electrochemistry was conducted in a glass three-electrode 50 mL round bottom flask using 

a 1 M Na2SO4 (Sigma Aldrich) electrolyte, a platinum wire counter electrode (99.997%, Alfa 
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Aesar) and a Ag/AgCl in saturated KCl reference electrode (Pine Instruments). Slurries of active 

materials were made with 80 wt.% active material, 10 wt.% acetylene black (Alfa Aesar), and 10 

wt.% polyvinylidene fluoride (PVDF; Arkema Kynar KV 900) ground together for 5 minutes and 

stirred overnight in n-methyl pyrrolidone (NMP; Sigma Aldrich) at 990 RPM. An acetylene black 

slurry was prepared in a similar fashion but without the oxide, containing 67 wt.% acetylene black 

and 33 wt.% PVDF. Electrodes were made by pasting the slurries onto a ~ 1 cm2 area of a 1 x 2 

cm titanium mesh (Alfa Aesar) with active material mass loadings of 1 - 3 mg cm-2, and drying at 

room temperature for at least 6 hours before drying at 120°C overnight. Ni-plated stainless steel 

alligator clips were used to hold the working and counter electrodes in the electrolyte. When setting 

up these aqueous cells, care must be taken to not get the alligator clips wet, or they will rust, 

increasing the resistance and contaminating the cell. To determine the electrochemical response of 

all four oxide compositions, cyclic voltammograms (CVs; Bio-Logic MPG-2) were collected at 

0.1 mV s-1 between 0 - 0.8 V vs. Ag/AgCl (2.9 - 3.71 V vs. Na/Na+). Unless otherwise noted, all 

potentials referenced in this work are vs. Ag/AgCl. Cycling stability of NaNMCo and NaMCu was 

characterized at 0.5 mV s-1 for 50 cycles between both 0 ï 0.8 V and 0 ï 1.1 V. Electrochemical 

impedance spectroscopy (EIS; Bio-Logic VMP-3) was conducted from 100 mHz to 200 kHz with 

a 10 mV amplitude at the open circuit potential on the pristine electrodes and after 10 cycles at 0.5 

mV s-1. To determine whether the redox potential was affected by a change in electrolyte pH 

(which would indicate H+/H3O
+ intercalation), cyclic voltammetry was performed at 1 mV s-1 in 

Na2SO4 electrolytes, with the addition of varying amounts of NaOH to increase the pH, which was 

measured using a pH meter (Mettler Toledo FiveEasy). In electrolytes of pH 6, 9, 11, and 13, 

electrodes were cycled between 0 - 0.6 V due to the high OER activity in the pH 13 electrolyte. 

Additionally, electrodes were cycled between 0 ï 0.8 V in electrolytes of pH 6, 9 and 11. 
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2.4 Results and Discussion 

2.4.1 General Results 

The aqueous electrochemical behavior of P2 Mn-rich oxides, including the effects of 

transition metal composition on the electrochemical behavior and interlayer water affinity, was 

investigated in four oxides (ñNaNMFe,ò ñNaNMCo,ò ñNaNMCu,ò and ñNaMCuò) with varying 

degrees of moisture sensitivity. Table I shows the compositions determined by ICP-OES, which 

verify that the final Na content and M ratios were close to the intended composition. Rietveld 

refinement of the XRD patterns in Figure 1 confirmed that all four compositions formed the 

expected P2 phase with the hexagonal space group P63/mmc. Figure 2 shows the refinement 

results at higher diffraction angles.  NaNMFe, NaNMCo, and NaNMCu were refined as a single 

phase, while NaMCu was refined as 89.7 wt% P2 with 10.3 wt% CuO. Results from the 

refinement, also in Table 1, show little variation in lattice parameters with changes in transition 

metal composition. There is ~ 1% change in the a-lattice parameter between NaNMCo and the 

other compositions, but this value is in agreement with the reported refinement results.157 The ICP-

OES results and the similar c lattice parameters indicate that all compositions contain about the 

same amount of Na+ in the as-synthesized condition. The XRD results also show that the NaNMCu 

and NaMCu exhibited two superlattice ordering peaks at 27.25 and 28.47 °,135,192 which were not 

included in the Rietveld refinement. The larger ionic radii of Ni2+ and Cu2+, as compared to Mn3+ 

and Mn4+, promote formation of a ã3a  ã3a hexagonal superlattice, especially in compositions 

with a 2 : 1 ratio of Mn : Cu, Ni, or Ni and Cu,135,192,193 which leads to Na+/vacancy ordering.185 

The similar radii of Co3+, Fe3+, Mn3+, and Mn4+ allow random cation mixing and disrupt this 

ordering.192,193  

 



   

39 

 

Table I. Composition (from ICP-OES) and lattice parameters (from Rietveld refinement) 

of the P2-type Na0.6Mn0.66M0.34O2. 

Material Composition a (Å) c (Å) Rwp GOF 

NaNMFe Na0.62Ni0.21Mn0.62Fe0.10O2 2.893487 11.188151 4.681 3.47 

NaNMCo Na0.61Ni0.21Mn0.62Co0.10O2 2.864602 11.200887 5.572 4.18 

NaNMCu Na0.64Ni0.22Mn0.66Cu0.12O2 2.891256 11.15571 4.663 2.84 

NaMCu Na0.64Mn0.62Cu0.31O2 2.89903 11.17451 4.68 2.65 

   Rwp: weighted profile R-factor; GOF: goodness of fit 

 

 

Figure 1. Structure of as-synthesized materials: a) schematic illustrating the P2 structure with 

alternating MO2 (where M is 0.64 Mn and 0.34 Cu or 0.22 Ni and 0.11 Fe, Co, or Cu) layers of 

edge-sharing octahedra and interlayer Na+. The refined XRD patterns show that each of the four 

compositions crystallizes into this structure: b) NaNMFe, c) NaNMCo, d) NaNMCu, and e) 

NaMCu. The colored tick marks show the location of the P2 peaks in each graph. The gray tick 

marks in e) show the CuO peaks. 

 



   

40 

 

 
Figure 2. High angle XRD fitting of the Rietveld refinements for: a) NaNMFe, b) NaNMCo, c) 

NaNMCu, and d) NaMCu and CuO. The tick marks at the bottom of each graph represent the P2 

peak locations in each material, while the gray (bottom) tick marks in d) represent CuO. 

 

As shown by the SEM images of pristine electrodes in Figure 3, all four materials have 

similar sub-micron primary particles, with larger, micron-size secondary particle aggregates 

throughout. The faceted crystals of the active materials show the hexagonal basis of this crystal 

structure.  



   

41 

 

 

Figure 3. Scanning electron micrographs of electrodes of each composition of the P2 oxides: a) 

NaNMFe, b) NaNMCo, c) NaNMCu, and d) NaMCu. The particle size and morphology does not 

vary with the transition metal composition.   

 

To further characterize the structure and composition, HAADF-STEM imaging and 

corresponding EDS elemental mapping were performed on a particle of NaNMCo. Figure 4a 

shows that in agreement with the XRD results, the material crystallizes in a layered structure. The 

interlayer spacing, as measured from the HAADF-STEM image, is ~ 5.8 Å. The composition maps 

for each individual element in NaNMCo (Figure 4b-f), and a composite EDS map of Na and Mn 

(Figure 4g) demonstrate that as expected, the transition metals reside within the metal oxide 

layers, while the Na+ resides in the interlayer.  
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Figure 4. Structure and composition of an individual particle of NaNMCo: a) HAADF-STEM 

image showing the layered structure with an average interlayer spacing of 5.8 Å; corresponding 

EDS elemental mapping of b) Na, c) Ni, d) Mn, e) Co, and f) O; g) composite EDS elemental 

mapping of Na and Mn, which shows that Na is located between layers of Mn. HAADF-STEM 

images courtesy of Dr. Rohan Dhall. 

 

2.4.2 Role of Transition Metal Composition on the Interlayer Affinity for Water  

Water stability tests and aqueous electrochemistry were conducted to determine the 

mechanism of aqueous charge intercalation into P2 oxides as a function of transition metal 

composition. First, XRD and HAADF-STEM were used to understand the local structure of each 

composition before and after exposure to DI water for 8 days. The XRD data (Figure 5) shows 

that after water exposure, both the NaNMFe and NaNMCo exhibit a partial transformation to a 

phase with a larger interlayer spacing of ~ 7 Å as indicated by the emergence of a new peak at ~ 

12.5 °.  This is accompanied by a loss of Na+, shown by the decrease in the position of the P2 (002) 

peak at ~16 °.157,184,185 No phase transformation was detected in NaNMCu or NaMCu. The 

presence of a new phase with a larger interlayer spacing of ~ 7 Å in NaNMFe and NaNMCo 

implies the transformation into a hydrated, birnessite-like structure, which has been reported for 

P2 materials without superstructure ordering.137 P2 NaxMnO2 and NaxNi0.22Co0.11Mn0.66O2 
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desodiated to x < 0.35 Na+ in non-aqueous electrolytes spontaneously intercalate water into the 

half-empty Na+ sites and form a phase with larger interlayer spacing when exposed to air.137,140,152 

A similar mechanism is likely to occur in the water-exposed NaNMCo and NaNMFe. 

 

Figure 5. Ex situ XRD of the four compositions of P2 oxides after water exposure for 8 days, 

showing that the NaNMFe and NaNMCo form a birnessite-like phase (ǅ) in addition to the P2 

phase (*). Both NaNMCu and NaMCu retain the P2 phase, indicating improved stability in the 

presence of water as compared to NaNMFe and NaNMCo.  

 

While XRD measures the average structural change, STEM provides a local measure of 

the effect of water exposure on the material structure, particularly the interlayer uniformity, 

lending insight into how transition metal composition affects interlayer chemistry in layered Na+ 

transition metal oxides. Figure 6 shows the STEM images of the layered structure for all four 

compositions before and after water exposure. The interlayer spacings measured with XRD and 

STEM on powders, and XRD on electrodes after aqueous electrochemistry, are listed in Table II. 

Raw data from the STEM measurements is listed in Table III . The pristine NaNMFe in Figure 6a 
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exhibits an irregular interlayer spacing, while the pristine NaNMCo, NaNMCu, and NaMCu 

(Figure 6c, e, and g) all appear uniform with an average interlayer spacing ~ 5.8 - 5.9 Å. This 

uniformity is expected, as care was taken to protect the ñpristineò samples from air exposure after 

synthesis. The irregular layers in Figure 6a show that the NaNMFe is the most reactive 

composition, and had already begun reacting with the atmosphere to form a partially hydrated 

structure. Figure 6b, d, f, and h show the water-exposed NaNMFe, NaNMCo, NaNMCu, and 

NaMCu, respectively. The NaNMFe after water exposure has an increased average interlayer 

spacing of 6.16 Å, closer to the hydrated spacing of birnessite. The washed NaNMFe in Figure 6b 

appears more uniform than the pristine material, which could be due to more complete water 

intercalation into the interlayer, or because the area imaged on the water-exposed sample was 

thicker than on the pristine samples. After water exposure, NaNMCo (Figure 6d) exhibits 

turbostratic layering, which is indicated by the large standard deviation in the interlayer spacing 

measurement although the average value remains close to the pristine NaNMCo. After water 

exposure, the NaNMCu and NaMCu appear uniform and do not exhibit a significant change in the 

interlayer spacing as compared to the pristine material.  

 

Table II. Interlayer spacing of the four compositions of P2 oxides measured with XRD and 

STEM for pristine, water-exposed, and electrochemically cycled samples. 

Material Pristine interlayer 

spacing (¡) 

Interlayer spacing after 

water exposure (¡) 

Interlayer spacing after 

electrochemical cycling (¡) 
 
XRD STEM XRD STEM XRD 

NaNMFe 5.60 5.39 Ñ 1.00 5.62; 7.02 6.16 Ñ 0.59 5.67; 7.08 

NaNMCo 5.62 5.78 Ñ 0.23 5.60; 7.00 5.67 Ñ 1.62 5.69; 7.08 

NaNMCu 5.58 5.77 Ñ 0.14 5.56 5.29 Ñ 0.35 5.66; 7.02 

NaMCu 5.58 5.90 Ñ 0.14 5.58 5.57 Ñ 0. 52 5.58 
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Table III . Raw data for the interlayer spacing calculations from STEM images. 

NaNMFe NaNMCo NaNMCu NaMCu 
Pristine 

(¡) 
Water-

exposed 

(¡) 

Pristine 

(¡) 
Water-

exposed 

(¡) 

Pristine 

(¡) 
Water-

exposed 

(¡) 

Pristine 

(¡) 
Water-

exposed 

(¡) 
5.265 5.818 6.038 6.036 5.793 5.419 5.717 5.642 
5.617 5.75 5.849 5.676 5.855 5.306 5.826 5.664 
5.821 6.626 5.996 7.1* 5.824 4.681 5.652 6.48* 
5.861 5.412 5.978 6.087 5.93 4.956 5.823 5.719 
5.759 5.97 5.889 6.58 5.797 4.788 6.076 5.866 
5.563 6.367 5.623 6.19 5.93 5.753 5.9 5.625 
6.071 6.211 5.647 5.322 5.625 5.599 6.015 5.63* 
5.991 5.62 5.651 5.754 5.626 5.45 6.018 4.42* 
2.644 7.488 5.319 7.04* 5.562 5.3125 5.958 5.34 

 6.34  4.52* 5.564 5.283 5.966 5.266 
 5.63  6.78*  5.629   

 6.72  5.02*     

   6.195     
 

Data point taken on 5 interlayer spacings.  

*Data point taken on a single interlayer spacing 

 

Unless otherwise noted, measurements were taken across 10 interlayer spacings (between 

11 oxide layers) from HAADF-STEM images, using ImageJ. 
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Figure 6. STEM images of the layered structure of the four compositions of P2 oxides before (a, 

c, e, g) and after (b, d, f, h) water exposure (scale bar = 2 nm) indicate that the NaNMFe and 

NaNMCo experience an increase in interlayer spacing with water exposure along with more 

interlayer spacing disorder, while NaNMCu and NaMCu retain the same interlayer spacing. 

HAADF-STEM images courtesy of Dr. Rohan Dhall. 

 

TGA was performed on each composition before and after water exposure to further 

characterize the effect of water intercalation into the interlayer (Fig. 7). The pristine materials 

exhibit a small amount of mass loss from water adsorption following their short (~30 minute) 



   

47 

 

exposure to ambient air. After water exposure, all four compositions exhibit increased mass loss 

between ~ 70 and 300°C that is due to the loss of both surface and interlayer water. The amount 

of water lost from NaNMFe and NaNMCo is significantly greater than that lost from NaNMCu 

and NaMCu, which correlates well with the variation in interlayer spacing before and after water 

exposure measured with XRD and STEM. Given the lack of interlayer spacing change in NaMCu 

from XRD and STEM, the mass loss from water-exposed NaMCu (~ 0.13 mol of H2O) is likely 

entirely due to adsorbed surface water. Also, given that the surface area, morphology, and 

hydrophilicity of each of the four compositions is similar, it can be assumed that all four materials 

exhibit similar amounts of surface-adsorbed water. With these assumptions and the TGA results, 

the compositions after water exposure are: NaNMFe·0.32H2O, NaNMCo·0.44H2O, NaNMCu, and 

NaMCu, where the amount of water indicates structural water in the interlayer. Overall, both local 

and average structural characterization techniques demonstrate that the reactivity of layered oxides 

with water decreases when copper is substituted into the transition metal layer, consistent with 

prior studies.135,150,153,165 
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Figure 7. TGA of the pristine powders immediately after removal from the glovebox and of the 

water-exposed powders after 16 days. The pristine powders (dashed lines) show a small mass loss 

due to adsorbed water. Both a) NaNMFe and b) NaNMCo show clear steps corresponding to the 

removal of interlayer water, while c) NaNMCu and d) NaMCu show small steps that can be 

attributed to water adsorbed onto the surface. 

 

The XRD, ICP-OES, SEM, and STEM results indicate that the as-synthesized materials of 

each composition are iso-structural, have similar Na+ content, and exhibit similar morphologies. 

This permits the exploration of the effect of transition metal composition on the materialsô 
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electrochemical activity in a neutral-pH aqueous Na+ electrolyte. Each composition was 

electrochemically cycled in a 1 M Na2SO4 electrolyte, which has a pH of ~ 6. Figure 8 shows the 

first and second CVs of each composition between 0 ï 0.8 V at 0.1 mV s-1. All four P2 oxides 

exhibit electrochemical activity in this potential range, but in contrast to their similar structures 

and morphologies, each composition exhibits a unique electrochemical response. The first anodic 

cycle of all four compositions shows redox peaks, with a subsequent decrease in capacity and peak 

definition depending on composition. NaNMFe exhibits poorly-defined redox peaks and a semi-

rectangular CV even in the first cycle, with no distinct peaks in the second cycle. NaNMCo exhibits 

defined redox peaks in the first cycle, but adopts a more rectangular, capacitive CV after the first 

cycle. NaNMCu exhibits more defined redox peaks than NaNMCo, and retains these peaks and a 

slightly higher capacity in the second cycle. NaMCu exhibits well-defined redox peaks in both the 

first and second cycle. This is a significant difference from the non-aqueous CVs of these P2 

oxides, which typically exhibit defined redox peaks and little capacitive background.135,157,160,161 

The development of more capacitive CVs is indicative of the lack of well-defined potentials for 

ion intercalation into the interlayer, which is similar to the electrochemical behavior of hydrated 

birnessite.180,190,194 Table IV shows the capacities and Coulombic efficiencies (CE) for the first 

and second cycles of all four materials. The most water-sensitive compositions, NaNMFe and 

NaNMCo, show the highest 1st cycle capacities and highest CEs, indicating irreversible Na+ 

deintercalation during the first anodic sweep. The more water-stable materials exhibit more 

reversible electrochemistry with lower 1st cycle capacities and CEs nearer to 1.  
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Figure 8. Electrochemistry of the four compositions of P2 oxides in an aqueous Na+ electrolyte at 

0.1 mV s-1: a) NaNMFe exhibits a semi-rectangular CV even in the first cycle, b) NaNMCo 

exhibits defined redox peaks in the first cycle and an almost rectangular CV in the second, c) 

NaNMCu retains most of its redox peaks during the second cycle, indicating higher retention of 

the P2 phase, and d) NaMCu also retains most of its redox peaks and thus the P2 structure. ñA.Bò 

represents an acetylene black electrode on Ti mesh; it demonstrates that the measured current is 

primarily from the redox activity of the transition metal oxide particles in the electrode. 
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Table IV. Anodic capacities and Coulombic efficiencies of the four compositions of P2 oxides in 1 

M aqueous Na2SO4 electrolyte cycled at 0.1 mV s-1. 

Material 

1st cycle anodic 

capacity 

(mAh g-1) 

1st cycle 

CE 

2nd cycle anodic 

capacity  

(mAh g-1) 

2nd 

cycle 

CE 

Initial Na+ 

content 

Na+ 

remaining 

after 1st 

anodic cycle 

NaNMFe 47.7 2.30 16.6 0.90 0.62 0.39 

NaNMCo 60.9 1.54 31.9 0.95 0.61 0.44 

NaNMCu 32.0 1.58 19.5 1.11 0.64 0.52 

NaMCu 30.4 0.99 24.9 0.97 0.64 0.52 

 

The water exposure results and the varied electrochemical behavior of these four 

compositions indicate that their structural response to electrochemical cycling in aqueous 

electrolytes is not uniform. To investigate the intercalation mechanism in aqueous electrolytes in 

this class of materials, ex situ XRD of the electrodes was performed before and after cycling at 0.1 

mV s-1 in 1 M Na2SO4 electrolyte to determine the structural implications of aqueous 

electrochemistry (Figure 9). Both NaNMFe and NaNMCo transform almost entirely to a phase 

with a larger interlayer spacing of ~ 7 Å. While the formation of such a birnessite-like phase was 

observed upon exposure to water (Figure 5), it is clear that electrochemical cycling leads to even 

more water intercalation into the structure. NaNMCu partially transforms, and exhibits a two-

phase structure after cycling with some retained P2 phase, while NaMCu remains completely in 

the P2 structure. These results indicate that electrochemical cycling leads to further water 

intercalation into P2 oxides, but that this reactivity can be decreased by the substitution of copper 

into the transition metal oxide layer. 
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Figure 9. Ex situ XRD of slurry electrodes before (a) and after (b) electrochemical cycling in 1 M 

Na2SO4 aqueous electrolyte. a) Before electrochemical cycling, the (002) peak of the P2 phase is 

at the same position for all compositions indicating similar Na+ content and interlayer spacing.  b) 

After electrochemical cycling, NaNMFe and NaNMCu almost completely transform to a 

birnessite-like phase. NaNMCu partially transforms, while NaMCu retains the P2 phase and the 

highest final Na+ content, as indicated by the slightly higher position of the (002) peak at ~ 17 °.184 

 

 According to the initial composition of each material in Table I, and assuming no parasitic 

reactions or H+ or H3O
+ co-intercalation, the Na+ content after the first anodic cycle is 0.44 for 

NaNMFe, 0.39 for NaNMCo, 0.52 for NaNMCu, and 0.52 for NaMCu. NaNMCo is the only 

material to be electrochemically oxidized to a Na+ content close to 0.35 Na+. However, Na+ is 

spontaneously extracted from these materials upon atmospheric or water exposure,136 so the actual 

final Na+ content is likely lower than predicted by the first anodic capacity. When cycled in non-

aqueous electrolytes, the average redox potential of P2 oxides increases with substitution of a first 

row transition metal of increasing atomic number, from Fe to Cu.157,165,195 This higher redox 

potential means less Na+ can be extracted between 0 ï 0.8 V, which causes the decreased water 
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intercalation during electrochemical cycling and the lower capacity of the Cu-substituted 

materials. The increased Na+ content stabilizes the material interlayer and reduces its affinity for 

water. According to this hypothesis, the NaMCu does not transform to a birnessite-like phase 

because its higher redox potential limits Na+ extraction in the aqueous electrolyte.  

 

2.4.3 High pH Electrochemistry 

In an aqueous electrolyte, there is the possibility of H+ or H3O
+ intercalation rather than 

Na+ intercalation. To determine whether the intercalating species is Na+ or H+, pristine NaNMCo 

electrodes were cycled at 1 mV s-1 in aqueous Na2SO4 electrolytes of pH 6, 9, 11, and 13 followed 

by XRD characterization. According to the Nernst equation,21 the potential at which intercalation 

or deintercalation occurs should shift with concentration of the intercalating species: 
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where: 

E°:   formal potential 

[A
+
]: concentration of Na

+
 or H

+
  

aox = ared: activity of the solid phases undergoing redox reaction 

R:    gas constant 

T:     temperature 

n:     e
-
 transferred (~ 0.3) 

F:     Faraday constant 

 

Here, the oxidized (ox) phase is Na0.6-xMO2, and the reduced (red) phase is Na0.6MO2. The 

activity of both of these solid phases is 1. Table V shows the calculated redox peak shifts from the 
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formal potential for electrolytes of pH 6, 9, 11, and 13, with n = 0.3 and T = 25°C. A redox peak 

shift of ~ 1 V (due to an electrolyte pH change from 6 to 13) would indicate H+ intercalation, while 

invariant redox peaks with increasing pH would indicate Na+ intercalation.21,58 

 

Table V. Calculated redox peak shifts (from E°) for Na+ or H+ intercalation as a function of 

increasing electrolyte pH. 

pH Na+ (V) H+ (V) 

6 0.059 -1.2 

9 0.059 -1.8 

11 0.059 -2.2 

13 0.064 -2.6 

 

If H+ were the intercalating species, the redox peaks would shift negatively and out of the 

investigated potential range (0 ï 0.8 V) with increasing pH. For Na+ as the intercalating species, 

the redox peak shift would only increase by a maximum of 5 mV.  

 

Figure 10a shows the CVs of electrodes cycled from 0 - 0.6 V in electrolytes of pH 6 to 

13. During the first cycles, the redox peak potentials of the NaNMCo at each pH show little 

variation as H+ concentration decreases significantly from 10-6 M to 10-13 M. The as-prepared 

electrolyte had a pH of ~ 6, with 2 M Na+ to 10-6 M H+ and thus a significantly higher probability 

of Na+ intercalation than H+. The invariant redox peaks and similar current density as electrolyte 

pH varies strongly indicate that the intercalation mechanism is likely primarily due to Na+ 

intercalation rather than H3O
+.21,58,190  Ex situ XRD (Figure 10b) was conducted to determine the 
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structural effects of electrochemical cycling with varying pH. The results indicate that regardless 

of pH, NaNMCo transforms into two phases after cycling to 0.6 V. Figure 11 shows the effect of 

cycling the NaNMCo to a higher anodic potential of 0.8 V as a function of electrolyte pH. The ex 

situ XRD (Figure 11b) results show that regardless of pH, when cycled to a higher anodic 

potential, NaNMCo almost completely transforms into the birnessite-like phase. This supports the 

hypothesis that the transformation to a hydrated birnessite-like phase is driven by the increased 

electrostatic repulsion between the oxygen anions across the interlayer as the amount of Na+ 

decreases during electrochemical cycling, which is determined by the maximum anodic potential.  

 

Figure 10. Effect of the 1 M Na2SO4 electrolyte pH on the electrochemical behavior of NaNMCo: 

a) First cycle CVs of NaNMCo between 0 ï 0.6 V show similar redox peak positions as a function 

of electrolyte pH, with slightly higher current response at pH 13 due to increased OER activity. b) 

Ex situ XRD of the electrodes cycled to 0.6 V show the formation of two phases after cycling 

regardless of pH. Due to the limited Na+ extraction at 0.6 V, the electrodes cycled at each pH only 

partially transform to the birnessite-like phase.  
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Figure 11. a) First cycle CVs of NaNMCo between 0 ï 0.8 V at pH 6, 9, and 11, showing similar 

redox peak positions as a function of pH. b) Ex situ XRD of the electrodes cycled to 0.8 V shows 

that by cycling to a higher anodic potential, NaNMCo (regardless of electrolyte pH) almost 

completely transforms into a hydrated birnessite-like phase. 

 

2.4.4 Effect of Potential Window on the Interlayer Affinity for Water of P2 Oxides in 

Aqueous Electrolytes 

To test the hypothesis that the Na+ content remaining in the interlayer determines the 

interlayer affinity for water in P2 oxides cycled in aqueous electrolytes, NaNMCo and NaMCu 

were cycled between 0 ï 0.8 V and 0 ï 1.1 V (2.9 ï 3.7 and 4.0 V vs. Na/Na+). These compositions 

were chosen because NaNMCo shows a phase transformation with water exposure and NaMCu 

showed no reactivity over the more narrow 0 ï 0.8 V potential window. Figure 12 shows the CVs 

of both compositions over each potential window at 0.5 mV s-1. The additional 0.3 V does not alter 

the CV of NaNMCo (Figure 12a and b). However, the CVs of NaMCu cycled to 1.1 V (Figure 

12d) shows the first cycle loss of redox peaks.  
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Figure 12. Electrochemical cycling at 0.5 mV s-1 in 1 M Na2O4 of a) NaNMCo from 0 ï 0.8 V, b) 

NaNMCo from 0 ï 1.1 V, c) NaMCu from 0 ï 0.8 V, and d) NaMCu from 0 ï 1.1 V. Each has an 

acetylene black (ñA.B.ò) background at 0.5 mV s-1 for reference. 

 

Figure 13a shows that the increase in anodic potential increases the first cycle anodic 

capacity from 65 to 83 mAh g-1 for NaNMCo, and from 29 to 60 mAh g-1 for NaMCu. The 0.5 

mV s-1 sweep rate used for the cycling stability tests correlates to a 2.27C rate in a galvanostatic 

cycling experiment. At a ~ 2C rate in non-aqueous electrolytes over a ~ 1.5 ï 2 V wide potential 

window, the capacities of these P2 oxides are 88 mAh g-1 for NaNMCo196 and ~ 45 mAh g-1 for 
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NaMCu.165 These values indicate that in the first anodic cycle, the electrochemical behavior of the 

P2 oxides in aqueous electrolytes is similar to the non-aqueous electrolytes and that there is good 

utilization of the active material. Figure 13b shows that both NaNMCo and NaMCu cycled to 1.1 

V experienced large irreversible anodic capacity loss in the first cycle.  After 50 cycles at 0.5 mV/s, 

the XRD patterns (Figure 13c) show formation of a birnessite phase in both NaNMCo and NaMCu 

cycled to 1.1 V. This supports the hypothesis that the interlayer affinity for water is due to the 

amount of Na+ remaining in the interlayer as determined by the redox potential of the transition 

metals in the oxide, which is conceptualized in Figure 14. The broad XRD peak in the NaNMCo 

electrodes at ~ 18 ° was attributed to a contracted interlayer spacing observed at low Na+ content 

when cycling in non-aqueous electrolytes,165,197ï200 and the new peak at ~ 24.5 ° may also result 

from the increasingly disordered structure.   

 

 

Figure 13. Cycling stability of NaNMCo and NaMCu at 0.5 mV s-1 in 1 M Na2SO4 over two 

different potential windows. a) Anodic capacity, b) Coulombic efficiency, and c) ex situ XRD of 

the electrodes after 50 cycles at 0.5 mV s-1. * indicates the P2 phase, while ǅ indicates the birnessite 

phase. 
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Figure 14. Schematic of the transformation from a P2 oxide to a birnessite-type oxide with Na+ 

deintercalation in aqueous electrolytes. The electrostatic repulsion between facing oxygen anions 

increases the interlayer spacing of the P2 oxide with Na+ deintercalation. At a certain amount of 

Na+ in the interlayer (~ 0.4 Na+ per formula unit), which can be controlled by the transition metal 

M content and the applied maximum anodic potential Vmax, water is intercalated into the interlayer, 

transforming the structure to a birnessite-like phase. 

 

The structural transformation into a birnessite phase also led to significant particle damage. 

SEM images of NaNMCo and NaMCu before and after cycling to 0.8 and 1.1 V in Figure 15 show 

that the intercalation of water severely exfoliates and damages the oxides. This same damage 

occurred in NaNMCo after water exposure (and no electrochemical cycling) (Figure 16). The 

NaMCu cycled to 0.8 V, which did not show a birnessite phase transition, did not have this same 

degree of damage.  
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Figure 15. SEM images showing the microstructural effects of water intercalation in P2 oxides. 

a) Pristine NaNMCo, b) NaNMCo after 50 cycles to 0.8 V, c) NaNMCo after 50 cycles to 1.1 V, 

d) pristine NaMCu, e) NaMCu after 50 cycles to 0.8 V, and f) NaMCu after 50 cycles to 1.1 V. 

The water intercalation and transformation to a birnessite phase cause large sections of the particles 

to delaminate, and even fracture. All materials exhibited an increase in surface roughness with 

cycling, but NaMCu showed very little exfoliation after cycling to 0.8 V. 100 nm scale bar. 
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Figure 16. Scanning electron micrograph of a NaNMCo particle after water exposure. 

 

2.4.5 Electrochemical Impedance Spectroscopy 

EIS was used to characterize the changes in the charge transfer resistance and diffusion 

coefficient of the electrodes after electrochemical cycling to 0.8 V. To quantify these terms, the 

impedance results were modeled with the equivalent circuit in Figure 17, where:  

¶ Rs represents the electrolyte solution resistance  

¶ The first parallel circuit, consisting of CPE1 and R1, represents the high frequency 

capacitance and resistance, respectively. CPE is a frequency-dependent constant-phase 

element (ὅὖὉ ὄὮ‫ ); B and n (0 < n < 1) are frequency-independent constants.      

¶ The second parallel circuit is a Randles-type circuit which represents the lower frequency 

impedance associated with bulk ion intercalation. It consists of a constant phase element 

(CPE2), a charge-transfer resistance (Rct), and a Warburg element (Zw) that represents the 

impedance associated with ion diffusion in the solid state (ὤ  ).     

 

Figure 18a and b show the Nyquist plots of NaNMCo and NaMCu cycled to 0.8 V, 

where the markers indicate the measured data points and the lines represent the equivalent circuit 
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model fit. The slopes of the lines in Figure 18c and d were used to calculate the Na+ diffusion 

coefficient: 

Ὀ
ὙὝ

ςὃὲὊὅ„
 

where D is the diffusion coefficient (cm2 s-1), R is the gas constant, T is the temperature, 

A is the area of the electrode, n is the number of electrons transferred per ion intercalated, F is 

the Faraday constant, C is the ion concentration, and ů is the slope of the real component of the 

impedance [Re(z)]  vs. ɤ-1/2.201 Table VI  shows the calculated results. 

 

Figure 17. Equivalent circuit used for modeling the EIS results.  

 

Table VI . Calculated values for Rs, Rct, and D for NaNMCo and NaMCu before and after 

cycling to 0.8 V vs. Ag/AgCl. 

Cycle Number 

NaNMCo NaMCu 

Rs (ɋ) Rct (ɋ) D (cm2 s-1) Rs (ɋ) Rct (ɋ) D (cm2 s-1) 

0 0.45 27 4.97 x 10-7 0.82 12 4.10 x 10-7 

10 0.44 39 1.67 x 10-8 0.80 34 6.00 x 10-8 
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Figure 18. EIS results of NaNMCo and NaMCu before and after cycling to 0.8 V for 10 cycles at 

0.5 mV s-1. a) Nyquist plot of NaNMCo and b) NaMCu showing a large increase in charge transfer 

resistance after cycling. Real impedance [Re(z)] vs. ɤ-1/2 for c) NaNMCo and d) NaMCu before 

and after cycling, where the slope of the linear region was used in the calculation of the diffusion 

coefficient. 

 

The capacity decline of the NaMCu cycled to 0.8 V is likely due to an increase in the charge 

transfer resistance (Table VI ). The mechanism of capacity fade in NaMCu cycled to 0.8 V is likely 

similar to its behavior in non-aqueous electrolytes, which showed no significant changes in the 

XRD patterns before and after cycling even though there was a systematic decrease of redox peak 
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intensities during electrochemical cycling.165 While cycling to 1.1 V improved the capacity of 

NaMCu, the EIS results showed a large increase in the charge transfer resistance after the first 10 

cycles (Fig. 18). In the case of NaNMCo, which transformed to a birnessite phase and had 

significant particle exfoliation, Table VI  shows that the diffusion coefficient decreased and the 

charge transfer resistance increased after the first 10 cycles. This suggests that Na+ diffusion within 

the NaNMCo was impeded either by the structural disorder after water intercalation, or by the 

interlayer water itself. While the water may act as a diffusion barrier, the particle damage from 

water intercalation shown in Figure 15b, c, and f indicates that particle exfoliation and fracture 

also contributed to the rise in impedance, and especially charge transfer resistance, after cycling.  

 

2.5 Conclusions 

This study establishes the interlayer chemistry and charge storage mechanism of P2 layered 

Na+ oxides in aqueous electrolytes. At a critical interlayer Na+ content (~ 0.4 Na+ per formula 

unit), water intercalates into the materials which leads to formation of a birnessite-like layered 

structure and severe exfoliation of the particles. The potential at which the critical Na+ content is 

reached is controlled by the redox potential of the oxides, which is in turn determined by the 

transition metal composition. While these P2 oxides experience a large capacity loss due to the 

transformation to a birnessite-like phase, their first cycle capacities are comparable to those 

obtained with non-aqueous electrolytes. Decreasing the particle size of the P2 oxides may enable 

higher capacity retention by allowing the particles to expand and contract more uniformly during 

cycling, while maintaining good contact within the composite electrode. Additionally, this type of 

electrochemically-induced exfoliation process may be useful for synthesis of nanosheets of these 

materials. Overall, this work provides fundamental understanding of the effects of the transition 

metal composition on the aqueous interlayer chemistry and electrochemical activity of manganese-
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rich P2 layered Na+ oxides, which are of interest for aqueous Na+ energy storage and desalination 

applications. 
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CHAPTER 3 

High Power Energy Storage via Electrochemically Expanded and Hydrated Manganese 

Oxides 

Preface 

The work in this chapter is accepted for publication in Frontiers in Chemistry: 

Electrochemistry as ñHigh Power Energy Storage via Electrochemically Expanded and Hydrated 

Manganese Oxidesò by Shelby Boyd, Natalie R. Geise, Michael F. Toney, and Veronica Augustyn. 

The previous chapter showed that P2 oxides are unsuitable for use as cathodes in aqueous 

electrolytes, as particle expansion upon water intercalation leads to electrode failure. In this work, 

we further investigate the implications of water intercalation into these micron-sized particles. 

Many applications, from electric vehicles to smart grids, could benefit from electrochemical 

energy storage devices made with abundant materials and with high power densities. 

Electrochemical capacitors are attractive for these applications because they have intermediate 

energy densities relative to batteries and dielectric capacitors, typically charge in a few seconds, 

and can last ~1,000,000 cycles. The most widely used approach to increase the capacitance of 

electrochemical capacitor electrodes is to increase their surface area. However, the high surface 

area of nanostructured materials leads to low volumetric capacitance and increases the potential 

for parasitic reactions with the electrolyte. In this work, we present a scalable strategy for 

producing micron-scale hydrated manganese oxide particles that exhibit capacitive behavior and a 

greater volumetric capacitance than commercially available activated carbon at charge/discharge 

timescales of up to 40 seconds. These results demonstrate that bulk layered materials can be 

engineered into effective electrochemical capacitor electrodes by controlling the interlayer 

chemistry to enable particle expansion and interlayer hydration. 
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3.1 Abstract 

Understanding the materials design features that lead to high power electrochemical energy 

storage is important for applications from electric vehicles to smart grids. Electrochemical 

capacitors offer a highly attractive solution for these applications, with energy and power densities 

between those of batteries and dielectric capacitors. To date, the most common approach to 

increase the capacitance of electrochemical capacitor materials is to increase their surface area by 

nanostructuring. However, nanostructured materials have several drawbacks including lower 

volumetric capacitance. In this work, we present a scalable ñtop-downò strategy for the synthesis 

of EC electrode materials by electrochemically expanding micron-scale high temperature-derived 

layered sodium manganese oxides. We hypothesize that the electrochemical expansion induces 

two changes to the oxide that result in a promising electrochemical capacitor material: (1) 

interlayer hydration, which improves the interlayer diffusion kinetics and buffers intercalation-

induced structural changes, and (2) particle expansion, which significantly improves electrode 

integrity and volumetric capacitance. When compared with a commercially available activated 

carbon for electrochemical capacitors, the expanded materials have higher volumetric capacitance 

at charge/discharge timescales of up to 40 seconds. This shows that expanded and hydrated 

manganese-based oxide powders are viable candidates for electrochemical capacitor electrodes.  

 

3.2 Introduction 

Electrochemical energy storage plays ever-increasing roles in our daily lives by powering 

everything from portable electronics to electric vehicles. Electrochemical capacitors (ECs) are a 

class of energy storage devices with intermediate energy and power between those of batteries and 

dielectric capacitors. Commercialized ECs are highly attractive for diverse applications requiring 
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reliability, large currents, and high energy efficiency. They exhibit specific energy of up to 10 

Wh/kg, specific power of up to 30 kW/kg, typical charge/discharge timescales on the order of 

seconds, and lifetimes of up to ~ 1,000,000 cycles.22,36 Most commercialized ECs store energy by 

the rapid (within seconds) formation of the electric double layer (EDLC) at the 

electrode/electrolyte interface. This mechanism can give rise to specific capacitance values of up 

to 150 F/g when the electrolyte ion size matches the average pore size of the electrode material.202 

Another capacitive energy storage mechanism, termed pseudocapacitance, uses fast and reversible 

redox reactions in materials such as transition metal oxides and can lead to capacitances > 150 

F/g.203  

Increasing the energy density and reducing the cost of ECs require the development of new 

electrode materials that exhibit high energy storage performance and are made from abundant 

elements via scalable synthesis processes. Thus far, the search for new EC materials has primarily 

focused on the synthesis of nanostructured materials. This improves the power density by 

increasing the interfacial area between the electrode and electrolyte, and reducing the solid-state 

diffusion distance within the particles.42,44,204,205 However, the high surface area of nanostructured 

particles can lead to undesirably low volumetric capacitance electrodes and increased parasitic side 

reactions with the electrolyte.206,207 Therefore, there is a need for high-power energy storage 

materials that match the rate performance of high surface area materials but exhibit higher 

volumetric capacitance, as well as scalable strategies to synthesize such materials.  

Commonly studied materials for ECs include transition metal oxides with hydrated 

interlayers. Oxides such as V2O5·xH2O, WO3·2H2O, and birnessite (typical formula 

KxMnO2·nH2O) show pseudocapacitive behavior in aqueous electrolytes due to reversible cation 

intercalation.15,178,181,194,208,209 The interlayer water in these materials is hypothesized to enable fast 
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energy storage by buffering structural changes during cycling, reducing transition metal 

dissolution into the electrolyte, and/or improving the interlayer diffusion kinetics of intercalating 

cations. 20,208,210 In particular, birnessite manganese oxides are promising EC materials due to the 

abundance and safety of manganese. However, their low crystallinity and commonly nanoscale 

particles result in low material utilization and therefore low volumetric capacitance in thick 

electrodes.96 Developing  material synthesis techniques to produce micron-scale transition metal 

oxide particles with hydrated interlayers could lead to high volumetric capacitance EC electrodes.  

To address this, we propose the use of electrochemically expanded and hydrated 

manganese oxides based on P2 oxides of the formula Na0.67MO2. Here, M is a combination of 

manganese and other transition metals and P2 indicates the prismatic (P) coordination of Na+ and 

éABBAé stacking of the oxygen layers. The high temperature (~ 900°C) synthesis of the P2 

oxides leads to micron-scale primary particles with surface areas of ~ 1 m2/g.211 P2 Na0.67MO2 are 

widely studied for non-aqueous sodium ion battery cathodes, but often exhibit poor cyclability due 

to the Jahn-Teller distortion and dissolution of the Mn atoms during electrochemical cycling, and 

poor electronic and ionic conductivity.19,194,212,213 However, these materials could be promising as 

EC electrode materials due to their tendency to form hydrated phases under ambient 

conditions.137,140,214 In our previous work, we established that these structures are also susceptible 

to water intercalation upon electrochemical cycling in aqueous electrolytes.214 This causes a 25% 

c-axis expansion and a phase transformation to a birnessite-like structure that exhibits capacitive 

electrochemical behavior. However, the large structural change causes particle detachment from 

the electrode, which results in severe capacity decline. The capacitive response of the expanded, 

hydrated oxide led us to consider whether it was possible to perform the expansion prior to 

electrode assembly. The resulting expanded micron-sized particles of manganese-based oxide with 
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hydrated interlayers could then be used for high rate capability and high volumetric energy density 

EC electrodes with improved stability upon extended cycling.  

In this work, we present a scalable ñtop-downò strategy for the synthesis of EC electrode 

materials by electrochemically expanding micron-scale high temperature-derived layered 

manganese oxides. The batch process was inspired by the electrochemical exfoliation methods 

developed  for large sheet graphite and MoS2.
166ï168 Assembly of the expanded materials into 

electrodes leads to high power capacitive energy storage. Comparison with commercial activated 

carbon shows that the oxides exhibit similar rate capability but higher volumetric capacitance. We 

intended to also compare these materials to crystalline nanomaterials, but ran into difficulties 

detailed in Appendix A. We hypothesize that the electrochemical expansion enables high power 

and high volumetric capacitance via two important changes in the oxide: (1) interlayer hydration, 

which improves interlayer diffusion kinetics while also buffering intercalation-induced structural 

changes, and (2) particle expansion, which significantly improves electrode integrity and 

volumetric capacitance. 

 

3.3 Materials and Methods 

3.3.1 Materials Synthesis: Bulk Powders 

A coprecipitation and calcination method was used to prepare the micron-scale layered 

oxide powders with a P2 structure. 214 Briefly, a 2:1 ratio of Mn(CH2CHOO)2·4H2O and 

Cu(CH2CHOO)2 (Alfa Aesar) were dissolved in deionized water, and added at ~ 1 drop/s into a 

stirred aqueous NaOH (Fisher Scientific) solution of pH ~12. After aging for ~1 hour, the 

Mn0.62Cu0.31(OH)2 precipitate was washed until pH neutral, filtered, and dried overnight at 120 °C. 

The hydroxide precursor was ball milled in ethanol for 24 hours. After drying the material again, 
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Na+ was added in a 0.74 : 1 molar ratio of Na+ : MCu(OH)2 by mixing the precursor and NaOH in 

DI water for 1 hour at room temperature and then heating it at 100 °C on a stir plate until dry. The 

dried powder was ground with a mortar and pestle to break up any large chunks, and annealed at 

500 °C for 5 hours. After cooling to room temperature, the powder was ground for 15 minutes 

before calcination at 850 °C for 6 hours and subsequent transfer to an inert-atmosphere glovebox 

(< 1 ppm H2O and O2) while at ~70 °C. The calcined powder was ground with a mortar and pestle 

for 30 minutes in the glovebox. The composition of the as-synthesized material was 

Na0.64Mn0.62Cu0.31O2, abbreviated NaMCu. A Ni-containing material, Na0.64Ni0.22Mn0.66Cu0.12O2 

(NaNMCu), was synthesized in the same manner. 

 

3.3.2 Materials Synthesis: Electrochemical Expansion 

To electrochemically expand and hydrate the P2 powders, ~ 0.5 g of the material was 

placed into an electrolyte-permeable and electronically-connected pouch acting as the positive 

electrode in a two electrode cell, vs. a Ni foam negative electrode. The pouch was made by folding 

double-layer dialysis tubing (Thermo Scientific SnakeSkin®, 10,000 MWCO, 22 mm diameter) 

around a coiled Pt wire electrode (Pine Instruments, 99.99% pure) and sealing it with parafilm 

(Fig. 1). The dialysis tubing held the NaMCu powder near (and optimally in contact with) the Pt 

wire. After ensuring that the 0.5 M K2SO4 (Fisher Scientific) electrolyte fully wet the dialysis 

tubing, +4 V was applied to the cell for 24 hours. After expansion, the pouch was rinsed and cut 

open. The expanded material was washed out of the pouch using DI water, and centrifuged at 4500 

RPM for 3-5 minutes to remove excess water. The powders were rinsed at least twice more to 

remove all electrolyte salt, and centrifuged after each rinse. Finally, the expanded powder was air 

dried at room temperature. 
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Figure 1. Fabrication of the expansion pouch. (A) Dialysis tubing folded over on itself to form a 

double-layer wall, with one end folded into a point to thread through the Pt wire coil. (B) The 

threaded dialysis tubing with parafilm securing the folded end to the Pt wire. (C) After folding the 

tubing over the Pt wire and filling the pouch with P2 NaMCu powder, parafilm secures the outer 

wall of the pouch as well. 

 

3.3.3 Methods: Synchrotron X-ray Diffraction  

Synchrotron X-ray diffraction (XRD) was performed at the Stanford Synchrotron 

Radiation Lightsource (SSRL) on beamline 7-2 with a 14.013 keV beam. The operando diffraction 

patterns were collected with a Pilatus 300K area detector (DECTRIS Ltd.) in portrait mode, in a 

Bragg-Brentano (q - 2q) reflection geometry at a sample-to-detector distance of 750 mm. XRD 

patterns were taken with the middle of the detector at 11.4 and 23.0 Á2ɗ with a 3-second exposure 

every 20 seconds while cycling the electrode at 0.5 mV/s. After calibrating the detector geometry 

(tilts and distance) with LaB6, the area diffraction patterns were reduced to one dimensional 

intensity vs. 2ɗ patterns with the pyFAI library.215 The electrochemical cell consisted of a 1 M 

Na2SO4 (Fisher Scientific) electrolyte, a Pt counter electrode, and a miniature leakless Ag/AgCl 

reference electrode (eDAQ ET072-1) using a cell developed for in situ electrochemical X-ray 

scattering.179,216 The preparation of the working electrode is discussed in more detail in Section 

2.5. Briefly, an 8 : 1 : 1 slurry of the P2 oxide, acetylene black, and polyvinylidene fluoride was 
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prepared in n-methyl pyrrolidone, cast onto a plasma-cleaned platinized silicon substrate (MTI 

Corp.), and dried at 120 °C overnight. 

 

3.3.4 Methods: Physical Characterization 

XRD was used to determine the structure of the as-synthesized P2 and expanded powders, 

and the electrodes before and after electrochemical cycling. XRD was performed with standard 

Bragg-Brentano geometry and Cu-Kὥ radiation (PANalytical Empyrean). The powder samples 

were rotated at 7.5 RPM, while the electrodes remained stationary. Scanning electron microscopy 

(SEM, FEI Verios 460L) was used to determine the morphology of the P2 powders before and 

after expansion, as well as after electrochemical cycling. The water content of the expanded 

samples was measured with thermogravimetric analysis (TGA; SII EXSTAR6000 TG/DTA6200), 

using aluminum pans to hold ~12 mg of powder, and heating in air at 5 °C /min from 25-300 °C. 

 

3.3.5 Methods: Electrochemical Characterization 

Electrode Preparation: The electrochemical behavior of the expanded particles was 

characterized using slurry electrodes cast onto either Ti mesh or foil (Alfa Aesar). The metal 

substrates were cleaned by sonication in ethanol, after which the mesh electrodes were dried and 

coated with slurry. The working face of the Ti foil was etched with sandpaper to improve slurry 

adhesion while the back of the foil electrode was covered with Kapton tape to minimize its current 

contribution during electrochemical cycling. The electrode was then plasma cleaned (Harrick 

Plasma PDC-32G) for 3 minutes also to improve slurry adhesion.  

The slurry composition varied depending on the type of current collector (mesh or foil). 

We found that for the expanded oxide on Ti mesh, a slurry composition of 80 wt% active material, 
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17.5 wt% acetylene black (Alfa Aesar), and 2.5 wt% polyvinylidene fluoride (PVDF, Arkema 

Kynar KV 900) gave good adhesion to the mesh and the best rate capability. The acetylene black 

slurries, used to understand the current contribution from the conductive carbon additive, consisted 

of 67 wt% acetylene black and 33 wt% PVDF. To compare the electrochemically expanded 

NaMCu to commercial activated carbon on a volumetric basis, we used foil current collectors. For 

the activated carbon slurry on Ti foil, 90 wt% YP50 activated carbon (Kuraray Co., Ltd.) was 

combined with 10 wt% PVDF. The expanded oxide slurry on Ti foil consisted of 80 wt% active 

material, 15 wt% acetylene black, and 5 wt% PVDF. The dry components of each slurry were 

ground for 5 minutes before adding n-methyl pyrrolidone (NMP; Sigma Aldrich) and stirring 

overnight on a magnetic stir plate at 990 RPM. After painting the slurry onto the current collector, 

the electrodes dried for several hours at room temperature in the fume hood. At this point, the foil 

electrodes were placed between a folded weigh paper and calendared to the approximate thickness 

of the electrode-weigh paper assembly with a rolling mill (Durston) before transfer to an oven at 

120 °C. We transferred the mesh electrodes directly from the fume hood to the oven at 120 °C, 

where they dried for several hours before calendaring to 125 µm between the sheets of a folded 

weigh paper. The final thickness of the mesh electrodes was approximately 90 µm.  

Electrochemistry: All electrodes were tested with a three-electrode set up in glass 50 mL 

round bottom flasks with an aqueous 0.5 M K2SO4 (Fisher Scientific) electrolyte, using an 

Ag/AgCl in 3.5 M KCl reference electrode (Pine Instruments) and a platinum wire counter 

electrode (99.997%, Alfa Aesar). All tests used Ni-plated stainless steel alligator clips to hold the 

working and counter electrodes in the electrolyte. The cyclic voltammetry was performed with a 

Biologic MPG2 potentiostat. Electrochemical data was analyzed using Matlab code (Appendix B). 
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3.4 Results and Discussion 

3.4.1 Mechanism of Electrochemical Expansion 

To determine the mechanism of electrochemical expansion and interlayer hydration of P2-

type layered sodium manganese oxides in aqueous electrolytes, we performed operando XRD 

during cyclic voltammetry of NaMCu and NaNMCu. The crystal structure of a P2-type layered 

oxide (Fig. 2) consists of layers of edge-sharing MO6 octahedra, and ~67% of the interlayer 

prismatic sites are filled with Na+.151  

 

Figure 2. The P2 structure of the pristine material, showing the edge-sharing MO6 octahedra 

forming layers with é ABBA é oxygen stacking, where M represents Mn and other transition 

metals. The Na+ are located in two types of trigonal prismatic sites between the oxide layers.  

 

Figure 3A shows the cyclic voltammogram (CV) of NaMCu at 0.5 mV/s in 1 M Na2SO4, 

while Figure 3B shows the water insertion mechanism proposed in our previous work.214  During 

the first anodic cycle, the CV of NaMCu shows current peaks around 0.2 and 0.9 V vs. Ag/AgCl. 

On the subsequent cathodic scan, the overall current decreases and is relatively constant as a 
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function of potential. These electrochemical changes suggest a change in energy storage 

mechanism in the material. Well-defined current peaks correlate to a well-defined Gibbs free 

energy of reaction, which in an intercalation-type material indicates little dispersion in the 

intercalation site energy. On the other hand, constant current as a function of potential is indicative 

of a capacitive mechanism exhibited by many manganese oxides in neutral pH electrolytes.85,217,218  

 

Figure 3. Mechanism of water intercalation into P2-type NaMCu upon electrochemical cycling in 

1 M Na2SO4. (A) Cyclic voltammetry at 0.5 mV/s. A.B. indicates ñacetylene black,ò the 

electrochemical response of the conductive carbon in the electrode. (B) Cartoon showing the 

insertion of water molecules (red) from the electrolyte into the material interlayer to compensate 

for the electrochemical de-intercalation of Na+ (dark blue). 

 

The structural changes of NaMCu during the first two CV cycles were measured with 

operando synchrotron XRD (Fig. 4). Two changes are apparent: the appearance of a new peak 

during the first anodic cycle (discussed below) and shift of the NaMCu diffraction peak. The 

interlayer spacing of the P2 phase, indicated by the (002) peak at ~9 Á2ɗ, increases from 5.59 Å 

(9.07 Á2ɗ) at 0 V to 5.65 ¡ (8.97 Á2ɗ) at 1.1 V. Upon reduction to 0 V, the spacing returns to nearly 

its original value, 5.61 ¡ (9.04 Á2ɗ). This shows that the interlayer spacing reversibly increases 
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during oxidation and decreases during reduction. The continuous change of the NaMCu interlayer 

spacing as a function of potential indicates a solid-solution intercalation mechanism, similar to its 

structural behavior in non-aqueous Na+ electrolytes.164,165,219 The faint splitting of the P2 (001) 

peak near the end of the cathodic cycle may indicate that the remaining P2 material forms two 

phases with slightly different Na+ content.  

In addition to this expected behavior, the appearance of a new peak at 7.19 Á2ɗ at ~ 0.9 V 

during the first anodic cycle indicates the formation of a new phase. According to prior results, 

this peak corresponds to the (001) plane of a birnessite-like hydrated phase with an interlayer 

spacing of 7.05 Å.137,140,191,214,220 The full XRD patterns of the material before and after the phase 

transformation are shown in Figure 4B. The large interlayer spacing of the new phase indicates 

the insertion of a single layer of water molecules from the aqueous electrolyte into the interlayer 

of NaMCu.180,194 Moreover, reversible peak shifts indicate that this new hydrated phase is 

electrochemically active: upon reduction from 1.1 V to 0 V, the interlayer spacing decreases to 

6.97 ¡ (7.27 Á2ɗ). During the second cycle it increases to 7.07 ¡ (7.17 Á2ɗ) at 1.1V and shifts back 

to 6.97 ¡ (7.27 Á2ɗ) at 0 V. This change of ~ 0.1 ¡ is about half of that typically observed in 

birnessite in aqueous electrolytes.15,218 The reversible peak shifts of the hydrated phase indicate 

that pseudocapacitance associated with cation (de)intercalation into the hydrated interlayer at least 

partially contributes to the capacitive energy storage mechanism. These changes would not appear 

if the capacitive behavior was simply due to the formation of the double layer at the outer surface 

of the particles. The intensity increase of the hydrated phase peak and corresponding decrease in 

the P2 (002) peak during the first anodic sweep show the partial phase transformation of the 

electrode material. However, all peak intensities decrease after ~ 0.5 V during the second cathodic 
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sweep, as the change in particle volume causes the electrode to delaminate from the current 

collector.  

 

Figure 4. Structural changes of P2 NaMCu upon electrochemical cycling (A) Operando 

synchrotron XRD during the first two CV cycles at 0.5 mV/s. The right-most panel shows the 

applied potential (dashed line) and the current response (solid line). During the first anodic cycle, 

the interlayer peak of the hydrated birnessite-like phase (~7 Á2ɗ) emerges around 0.9 V. Both the 

P2 and the hydrated peak show reversible, continuous changes in the interlayer spacing as a 

function of potential attributed to Na+ de/intercalation. The peak at 8.1 Á2ɗ is due to the 

electrochemical cell. (B) XRD pattern of the pristine NaMCu powder (ñNaMCuò), where the (002) 

peak indicates the interlayer spacing. Post-electrochemistry, the NaMCu transforms to a hydrated 

structure. The substrate peaks of the Ti current collector are indicated by Å. In situ XRD image 

courtesy of Natalie Geise. 

 

 Figure 5 shows similar behavior in a P2 oxide with a different composition,  NaNMCu, 

where the inclusion of nickel led to Na+ deintercalation and the subsequent formation of the 

birnessite-like phase at a lower potential.164,165,221 Overall, the operando results show that when 
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these P2 oxides are cycled in an aqueous electrolyte, water incorporation occurs during Na+ 

deintercalation, likely to offset the increasing electrostatic repulsion between the transition metal 

and oxygen layers. Within an individual particle, the formation of this birnessite-like phase may 

lead to the capacitive CV observed after the first cycle. However, the large expansion of the P2 

particles (25 % c-axis increase) in the slurry electrode leads to loss of electronic connection to the 

current collector, or even delamination, when cast onto the electrode before expansion. If the 

electrochemical expansion is better controlled, the formation of micron-scale particles with 

hydrated interlayers with a capacitive electrochemical response indicates that these particles could 

be viable for high volumetric capacitance EC materials. 
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Figure 5. Operando synchrotron XRD of NaNMCu, showing the P2 (002) peak ~ 9.11 Á2ɗ, which 

decreases with material oxidation and Na+ extraction up to 0.8 V, and returns to its original position 

upon reduction to 0 V. This material also experiences the emergence of the hydrated phase at ~ 

7.23 Á2ɗ, which continuously contracts (expands) during reduction (oxidation) due to interlayer 

cation intercalation (deintercalation). Both phases remain electrochemically active during the 

second cycle, showing reversible interlayer spacing changes. In situ XRD image courtesy of 

Natalie Geise. 

 

3.4.2 Batch Expansion Process 

To circumvent the electrical contact and slurry delamination problems resulting from in 

situ P2 particle expansion on electrodes, we developed a batch expansion process for the P2 oxide 

powder, as described in the experimental section. Figure 6 shows the expansion cell, along with 

scanning electron microscopy (SEM) images of a P2 particle (Fig. 6A) and an expanded particle 

(Fig. 6C). The resulting expanded and hydrated particles can be assembled into electrodes, thus 
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bypassing the issue of direct electrochemical expansion leading to delamination. The batch process 

uses a neutral pH electrolyte, a voltage source, permeable membrane, and a Ni foam counter 

electrode, rendering it environmentally friendly and scalable. Figure 7 shows representative 

chronoamperometry for the process. We observed that a smoother current response is a good 

indicator of expansion quality ðnoisier curves resulted in less expansion of the P2 oxide, as 

indicated by XRD (Fig. 8A). This is likely due to variable electrical contact between the powder 

and the Pt coil in the pouch cell, which could be improved with more advanced pouch designs.  

 

Figure 6. Effect of batch expansion on particle morphology: (A) a pristine P2 NaMCu particle has 

a compact structure. (B) A schematic of the electrochemical expansion setup, where the P2 

material is contained in a dialysis tubing pouch around a coil of Pt wire, and the counter electrode 

is Ni foam. (C) A typical fully expanded NaMCu particle, which retains its ab-plane morphology 

but expands vertically due to water insertion. Scale bar 2 ɛm. 
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Figure 7. Chronoamperometric expansion of the fully (dark green; F.E.) and partially (light green; 

P.E.) expanded materials. The ñnoiseò of each curve could be related to the electronic contact of 

particles within the pouch that determines the extent of electrochemical expansion. 

 

3.4.3 Structural Characterization of Expanded Materials 

To understand the effect of the batch expansion process on the structural and 

electrochemical performance, we compared three structures: as-synthesized NaMCu, fully 

expanded (F.E.) NaMCu, and partially expanded (P.E.) NaMCu. Figure 8 shows the XRD, TGA, 

and SEM of these materials. The pristine NaMCu has the same structure as reported previously 

214: a primary P2-type phase (*) and a small amount of CuO (+). The first peak at 15.92 Á2ɗ (5.57 

Å) corresponds to the (002) peak of the P2 phase. The F.E. NaMCu shows a completely expanded 

and hydrated structure: the P2-phase is no longer present and the interlayer peak at 12.99 Á2ɗ (6.99 

Å) indicates a 25% expansion, the same as the operando XRD experiments. As discussed above, 

the large increase in interlayer spacing is due to the transformation to a new hydrated phase.  Both 

the P2 and F.E. NaMCu materials exhibit a peak at 35.8 °2ɗ (2.5 ¡). This peak corresponds to the 
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(100) plane of the P2 structure, and its presence in both the pristine and F.E. materials indicates 

that the lattice spacing along the transition metal oxide sheets is unaffected by electrochemical 

expansion. The larger c-axis in the expanded materials leads to slightly decreased angles of the 

(101) and (102) peaks at 36.5 and 38.1 Á2ɗ. The two-phase P.E. structure indicates that the 

expansion proceeds via a direct phase transformation. This agrees with the operando XRD, which 

shows the emergence of the hydrated phase at a distinct potential as opposed to a gradual structural 

transition over a broad potential range.  

 

Figure 8. Structural characterization of expanded NaMCu materials. (A) Powder XRD shows the 

complete transformation of the F.E. material into the hydrated phase, while the P.E. material 

contains both the hydrated phase and residual P2 phase. (B) TGA shows that both F.E. and P.E. 

NaMCu materials lose a significant amount of water with increasing temperature. SEM of the (C) 

pristine NaMCu powder and (D) F.E. NaMCu powder shows that the expanded particles retain 

their initial hexagonal morphology and particle size but are now expanded along the layers. Scale 

bar 3 µm. 

 

TGA of each material indicates decreasing mass loss between room temperature (~ 25 °C)  

and 300 °C in the order F.E. NaMCu > P.E. NaMCu > NaMCu. In this temperature range, mass 
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losses are most likely due to the removal of water molecules from the oxide surface and interlayer. 

The composition of the F.E. material for TGA was Mn0.62Cu0.31O2·xH2O, assuming the removal 

of all Na+ during electrochemical expansion. This means that the 6.2 wt% lost from F.E. NaMCu 

between 50 and 120 °C corresponds to 0.33 mol H2O per MCu (x = 0.33). Many birnessites also 

have a oxide: water content ratio near 1 : 0.33, supporting the XRD data that electrochemical 

expansion leads to insertion of a single layer of water molecules into the interlayer of the P2 oxides. 

The P.E. NaMCu lost 2.4 wt%, which suggests only ~ 38 % of the powder expanded based on the 

mass lost from F.E. NaMCu. Lastly, NaMCu exhibits only a minor 1.2 wt% loss, likely due to the 

desorption of surface water. 

The SEM images in Figure 8C and D show that the morphology change is due to the 

crystallographic change: the ab plane particle size and shape are retained after expansion, while 

the c-axis dimensions increase as the layers experience varying degrees of partial exfoliation. 

Figure 6 shows higher magnification SEM images of pristine and expanded NaMCu particles. 

Before expansion, the material consists of dense, roughly hexagonal, micron-scale primary 

particles. Based on the crystal structure, the interlayer spacing is parallel to the surface of hexagon-

like primary particles. After electrochemical oxidation, there is clear partial exfoliation of the 

particles along the c axis that gives rise to large pores hundreds of nanometers in dimension. We 

hypothesize that the large pores and interlayer hydration formed by the expansion process both 

enable high power energy storage. 

 

3.4.4 Electrochemical Behavior of Expanded Materials 

We characterized the electrochemical behavior of pristine, P.E., and F.E. NaMCu in a 0.5 

M K2SO4 electrolyte. This electrolyte was selected over Na2SO4 because K+ has a smaller hydrated 
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ion radius compared to Na+, which is hypothesized to allow higher rate capability and cyclability 

in aqueous electrolytes.15,222ï224 Figure 9 shows the CVs of the pristine, P.E., and F.E. NaMCu in 

0.5 M K2SO4 at 1, 10, and 100 mV/s. The response of the acetylene black conductive additive is 

also shown for reference. It contributes only minimal double-layer current. The F.E. NaMCu 

exhibits a capacitive CV at 1 and 10 mV/s, with a semi-rectangular shape and broad peaks similar 

to those often observed in birnessite.15,220 The P.E. NaMCu also has a semi-rectangular CV, albeit 

with a lower specific current and lacking the broad peaks present in the F.E. material. In contrast, 

the pristine P2 NaMCu particles expand upon intercalating water during the first anodic cycle, and 

the electrode capacity drops significantly as the 25% increase along the c-axis causes particles to 

delaminate. P2 NaMCu electrodes do not show clear redox peaks in K2SO4 (Fig. 10), possibly 

because the interlayer Na+ partially exchanges with K+ and H2O immediately upon immersion into 

the electrolyte. The semi-rectangular CV, with the lowest specific current of the three electrodes, 

is likely from the response of the remaining, partially-hydrated material that is still in electrical 

contact with the current collector. By 100 mV/s, all three materials exhibit significant polarization 

arising from increased Ohmic resistance from the large measured currents. Overall, these results 

show that the degree of expansion directly determines the materialôs electrochemical behavior, and 

that electrochemical expansion before electrode assembly leads to stable, capacitive energy 

storage.  
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Figure 9. CVs of the pristine P2, P.E., and F.E. NaMCu materials in 0.5 M K2SO4 electrolyte at 

(A) 1 mV/s, (B) 10 mV/s, and (C) 100 mV/s. The specific current from just the acetylene black 

(A.B.) conductive additive is shown for reference.  

 

 

Figure 10. Cyclic voltammograms of the first cycle of pristine NaMCu mesh electrodes in Na2SO4 

(dotted line) and K2SO4 (solid line) aqueous electrolytes at 0.1 mV/s. Here, the two primary redox 

peaks of NaMCu in Na2SO4 occur before 0.8 V vs. Ag/AgCl. Since the hydrated phase in Figure 

1 appears around 0.9 V, this suggests that completion of the redox reactions associated with the 

two anodic redox peaks leads to the intercalation of water and subsequent material expansion. 
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Figure 11 shows the cathodic capacitance and rate capability of the three materials. The 

highest capacitance of 102 F/g (23 mAh/g) is obtained with the F.E. materials. This value is 

comparable to capacitances of activated carbon materials, which is surprising given that the surface 

area of the oxide materials is much smaller. When cycled from 0.1 to 50 mV/s, the F.E. NaMCu 

retains 34% of its initial capacitance. The maximum capacitance of the P.E. NaMCu is lower, 62.4 

F/g (14 mAh/g), but its rate capability is slightly better than that of F.E. NaMCu. The pristine P2 

NaMCu undergoes electrochemical expansion and hydration directly on the electrode. Its second-

cycle capacitance of 57 F/g (13 mAh/g) drops off significantly as the material delaminates from 

the electrode. Ex situ XRD (Fig. 11C) indicates that F.E. and P.E. NaMCu retain their initial 

structure after electrochemical cycling. There is no ex situ XRD of the P2 electrodes after 

electrochemistry because the slurries delaminated from the current collectors during cycling. 

Together, these results show that the F.E. and P.E. NaMCu exhibit relatively high capacitance and 

rate capability for aqueous energy storage due to the hydrated interlayer and particle expansion. 

The batch electrochemical expansion of P2 NaMCu and subsequent electrode assembly leads to 

electrodes with high rate capability and is promising for high-power energy storage. 
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Figure 11. Electrochemical energy storage rate capability and post-electrochemical cycling 

material structure. (A) Cathodic capacitance and (B) rate capability (cathodic capacitance 

normalized to the capacitance at 0.1 mV/s), from 0.1 to 100 mV/s. The low capacity and rate 

capability of the acetylene black (A.B.) conductive additive shows that the capacitive 

electrochemical response is due to the oxide active materials. (C) Ex situ XRD of electrodes after 

electrochemical cycling shows that the F.E. and P.E. retain their initial structures. 

 

Evaluation of the cyclability of the three oxide materials shows that the F.E. NaMCu 

electrode retained its structure and the most capacity after 600 cycles at 10 mV/s (Fig. 12), while 

the P.E. NaMCu converted to the F.E. structure and the P2 NaMCu delaminated from the electrode. 

The initial capacitances were 58 F/g (13 mAh/g) for the F.E. electrode, 34 F/g (8 mAh/g) for the 

P.E. electrode, and 37 F/g (8 mAh/g) for the P2 electrode. After 600 cycles at 10 mV/s, the F.E. 

electrode retained 86.3% capacity, the P.E. retained 85.7%, and the P2 retained 40.4%. Figure 6 

shows that the F.E. electrode experienced an initial capacity drop, but after 60 cycles the capacity 

increased close to is initial value. The P.E. electrode experienced a steady capacity increase over 

the first 50 cycles, and then a steady decline during the subsequent 550. The P2 NaMCu lost most 

of its capacity within the first 50 cycles, as water insertion into the P2 NaMCu partially expanded 

the oxide particles, causing them to fall off the electrode due to the change in volume.  
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Figure 12. (A) Cycling stability of F.E., P.E., and P2 NaMCu over 600 cycles at 10 mV/s. (B) Ex 

situ XRD after 600 cycles shows that the F.E. NaMCu retains the hydrated phase, while some of 

the remaining P2 material in the P.E. NaMCu electrode expanded after prolonged cycling. 

 

XRD of the F.E. and P.E. NaMCu after the cyclability testing (Fig. 6B) shows that the F.E. 

phase is stable under these electrochemical conditions. This suggests that the particle expansion 

and interlayer hydration limit further structural changes in the material, leading to better stability. 

Figure 6B shows that initially unexpanded P2 material into P.E. electrode also transforms to the 

expanded phase after cycling. It appears that the initial fraction of expanded particles was enough 

to maintain electronic connectivity with the particles expanded in situ.  Slurry delamination during 

cycling prevented ex situ post-cycling XRD of the pristine NaMCu, but our previous work showed 

that after 50 cycles, NaMCu partially transformed to the hydrated phase.214.   

Post-electrochemical SEM (Fig. 13) shows that while most particles in the F.E. and P.E. 

electrodes retained their original morphology, some exhibit a nanostructured surface coating. After 

600 cycles, the morphology of the F.E. NaMCu primary particles appears similar as before cycling. 

However, the surface of these primary particles now has a nanoïstructured, semi-porous coating. 

One possible mechanism of this surface coating could be restructuring due to the dissolution of 

Mn2+ during reduction, and subsequent re-deposition during oxidation.225 The variability of this 
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surface coating from particle to particle in F.E. NaMCu may highlight how the electrode 

architecture affects the relevant electrochemical reaction. A well-connected particle may 

experience more overall charge transfer, leading to surface restructuring. However, there was little 

surface coating in the P.E. NaMCu, suggesting that more of the current may have gone into 

expanding the remaining P2 particles. Figure 13D shows one of the few P.E. NaMCu particles 

with partial surface coating. Finally, Figure 13E and 13F show the pristine P2 NaMCu after 600 

cycles. While the P2 particles expanded somewhat, their morphology is much smoother than F.E. 

or P.E. electrode particles. Overall, the electrochemistry, XRD, and SEM results highlight that 

electrodes assembled from pre-expanded F.E. or P.E. NaMCu possess high rate capability and 

structure stability that make them suitable as EC materials.  
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Figure 13. SEM images of (A-B) F.E., (C-D) P.E., and (E-F) P2 NaMCu electrodes after 600 

cycles in 0.5 M K2SO4. While most F.E. particles show expansion or a surface coating, few P.E. 

particles show surface coating, and few P2 particles even show expansion. Scale bar 500 nm.  
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3.4.5 Comparison of Expanded NaMCu to Commercial Activated Carbon 

To test our hypothesis that the hydrated and expanded NaMCu would allow an increase in 

the volumetric capacitance of EC electrodes, we compared the P.E. NaMCu with a commercially 

available activated carbon used for EC electrodes. P.E. NaMCu was selected due to its better rate 

capability than F.E. NaMCu. To enable comparison of the volumetric capacity/capacitance, the 

materials were cast onto foil (vs. mesh) current collectors. Figure 14 compares the CVs for both 

materials at 1, 10, and 100 mV/s in 0.5 M K2SO4 while Figure 15 shows the specific 

capacity/capacitance and rate capability. Both P.E. NaMCu and activated carbon exhibit nearly 

rectangular, ideally capacitive CVs. At sweep rates up to 20 mV/s (corresponding to a 

charge/discharge time of 40 seconds), P.E. NaMCu shows a higher specific current than activated 

carbon, indicating that the expanded oxide particles give better volumetric performance than the 

high surface area activated carbon. At 0.1 mV/s, the volumetric capacitances of P.E. NaMCu and 

activated carbon are 57.2 F/cm3 (12.7 mAh/cm3) and 20.9 F/cm3 (4.64 mAh/cm3) respectively. 

However, the response of the two materials becomes similar at faster sweep rates; by 100 mV/s 

the CVs essentially overlap and their diagonality indicates both are more Ohmically resistive. The 

similarity of the material response at faster sweep rates may be due to similar issues of maintaining 

adequate ionic and electronic conductivity in the electrodes. These results show that an oxide 

material with expanded and hydrated micron-size particles can increase EC energy density over 

traditionally used high surface area activated carbon at timescales of up to 40 seconds.  
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Figure 14. CV comparison of P.E. NaMCu and activated carbon (A.C.) on the basis of their 

specific current at (A) 1 mV/s, (B) 10 mV/s, and (C) 100 mV/s. At sweep rates up to ~ 20 mV/s, 

the P.E. NaMCu out-performs the activated carbon, although both electrodes appear relatively 

resistive at 100 mV/s. 

 

 

Figure 15. (A) Volumetric capacity/capacitance and (B) rate capability of P.E. NaMCu and 

activated carbon (A.C.) electrodes.  
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3.5 Conclusions 

This work describes how electrochemically expanding the particles and hydrating the 

interlayer of micron-sized layered oxides leads to EC electrodes with high volumetric capacitance 

and cyclability in aqueous electrolytes. The electrochemical expansion changes the 

electrochemical characteristics of the material from battery-like in the initial Na+ deintercalation 

to capacitive after expansion. Specifically, after interlayer hydration and subsequent particle 

expansion, micron-sized P2 oxide particles exhibit capacitive behavior that is at least in part 

pseudocapacitive, as evidenced by reversible interlayer spacing changes during operando XRD. 

The obvious reduction in redox peaks in CVs after expansion suggests that the material 

deformation is further buffered by the interlayer water. In addition, the surface area of the bulk 

expanded particles is only slightly greater than that of the pristine materials. Therefore, we 

hypothesize that the interlayer expansion and hydration effectively increase the surface area by 

extending the electrolyte into the bulk of the particles in two ways. First, hydrating the material 

interlayer improves cation transfer from the bulk electrolyte to the particles, and second, the large 

(~ 100 nm) pores between expanded sections of the material allow easier access of the bulk 

electrolyte to the particles. The hydrated interlayers may also cushion the structural effects of ion 

intercalation. All of these increase the rate at which electrolyte cations can approach transition 

metal oxide storage sites. These results show that hydrating the material interlayer allowed the 

micron-scale particles to maintain their structure during extended cycling, making them 

compatible for capacitive energy storage in aqueous electrolytes. By expanding the interlayer of 

P2 NaMCu oxide, we show that particles with a large solid-state cation diffusion distance can be 

competitive with the state-of-the-art activated carbon for EC electrodes in aqueous electrolytes. 

Overall, this shows that electrochemically-driven expansion of oxide materials can tune both the 



   

95 

 

interlayer chemistry and particle size, leading to a new scalable synthesis strategy for EC materials 

with high volumetric capacitance. 

 

3.6 Acknowledgements 

The authors thank Cynthia Koehler and Prof. Thom LaBean (NC State University) for 

providing dialysis tubing. S.B. was supported by the National Science Foundation Graduate 

Research Fellowship Program under Grant No. 571800. N.R.G. was supported by the Department 

of Defense (DoD) through the National Defense Science & Engineering Graduate Fellowship 

(NDSEG) Program. XRD and SEM studies were supported as part of the Fluid Interface Reactions, 

Structures and Transport (FIRST) Center, an Energy Frontier Research Center funded by the U.S. 

Department of Energy, Office of Science, Office of Basic Energy Sciences. This work was 

performed in part at the Analytical Instrumentation Facility (AIF) at North Carolina State 

University, which is supported by the State of North Carolina and the National Science Foundation 

(award number ECCS-1542015). The AIF is a member of the North Carolina Research Triangle 

Nanotechnology Network (RTNN), a site in the National Nanotechnology Coordinated 

Infrastructure (NNCI). Use of the Stanford Synchrotron Radiation Lightsource, SLAC National 

Accelerator Laboratory, is supported by the U.S. Department of Energy, Office of Science, Office 

of Basic Energy Sciences under Contract No. DE-AC02-76SF00515. 

 

3.7 Author Contributions Statement 

SB and VA contributed to the study conception and design. All authors designed the 

synchrotron experiments. NRG extracted and analysed the synchrotron data. SB performed all 



   

96 

 

other experiments and performed the data analysis. All authors contributed to writing and revising 

the manuscript, and read and approved the submitted version. 

 

3.8 Conflict of Interest Statement 

The authors declare that the research was conducted in the absence of any commercial or 

financial relationships that could be construed as a potential conflict of interest. 

 

 

  



   

97 

 

CHAPTER 4 

Redox or Double Layer? Interlayer Confinement Blurs the Horizon Between Faradaic and 

Non-Faradaic Charge Storage in Birnessite  

4 Preface 

This chapter focuses on the origin of capacitive behavior in layered manganese oxides in 

aqueous electrolytes. Chapters 2 and 3 focused on changing the interlayer chemistry of P2 oxides 

and observing the subsequent changes in behavior. We found that the intercalation of interlayer 

water led to more capacitive behavior, even in large oxide particles. However, these chapters did 

not investigate the origin of this improvement in performance. In this chapter, I use nanostructured 

birnessite as a model material to understand the origin of capacitive behavior in hydrated 

manganese-based oxides. To do this, we designed a study to investigate a range of local and 

averaged electrochemical, structural, vibrational, gravimetric, and mechanical behaviors of an 

electrodeposited birnessite film. The following chapter was conducted in collaboration with Nina 

Balke and Wan-Yu Tsai at the Center for Nanophase Materials at Oak Ridge National Lab for 

operando atomic force microscopy. This manuscript is in preparation for publication. 
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4.1 Abstract 

The origin of capacitive charge storage in transition metal oxides like birnessite has been 

of interest and debate since the first demonstration of capacitance in amorphous birnessite in 

1999.80 Particular topics of debate are whether this behavior is faradaic (pseudocapacitive) or non-

faradaic (EDL formation), and if it is faradaic, whether the response is due to surface or interlayer 

redox. In this study, we used ex situ X-ray diffraction (XRD), electrochemical quartz crystal 

microbalance (EQCM), in situ Raman spectroscopy, and operando atomic force microscope 

(AFM) dilatometry in both K2SO4 and Li2SO4 to observe the behavior of a birnessite electrode 

during electrochemical cycling. These techniques were chosen because together they provide a 

holistic picture of the electronic, vibrational, structural, gravimetric, and mechanical response of 

birnessite. Additionally, this report is the first to show operando electrochemical AFM dilatometry 

of ion intercalation into a layered oxide material. The changes in interlayer spacing shown by XRD 

and Raman correspond to redox and mass change peaks from electrochemistry and EQCM, 

indicating that charge storage in birnessite is governed by interlayer rather than surface processes. 

The film remains Raman-active throughout the cycling, showing that capacitive behavior occurs 

without a semiconductor-to-metallic phase transformation. Overall, these results show that 

interlayer processes involving the exchange of cations and water molecules dominate the 

capacitive behavior of birnessite, and that confinement within the ~ 7 Å hydrated interlayer spacing 

of birnessite interlayer blurs the distinction between EDL formation and pseudocapacitance. 

 

4.2 Introduction  

Electrochemical interfaces can be used for electrochemical energy storage (EES) via the 

formation of the electric double layer (EDL) and/or reversible surface and near-surface charge-

transfer reactions, termed pseudocapacitance.39 Pseudocapacitance was first conceptualized in the 
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1940s to explain the existence of reversible charge transfer reactions not associated with the 

formation of the electrical double layer (EDL).226 The first of consideration of pseudocapacitance 

for energy storage materials occurred in 1971, with the discovery of the fast, reversible, and 

capacitive-appearing charge storage behavior of RuO2 by Trasatti et al..40 Pseudocapacitive EES 

devices combine the power densities of electrochemical capacitors with energy densities 

approaching those of insertion-type batteries.204,227  

However, after 40 years of research there is still significant debate over the mechanisms 

which give rise to pseudocapacitance.41,116,228 At the core of this debate is the question: how can 

transition metal oxides store high amounts of charge without exhibiting obvious faradaic redox 

peaks? Pseudocapacitive behavior can be both intrinsic, as in hydrous RuO2, IrO2, 

WO3·nH2O,40,179,208,229 or extrinsic, as in nanostructured LiCoO2 or V2O5.
42,205  

Enter manganese, the 10th most abundant element in the earthôs crust, which crystallizes 

into over 30 oxide and hydroxide structures.13 Many of these structures exhibit capacitive behavior, 

and manganese oxides have subsequently been some of the most widely studied transition metal 

oxides in aqueous electrolytes. Unlike many hydrous transition metal oxides,40,179,208,229 MnO2 is 

light, abundant, redox active in neutral-pH aqueous electrolytes, and does not exhibit a 

semiconductor-to-metallic transformation upon ion insertion. Lee and Goodenough documented 

the first observation of capacitive behavior in MnO2 in their 1999 paper, which describes highly 

reversible charge storage in amorphous MnO2 in aqueous electrolytes.80 Many MnO2 structures 

are only capable of accommodating H+,130,190,222 and do not show appreciable Faradaic behavior 

in thick films.96 To understand the mechanisms underlying capacitive behavior, it is important to 

study materials with the potential for bulk ion intercalation. In this work, we use the birnessite 

MnO2, (ŭ-MnO2, AxMnO2-yH2O, where ~0.1 < x < 0.7 and 0.3 < y <2) to investigate the 
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relationship between faradaic reactions and a relatively featureless CV. Birnessite has been widely 

studied because it is easily synthesized, similar to the layered oxides popular for secondary 

batteries, and can accommodate a variety of cations. Its flexible ~7 Å interlayer spacing, wherein 

alkali cations and water molecules electrostatically stabilize the MnO2 layers, renders birnessite a 

material of interest for EES applications as well as emerging technologies such as faradaic 

desalination and heavy-metal sorption.84,85,104ï108 Practically, low conductivity is the main 

drawback of the MnO2 polymorphs. Here, this presents an opportunity to determine the origins of 

capacitive behavior in a hydrated layered material without a semiconductor-to-metallic transition. 

Although MnO2 has been studied for > 20 years, there is still controversy over whether its 

charge storage is primarily due to EDL formation or faradaic redox. While elemental analysis 

shows significant alkali cation content after extended cycling, reports vary widely on whether the 

energy storage is due to surface behavior or interlayer incorporation of hydrated ions, ion 

intercalation and subsequent exchange, or opposing ion and water fluxes.120ï122,230 Recently, 

Costentin et al. have shown that according to electrochemical theory, rectangular CVs cannot be 

obtained from spread out or multiple redox peaks.116,231,232 In conjunction with Conway, they 

hypothesize that the large 1D or 2D diffusion channels for intercalated ions, which often contain 

structural water, act as an extended surface and attribute the quasi-rectangular ñpseudocapacitiveò 

CV to EDL formation in the material  interlayer.233,234 Typical surface-area normalized capacitance 

of manganese oxides, including birnessite, it is least one order of magnitude larger (> 100 µF cm-

2) than the 4-10 µF cm-2 of porous carbons.33,85,115 However, the structural water interferes with 

the gas absorption often used to measure surface area, so the potential contribution of hydrated 

interlayers to the surface are not necessarily accounted for.235 



   

101 

 

Alternatively, computational studies by Young et al. argue that in semiconducting oxides 

such as MnO2, all incorporated cations contribute to charge-storing electronic states throughout 

the band gap.81,98 This, along the variation of reaction potentials according to site energy, lead to 

a rectangular CV. The argument for faradaic redox processes is supported by several studies which 

showed the transfer of 0.2-0.6 e- per Mn within a ~ 1 V window using both in and ex situ X-ray 

absorption spectroscopy (XAS).
30,236ï238 While this is close to the capacitance of 0.18 e-/atom 

capacitance Conway ascribes to planar metallic surfaces,22 ex situ XAS would not be able to 

measure a change in Mn oxidation state if the storage were purely capacitive.  

These opposing perspectives highlight the debate surrounding the capacitive behavior of 

birnessite, also illustrated in Figure 1. While many studies have focused on one or two aspects of 

the response of birnessite to electrochemical cycling, there remains a lacking connection between 

localized and averaging techniques and theory calculations. To address this, we coupled ex situ 

XRD, EQCM, in situ Raman spectroscopy, and operando AFM dilatometry to observe the 

structural, mass, and vibrational changes of the electrode during electrochemical cycling. These 

techniques were chosen because together they provide a holistic picture of the electronic, 

vibrational, structural, gravimetric, and mechanical response of birnessite to electrochemical 

signals. XRD allows us to see any changes in the interlayer spacing upon electrochemistry, giving 

insight into the structural/mechanical response. EQCM shows us the gravimetric response of the 

electrode, allowing us to determine if changes in the electrochemical signal or material structure 

are due to species leaving or entering the electrode. Raman spectroscopy indicates which bonds 

are most affected by the electrochemical behavior. It has been widely used to study birnessite, so 

it also allows us to correlate our results to the literature.77,96,121 Finally, AFM dilatometry shows 

the holistic electro-chemo-mechanical response of the electrode. 208,239 These techniques include 
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some which have been used for clearly faradaic reactions (XRD, EQCM, Raman), purely non-

faradaic capacitive carbons (EQCM, AFM dilatometry), and pseudocapacitive systems (all). In 

addition, this is the first study using operando electrochemical AFM dilatometry on a layered oxide 

material which experiences ion insertion into the interlayer.  

This paper uses a multi-modal experimental and theoretical study to determine which 

mechanisms give rise to the apparent pseudocapacitive behavior of birnessite MnO2 (ŭ-

K0.1MnO2·0.1H2O). By comparing the average (electrochemical, XRD, EQCM) to the local 

(Raman, AFM dilatometry) electrode response, we show that the capacitive behavior of birnessite 

MnO2 is due to interlayer ion insertion processes in both Li2SO4 and K2SO4. We show that 

capacitive behavior occurs in materials without the semiconductor-to-metallic transition. Lastly, 

this work indicates that confinement within a hydrated interlayer blurs the distinction between 

EDL formation and pseudocapacitance.  

 

Figure 1. Schematic of the proposed energy storage mechanism of A) the nanostructured 

birnessite, showing B) surface or C) interlayer processes. 
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4.3 Methods 

4.3.1 Electrodeposition of Birnessite 

Thin films of birnessite were synthesized via a cathodic electrodeposition method.240 The 

electrodeposition solution consisted of 50 mM KCl (source) and 2 mM KMnO4 (source) aqueous 

solution in a glass beaker cell. Films were deposited onto different gold-coated working electrodes 

depending on the subsequent analytical technique. Films for EQCM were deposited onto gold-

plated 1ò diameter AT cut quartz crystal sensors with a fundamental frequency of 5 MHz (Phillip 

Technologies) and a working electrode area of 1.419 cm2. Films for XRD and AFM were deposited 

onto a 1 cm2 area of Au-coated glass slides with a 15 nm Cr adhesion layer. Films for in situ Raman 

spectroscopy were deposited onto ceramic screen-printed electrodes (SPEs, Pine Instruments), 

with a gold electrode active area of 3.14 mm2. All working electrodes were cleaned by sonication 

in acetone and ethanol prior to electrodeposition. Ag/AgCl in KCl served as the reference electrode 

(Pine Instruments) and Pt wire as the counter electrode (99.997%, Alfa Aesar). Electrodeposition 

was performed by applying 0 V vs. Ag/AgCl until |0.4-0.5| C cm-2 using a Biologic MPG-2 

potentiostat. Electrodes for XRD were held until 1 C cm-2 in order to obtain thicker films. Films 

for in situ Raman were deposited using a WaveNow potentiostat (Pine Instruments) compatible 

with the SPEs. A sample electrodeposition curve on an EQCM sample is shown in Figure 2. After 

electrodeposition, all electrodes were rinsed and dried at 60 °C in air overnight. Each 

electrodeposition solution was only used the day it was made for at most two electrodes due to the 

effect of spontaneous precipitation of ŭ-MnO2 over time on film morphology.  
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Figure 2. A typical electrodeposition curve from the EQCM, showing the chronoamperometic 

curve (black) and linear mass change (blue). 

 

4.3.2 Physical Characterization 

The morphology of the as-deposited film was observed using scanning electron microscopy 

(SEM, FEI Verios 460L). X-ray diffraction (XRD) was performed using a Bragg-Brentano 

geometry and Cu-KŬ radiation on a PANalytical Empyrean. Ex situ XRD was collected every 0.1 

V from 0 ï 0.85 V by cycling the birnessite electrode to the desired potential via linear sweep 

voltammetry (LSV) at 10 mV s-1. Peak fitting was done in Origin software using the pseudo-Voigt2 

function, according to the procedure in Appendix C. 

 

4.3.3 Electrochemistry 

Electrochemical characterization was conducted in three-electrode cells with either a 0.5 

M K2SO4 (Fisher Scientific) or Li2SO4 (Sigma Aldrich) electrolyte. The electrochemical cells 

consisted of electrodeposited birnessite working electrodes, Ag/AgCl reference electrodes, and Pt 
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counter electrodes as noted above. Electrochemical cells for EQCM, in situ Raman, and operando 

AFM are described in the respective sections. Unless otherwise noted, all potentials in this work 

were measured vs. Ag/AgCl. 

 

4.3.4 In situ Raman Spectroscopy 

In situ Raman spectroscopy was conducted using a Witec Alpha 300 Confocal Raman 

Microscope with a 532 nm Nd: YAG laser, an 1800 grooves/cm grating (spectral resolution ~1 

cm-1), and 63x Zeiss water dipping objective lens. The laser wavelength was calibrated to the main 

peak in Si at 520 cm-1. Spectra shown here are the result of 5 20-second long accumulations. 

During the electrochemical cycling, only 1-3 mL of electrolyte was used, just enough to fully over 

the working area of the SPE and allow full immersion of the objective tip. The electrode was cycled 

a few times at 10 mV s-1 between 0 ï 0.8 V vs. the Ag/AgCl reference built into the SPE before 

prior to spectra collection. We collected spectra every 0.1 V between 0 and 0.8 V. The electrode 

was cycled to the desired potential at 10 mV s-1 using LSV and remained under constant applied 

potential during spectra accumulation. Origin software was used to subtract the background and 

fit the spectra using Lorentzian peaks. 

 

4.3.5 Operando Atomic Force Microscopy (AFM) Dilatometry 

AFM and operando AFM dilatometry measurements were conducted with a MFP-3D 

AFM and an in situ electrochemical cell (both from Asylum Research, USA) using BudgetSensors 

AFM tips (ElectriMulti75-G) with a spring constant of 3 N/m. Topography scans in air and in the 

electrolyte were conducted using the AC tapping mode. The in situ electrochemical cell contained 

the electrodeposited birnessite thin film, a leakless Ag/AgCl reference electrode (Asylum 
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Research, USA), a glassy carbon counter electrode, and was flooded with electrolyte. Electrodes 

were cut into 0.8 x 0.8 cm squares to fit into the cell. Silver paint (Asylum Research, USA) was 

used to electronically connect the top of the electrode to a conductive puck (Asylum Research, 

USA) to complete the electrochemical circuit. Care was taken to ensure that the paint was not 

accessible by the electrolyte. After the paint dried, we assembled the electrochemical cell, 

checking the electronic connectivity at each step with a multimeter. 

To pick points for single-point AFM dilatometry, we first conducted a large (~70x70 ɛm) 

scan to observe the large-scale morphology. Dilatometry was performed near the center of 

birnessite islands to avoid edge effects. The measurements were conducted by initiating a force-

distance curve, which triggered the SP-300 potentiostat (Bio-Logic, USA) to run cyclic 

voltammetry (10 ï 200 mV s-1) during the contact part of the force-distance curve. At rates of 50 

mV/s and greater, we collected 7 CVs per rate. At the slower rates (10, 20 mV/s) we were only 

able to collect 1-2 cycles at a time. These experiments were limited by the fact that the tip readily 

drifted out of contact with the electrode at sweep rates below 50 mV/s. Datasets at slow rates are 

only shown here if the pull-off curve indicated that the tip remained in contact with the electrode 

throughout electrochemical cycling.The EC-Lab software recorded the time, working electrode 

potential, current, and the deflection of the AFM tip in volts. To convert the AFM deflection signal 

to distance, we took the slope of the linear portion of the retraction in the force-distance curve. We 

found that this value varied widely (from 56 to 105 nm V-1) as we changed samples and tips, but 

we used the clearest curves we could get. The resulting dilatometry data was analyzed using a 

Matlab program (Appendix B) that applied a Savitzky-Golay filter to smooth the raw data and 

obtain the derivative of the deformation, similar to the procedure described by Wang et al..208  
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4.3.6 Electrochemical Quartz Crystal Microbalance (EQCM) Measurements  

EQCM measurements were conducted using a QCM200 quartz crystal microbalance 

digital controller and QCM25 5 MHz crystal oscillator (Stanford Research Systems, Inc.). The 

mass of the deposited film was obtained from the resonant frequency of the dried crystal after 

electrodeposition using the Sauerbrey equation and the Cf for air, 56.6 Hz cm2 ɛg-1. After 

assembling the electrochemical cell for EQCM, it was allowed to thermally equilibrate for a 

minimum of 30 minutes prior to data acquisition. Cyclic voltammetry was conducted between 0 

and 0.85 V at sweep rates from 200 ï 5 mV s-1 using a Biologic MPG-2 potentiostat. EC-Lab 

software recorded the time, working electrode potential, current, crystal frequency, and crystal 

resistance during cycling. The tests were conducted using a 200 Hz V-1 conversion factor for the 

output signal on the QCM controller. 10 cycles were conducted at each sweep rate. The resulting 

data was analyzed using a combination of Matlab codes (Appendix B) and linear fitting in Origin. 

 

4.3.7 EQCM Calibration  

Although EQCM can be reliably used in liquid solutions,241 the viscous loading on one side 

of the crystal requires re-calibration of the conversion factor for the Sauerbrey equation: 

ЎὪ ὅЎά 

In air, Cf=56.6 Hz cm2/ɛg. The mass change in aqueous electrolytes was calibrated according to 

protocol described in the SRS QCM200 manual and by Gabrielli et al.241,242 Silver was deposited 

and stripped from an aqueous solution of 0.05 M AgNO3 (Alfa Aesar) in 0.5 M HNO3 (Fisher) 

onto a new crystal at 100, 200, 300, and 400 ɛA/cm2, normalized to the overlapping area between 

the electrode on the back of the crystal and the active electrode on the front of the crystal. The 
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linear changes in frequency are shown in Figure 3A, below. We then used the following equation 

to calculate the equivalent Cf in Hz/g for each current density: 

ὅ
Ὂ ὲ ЎὪ

ὓὡ Ўὗ
 

Where: F = 96485 C/mol e- 

n = # of electrons transferred (mol e-/mol Ag or other depositing species) 

ȹf = frequency change measured during deposition in Hz 

MWAg = molecular mass of silver 

ȹQ = charge passed during deposition in C 

 

Plotting Cf vs. -log(i) (i = current density) gives Figure 3B. Here each Cf is clearly similar. 

To obtain the experimental Cf of 24.42 ng/Hz we inverted the average of these values. All EQCM 

frequency change data was converted to mass before background subtraction. 

 

Figure 3. Data from the EQCM calibration in 0.5 M HNO3 and 50 mM AgNO3. A) The frequency 

change during Ag deposition, showing a simple linear process. B) Calculated values of Cf at each 

current density, which were then averaged to obtain the experimental Cf. 
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4.3.8 Applicability of EQCM to Thin Films 

In air, the change in frequency of the crystal used for EQCM was 4996892 ï 4989701 = 

7191 Hz, or 0.14% of the unloaded crystalôs resonance frequency. This means that the Sauerbrey 

equation can be used to calculate the mass of the deposit,241 which gives us 180.3 ɛg (127 ɛg/cm2). 

With a total charge passed during electrodeposition of 0.562 C, and assuming a 3 e- reaction to 

reduce Mn7+ to Mn4+, the molar mass of the electrodeposited film is 92.8 g/mol.26 Plain MnO2 

would be 86.9 g/mol, leaving ~5.9 g/mol unaccounted for. This leads to a maximum of 0.15 mol 

K+ with no interlayer water, or 0.33 mol H2O with no interlayer K+. Since we expect both species 

to exist in the as-synthesized material, we propose the following composition: K0.1MnO2·0.1H2O. 

When immersed in liquid, the unloaded crystal experiences a frequency drop of 640 Hz. 

Once birnessite is deposited, the film drops by 1047 Hz. Relative to the theoretical drop of 715 Hz 

for a polished crystal going from vacuum to liquid,241 this is a reasonable change in frequency. We 

therefore confirm that this film is compatible with liquid-phase EQCM measurements. 

 

4.4 Results and Discussion 

Figure 4 shows the structure and morphology of the as-electrodeposited birnessite. 

Birnessite is typically represented by a simplified version of the structure as in Figure 4A that 

show slabs of edge-sharing MnO6 octahedra, separated by a complex interlayer consisting of a 

single layer of water and cations in two similar but distinct sites in a periodic, wave-like array.104 

Mn exists in both Mn4+ and Mn3+ states to balance the interlayer cation charge,243 and defects such 

as Mn vacancies are present.110 Figure 4B shows the XRD pattern, where the (001) reflection at 

~12 Á2ɗ corresponds to the interlayer spacing of 7.08 Å, consistent with a single layer of water.84,240 

The Raman spectrum in Figure 4C shows the three primary peaks of birnessite, although defects 
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and local disorder can lead to variations in Raman peak position and relative intensity.244 The ɜ1 

peak at ~ 635-655 cm-1 represents the octahedral Mn-O bond stretching and the ɜ2 peak at ~580 

cm-1 represents the basal plane Mn-O bond stretching.121,244 The ɜ3 doublet at ~500 cm-1 is also 

indicative of the birnessite structure.77,244 SEM and AFM characterization in Figure 4D show that 

the electrodeposited films consist of ñislandsò 10-50 ɛm in diameter, with an average film 

thickness of 1.47 Ñ 0.78 ɛm (Fig. 5). These islands vary in density depending on the location on 

the current collector relative to the electrical connection, and the ñageò of the deposition solution. 

When first taken out of the deposition solution and rinsed, all samples had a dark red color with 

some slight rainbowing, indicating their relatively thin thickness. After drying, samples deposited 

from a fresh solution retained some of the red coloring, while samples from a previously-used 

solution (even if it was just once) dried into a brown color. The amount of color change after drying 

corresponds to the island sizeða reddish color indicates a more uniform film with few islands, 

while a brown color indicates larger islands. At higher magnifications (Figure 4E), all samples 

consisted of nanosheet-like flakes oriented mostly perpendicular to the substrate. This is a common 

morphology for birnessite obtained via room-temperature synthesis or restacking exfoliated 

nanosheets.15,31,110,240,245 AFM topography scans in 0.5 M K2SO4 (Figure 4F) show that the island 

morphology is maintained upon immersion into an electrolyte. 
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Figure 4. Structure and morphology of electrodeposited birnessite thin films. A) Model of the 

birnessite crystal structure, showing interlayer K+ (purple) and water (grey) species. B) XRD 

pattern showing the interlayer spacing peaks; reference peaks are from PDF 00-042-1317. C) 

Raman spectrum showing the basal plane (ɜ2) and out-of-plane (ɜ1) Mn ï O bond stretching modes. 

D) SEM image of large ñislandsò that form at the bottom of an electrode furthest away from 

electrical contact. E) Higher magnification SEM image of birnessite nanosheets showing the 

tissue-like morphology. F) AFM liquid AC tapping mode image in 0.5 M K2SO4 electrolyte 

showing the ñislandò morphology is preserved upon immersion into a liquid. The white squares 

show the locations of the two points measured in Section 4.3.2. 
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Figure 5. Film thickness calculated from A-C) SEM cross-sections and D) corroborated with AFM 

cross-sections. The SEM gives an average film thickness of 1.47 Ñ0.78 ɛm, and the AFM height 

trace across one of the islands shows an overall film thickness of 1-2 ɛm (1.4 ɛm in the spot 

shown), with raised edges and flatter island centers. 

 

4.4.1 Global Techniques: Electrochemistry, Ex situ XRD, and EQCM 

Electrochemical characterization via cyclic voltammetry of the electrodeposited birnessite 

films (Fig. 6) shows the typical quasi-rectangular behavior birnessite in neutral pH electrolytes. In 

both K2SO4 and Li2SO4 the CVs show a large capacitive current contribution, broad reversible 

peaks between 0.3 and 0.7 V, and nearly ideal switching in current polarity at the vertex potentials. 

The capacitance of the film is 158 F g-1 at 5 mV s-1, and 71 % of the charge storage is maintained 

at 200 mV s-1. The capacity (37 mAh g-1) corresponds to the storage of 0.13 e- per Mn. 
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Figure 6. Electrochemical performance of birnessite MnO2 in 0.5 M K2SO4 (black) and Li2SO4 

(green, dashed). A) CV at 10 mV s-1 showing a quasi-rectangular shape. B) Capacitance (and 

capacity) as a function of scan rate, showing 71% capacity retention from 5 to 200 mV s-1 and that 

at this film thickness, the behavior of birnessite is the same in both electrolytes.  

 

Having established the structure, morphology, and electrochemical behavior of the 

electrodeposited birnessite, we now address the mechanisms which give rise to its capacitive 

behavior. We will first discuss the techniques which average signal over the entire electrode (ex 

situ XRD, EQCM), followed by local techniques (in situ Raman, operando AFM). We conducted 

ex situ XRD at 100 mV intervals to observe the overall structural changes upon electrochemical 

cycling. Figure 7 shows the full patterns and the shift of the (001) peak as a function of potential, 

with overall changes of 0.1 Å in K2SO4 and 0.17 Å in Li2SO4. This data shows that the interlayer 

expands upon oxidation, and contracts upon reduction. Several studies on birnessite have shown 

redox between Mn4+/Mn3+ within the 0 ï 1 V window using in and ex situ X-ray absorption 

spectroscopy,236ï238,246 and ex situ X-ray photoelectron spectroscopy96,218 This, and the fact that 

the changes in interlayer spacing coincide with the broad peaks observed in cyclic voltammetry 
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indicates that charge storage within this region primarily involves the interlayer. The extent of 

interlayer spacing change observed here is similar to previous reports that the interlayer spacing 

expands by 0.1 ï 0.2 Å during oxidation.15,24,25,120,218 XRD peaks of lattice planes with a- and b-

axis components are not visible in our data due to location of the Au substrate peak and the 

nanocrystalline nature of the sample. Previous operando diffraction studies show that the increase 

in interlayer spacing upon oxidation is accompanied by a decrease in the a and b lattice parameters, 

leading to an overall  ~ 0.5% decrease in unit cell volume.24,25 The increase in interlayer spacing 

upon oxidation is generally considered to occur from increased electrostatic repulsion between 

MnO2 layers due to decreased electrostatic shielding upon cation deintercalation,15,218,244 or the 

incorporation of water to offset the repulsion.77  

We conducted EQCM to measure mass change and determine the species involved in the 

charge storage mechanism. Figure 8 shows a relatively linear mass loss with oxidation and 

reversible increase with reduction over the entire potential range, consistent with prior reports for 

birnessite in aqueous electrolytes.26ï31 The continuous mass loss upon oxidation indicates that 

cations are the dominant species involved in the charge storage, as anion involvement would result 

in mass gain upon oxidation. Additionally, the slight hysteresis which appears around the 0.3 ï 0.7 

V window shows there may be kinetic limitations from mass transfer into the interlayer. The 

dominant species involved in charge storage is determined by a materialôs point of zero charge 

(PZC), or the potential where the negative and positive species have equal concentrations at the 

material surface. In transition metal compounds typically used for secondary EES, this is 

determined by pH. If the electrolyte pH < pHPZC, the surface will be positively charged, and anions 

will dominate charge storage.124,125 If the electrolyte pH> pHPZC, the surface will be negatively 

charged, and cations will dominate. The pHPZC of birnessite is below pH 4, so in the neutral pH 
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K2SO4 and Li2SO4, cations are expected to dominate the charge storage mechanism.108,124ï126 The 

PZC of carbons is not governed as strongly by pH, allowing capacitors to be polarized to either 

side of their PZC and experience non-faradaic contributions from both anions and cations. 

 

Figure 7. Ex situ XRD of birnessite. A) The full patterns taken on the electrode cycled in K2SO4 

show no shift of the Au substrate peak, while B) the normalized (001) peak shows interlayer 

expansion. The same is observed in Li2SO4, where C) shows the full patterns and D) shows the 

normalized (001) peak. 
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Figure 8. Mass changes vs. potential of birnessite MnO2 in A) K2SO4 and B) Li2SO4. The mass 

change in K2SO4 is only ~twice that of the change in Li2SO4, indicating that bare ions as not the 

only involved speciesðif they were, the mass changes would be 9.6 ɛg in K2SO4 (atomic mass of 

K = 39 g/mol) and 1.7 ɛg in Li2SO4. This, in addition to the MCR values, indicate that multiple 

species are involved in the charge storage. However, the relatively constant mass change in both 

electrolytes does indicate that even if there are multiple mechanisms involved, they do not differ 

much from each other. 

 

Our mass-charge ratio (MCR) calculations (Table 1), which show the effective molar mass 

of the species passed per charge, give positive values, confirming the cation-dominated 

mechanism. Figure 9 shows the average of 10 cycles at 10 mV s-1 that the MCR lines were fit to.  
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Table I. Mass-charge ratios of birnessite in K2SO4 and Li2SO4 at 10 mV/s  

K2SO4 Li 2SO4 

Potential 

Range (V) 

MCR 

(g/mol e-) 
e-/mol MnO2 

Potential 

Range (V) 

MCR 

(g/mol e-) 
e-/mol MnO2 

0 ï 0.65 V 30.6 ± 0.1 0.09 0 ï 0.55 14.4 ± 0.05 0.08 

0.63 ï 0.85 18.9 ± 0.3 0.05 0.55 ï 0.85 8.77 ± 0.03 0.05 

0.85 ï 0 26.4 ± 0.02 0.14 

0.85 ï 0.52 22.4 ± 0.27 0.03 

0.51 ï 0.21 12.3 ± 0.07 0.05 

0.21 ï 0 6.66 ± 0.18 0.05 

 

 

Figure 9. Plots of Potential and Mass vs. Charge for A) K2SO4 and B) Li2SO4. There are 3 distinct 

sections in K2SO4, and 5 (two anodic, and 3 cathodic) in Li 2SO4. These indicate that there may be 

multiple processes involved in the charge storage mechanism of birnessite MnO2. 

 

If only the bare cations were involved, we would expect an MCR of 39.1 g/mol e- for K+, 

which is not obtained over any potential range. Instead, there are two clear regions in the anodic 

cycle, with an MCR of ~30 g/mol e- between 0 and 0.65 V, and an MCR of 19 g/mol e- between 
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0.63 and 0.85 V. Based on these values, we propose the following mechanisms for each potential 

region during the anodic sweep: 

0 to 0.65 V: 

ὑȢὓὲὕϽπȢρὌὕ πȢπω Ὡ πȢπωὑ πȢπτὌὕᴼ ὑȢ ὓὲὕϽπȢρτὌὕ 

0.63 to 0.85 V: 

ὑȢὓὲὕ ϽπȢρτὌὕ πȢπυ Ὡ πȢπυὌὕ ᴼ ὑȢὓὲὕ ὕὕὌȢ ϽπȢπφὌὕ 

There is only one MCR in the cathodic cycle (26 g/mol e-), which suggests the kinetics of ion 

insertion may be slower than those of ion extraction, and leads to the following mechanism: 

ὑȢ ὓὲὕ ὕὕὌȢ ϽπȢπφὌὕ πȢρτ Ὡ πȢπωὑ πȢπτὌ ᴼ ὑȢὓὲὕ ϽπȢρὌὕ 

The first anodic step (0 to 0.65 V) is similar to that proposed by Arias et al., where Na+ and H2O 

always moved in opposing directions.114  We note that while these are possible reactions, it is 

conceivable for many other reactions and ratios of species would also fit the data. For example, 

parallel fluxes of H3O
+ and K+ or opposing fluxes of K+ and OH- are also possible.  

The EQCM behavior is more complex in 0.5 M Li2SO4, with two MCR regions in the anodic 

cycle, and three in the cathodic cycle. The values again indicate that multiple species are involved 

in most of the charge storage mechanisms. While desolvated Li+ transport has been reported in 

MnO2 systems,29 here only the final MCR value from the cathodic sweep in Li2SO4, 6.66 ± 0.18 

g/mol e-, is similar to the expected value for a bare ion. Additionally, all the MCR values are lower 

than expected for typical hydrated Li+,28,114 suggesting that two charged species may be 

participating in the reactions. Opposite to behavior observed in K2SO4, the first part of the anodic 

sweep (from 0 ï 0.55 V) represents the average of the first two sections of the cathodic sweep 

(from 0.85 ï 0.21 V). This indicates that Li+ removal is more difficult than inserting it, likely due 
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to the strong interactions between Li+ and birnessite. The opposite trend occurs in K2SO4, which 

is to be expected due to the lower point charge density of K+.  

The MCR calculations do not provide a definitive answer to which cationic species are 

involved in the charge storage. Most studies of birnessite in neutral-pH aqueous electrolytes agree 

that the alkali cation in the electrolyte is the primary charge-carrying species.26ï31,114 Commonly, 

water molecules or protons are used to explain discrepancies from expected MCRs. The constant 

mass change over the entire potential range is interesting because it suggests that the same species 

contribute to both surface and interlayer storage. In particular, we do not see sudden mass changes 

without a corresponding change in charge that would indicate ion-exchange30,122 or water 

movement without coordinated cation movement.15,31,77,121,247 

 

4.4.2 Local Techniques: In Situ Raman Spectroscopy and Operando AFM  

To observe the effect of electrochemical cycling on the vibrational structure of the 

birnessite electrode and obtain in situ data to correlate interlayer spacing with the ex situ XRD, we 

conducted in situ Raman spectroscopy. Figure 10 shows the normalized cumulative fit curve of 

spectra taken every 100 mV. The primary feature here is the reversible ~ 14 cm-1 shift of the ɜ1 

peak upon oxidation to 0.8 V and reduction to 0 V. Similar trends occur in Li2SO4. 
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Figure 10. Cumulative fit curves of the in situ Raman spectra of birnessite during aqueous 

electrochemistry in A) K2SO4 and B) Li2SO4. The spectra show an increase in Raman shift of the 

ɜ1 peak, and a relatively stable ɜ2 peak. 

 

Both the ɜ1 and ɜ2 peaks are sensitive to the interlayer environment, but they typically 

exhibit opposite behaviors upon electrochemical oxidation and reduction. The ɜ1 peak center 

increases in wavenumber and intensity with oxidation, while the wavenumber of the ɜ2 band often 

decreases with oxidation.77,121,244,247 These shifts are believed to represent weaker interlayer 

interactions, an increase in the amount of Mn4+, and an un-wrinkling/stiffening of the MnO2 layers 

as the Mn oxidation and interlayer cation deintercalation reduces local distortions in the oxide 

layers.77,121,244 In addition, the change in relative intensity ratios as ɜ1 intensifies and ɜ2 loses 

intensity is attributed to the increasing lattice spacing and overall ordering of the structure upon 

oxidation.31,77 The in situ Raman spectroscopy changes strongly point to the presence of faradaic 

reactions, since we do not expect EDL formation to affect the bonding environment of MnO2. 
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AFM dilatometry experiments were conducted in 0.5 M K2SO4. These measurements allow 

us to detect the electrochemically-induced deformation changes of the electrode in real time and 

in a particular location on the electrode surface. The AFM topography image in Figure 1F shows 

the morphology and chosen points for dilatometry in K2SO4. These points were chosen because 

they are in the center of the islands, where the flakes are more likely to be semi-perpendicular to 

the electrolyte surface as shown in Figure 1E. It is important to note that the measured deformation 

shows the response of the birnessite unit cell, and is not clearly defined with respect to the 

birnessite crystal structure due to the random orientation and thickness of the electrodeposited 

films. Figure 11 shows averaged AFM dilatometry at 10 and 50 mV s-1 in 0.5 M K2SO4 and at 50 

mV s-1 in Li2SO4. Both electrodes contracted during oxidation and expanded during reduction, by 

10 ± 5 nm in Li2SO4 and 17.3 ± 2.2 nm in K2SO4. Unfortunately, these rates were slow for the 

AFM technique, and the tip readily drifted out of contact with the electrode surface. Because of 

this, we were unable to conduct AFM dilatometry at 10 mV/s in Li2SO4. Increasing the set point 

voltage (the force with which the tip pressed on the sample) altered the signature of the material, 

so we had to work with noisy data at slow rates. The deformations curves in K2SO4 at 10 and 50 

mV/s have the same beginning and end point, showing that the material deformation remained the 

same. Also shown is the lack of deformation of the gold substrate, as expected for a non-porous 

electrode not undergoing charge storage. However, the deformation became more polarized, as the 

anodic deformation (solid line) at 50 mV/s is shifted about 0.2 V to the right. Due to the limitations 

in K+ insertion discussed above, the cathodic deformation (dashed line) is less polarized, showing 

that the material has more time to adjust as the K+ slowly inserts into the interlayer. The hysteresis 

exhibited in both electrolytes is higher than that observed in WO3-2H2O,208 which may indicate 

slower responses due to the exchange of water and cations rather than simple H+ incorporation. 
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The deformation of birnessite in Li2SO4 at 50 mV s-1 in Figure 11B shows significant 

hysteresis and lower deformation than the material in K2SO4. This may be a result of larger 

interlayer expansion countering the overall volume change. The gold background at 50 mV/s 

(ñAuò) was taken on a fresh electrode and shows essentially no deformation. In Figure 11B, the 

Au signal was measured in a visibly shiny area of an electrode where the birnessite had 

delaminated. Therefore, we hypothesize that the greater response of the Au signal in Figure 11B 

may be due to residual birnessite. Notably, the Au substrate (dashed line) in Li2SO4 indicates that 

when surface double-layer behavior dominates, expansion upon oxidation is expected. The 

deformation behavior matches that of capacitive carbons when polarized to the left of the PZC (the 

cation-dominant region), supporting our hypothesis of a cation-dominated mechanism.208,248ï252 

For a film 1.5 Ñ 0.2 ɛm thick, the change of 17.6 Ñ 2.5 nm in K2SO4 corresponds to a ~ 1.2% 

change in the film overall, similar to the 1.4% change in the c-axis measured by the XRD. 

However, the ex situ XRD in Figure 7 shows that the interlayer (c-axis) spacing expands upon ion 

extraction. Because this is the only dimension of the electrode material capable of changing due 

to electrostatic or steric forces, the overall electrode contraction may be due to a change in bond 

lengths within the MnO2 layers from a faradic reaction, or a change in bond angle. 
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Figure 11. Deformation of birnessite in A) K2SO4 and B) Li2SO4. The deformation curves of 

birnessite at 10 and 50 mV/s in K2SO4 almost entirely overlap, indicating the same charge storage 

mechanisms at both rates. The noisy deformation signal in Li2SO4 is due to poor contact of the 

AFM tip with the electrode during cycling.  

 

The strength of this study is its combination of the local and averaging techniques which 

detect the structural, mechanical, and gravimetric mechanisms coupled with electrochemistry of 

birnessite. all the techniques. Figure 12 shows the summary data from each technique described 

above,. Overall, it shows that interlayer ion insertion is the driving force behind the 

pseudocapacitive behavior of birnessite. Figure 12A-B show changes in interlayer spacing as a 

function of potential in K2SO4 and Li 2SO4, respectively. In K2SO4, the initial interlayer spacing of 

7.1 Å at 0 V vs. Ag/AgCl increases by 1.4% upon oxidation to 7.2 Å at 0.85 V, and reversibly 

decreases to 7.08 Å upon reduction to 0 V. Most of the interlayer spacing change is potential-

dependent, occurring between ~0.3 - 0.6 V during oxidation, and ~0.5 ï 0.2 V during reduction. 

In Li2SO4, the interlayer spacing increases by 2.4% from 7.03 Å at 0 V to 7.2 Å at 0.85 V, and 

back to 7.04 Å at 0 V. Here the interlayer spacing appears to change much more linearly with 
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potential, unlike in K2SO4. The limited potential range where birnessite in K2SO4 exhibits 

interlayer change suggests that charge stored at the extreme potentials in a K2SO4 electrolyte does 

not involve the interlayer. On the other hand, the interlayer spacing changes more linearly in 

Li 2SO4, indicating the interlayer may be active throughout this potential window. 

While XRD shows the average change in interlayer spacing, it does not confirm what leads 

to that change. Another way of examining this is comparing the mass and current changes. To do 

this, we plotted the gravimetric CVs (ógCVô, also termed ómassogramô), or potential vs. -ŭm/ŭt, 

the negative of the time derivative of the mass. Because the current is the time derivative of the 

charge passed, if the gCV and CV curves line up, it indicates the reaction follows Faradayôs Lawð

the peaks in the CV are directly correlated to potential-dependent mass changes.27,253 Figure 12C 

shows that for a film ~1.5 um thick in an 0.5 M K2SO4 electrolyte, the gCV has a broad peak from 

0.4 ï 0.7 V (anodic cycle) and 0.6 ï 0.3 V (cathodic cycle), indicating that the peak is due to the 

mass change. Compared with the XRD, this shows that the mass change likely leads to the change 

in interlayer spacing. Therefore we determine that the CV peak in the 0.5 M K2SO4 electrolyte is 

due to (de)insertion of interlayer species. Figure 12D shows the same is true in Li2SO4. 

The ɜ1 peak shift in Figure 12E-F mirrors the interlayer change spacing measured with 

XRD. As discussed above, this corresponds to interlayer expansion and contraction. In K2SO4 the 

most change occurs from 0.3-0.8 V of the anodic cycle, and the change does not reverse until after 

0.6 V during the cathodic cycle. In Li2SO4, the ɜ1 peak shifts with potential, but the data is too 

noisy to determine whether this change occurs within a confined potential range. The ɜ2 peak barely 

shifts in either electrolyte, unlike other reports of an 8-15 cm-1 shift.31,77,121,247 

Finally, we observe the overall mechanical response of the electrode by taking the negative 

time derivative of the deformation data. As described by Wang et al.,208 this generates a mechanical 
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CV (mCV) that shows the relationship between charge passed and material deformationðaligned 

features in the CVs and mCVs indicate that the charge-storage events lead to corresponding 

mechanical changes in the electrode. The mCVs of birnessite at 50 mV s-1 in K2SO4 and Li2SO4 

are shown in Figure 12G-H. Two sets of peaks are visible in K2SO4, indicating that multiple ion 

insertion sites may be present. The peak ~0.6 V corresponds to the interlayer process observed 

with XRD, EQCM, Raman, and electrochemistry. The peak near the cathodic potential, which was 

not seen in other techniques, highlights the ability of AFM dilatometry to detect local changes that 

are averaged out in global techniques like EQCM and electrochemistry. In the Li2SO4 electrolyte 

at 50 mV/s, the biggest change in the mCV occurs near the cathodic potential, indicating that the 

high current response in that region is due to a higher ion flux. The detection of deformation 

changes before electrochemical detection of Faradaic charge transfer shows that global electrode 

response is somewhat diffusion-limited. The AFM dilatometry can detect changes more quickly 

than the electrochemistry because the low conductivity of birnessite limits the e- transfer. The 

decrease in both the gCV and the mCV after the redox peak show that the increased current 

observed is due to the parasitic oxygen evolution reaction, rather than a material response. 

While the interlayer is clearly involved, none of these techniques definitively assign either 

faradaic or non-faradaic character to the ion insertion processes. We are collaborating with theory 

groups to investigate the changes in electronic structure upon electrochemistry and determine the 

extent of interaction between interlayer cations and oxygens. However, it has been shown in 

activated carbons that ion insertion into pores < 1 nm leads to significant increases in capacitance, 

and the proposed in-pore environment appears quite similar to ion insertion typically associated 

with faradaic processes.254 Based on this observation, we propose confinement within a hydrated 

interlayer blurs the distinction between faradaic and non-faradaic ion insertion processes. 
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Figure 12. Multi -modal characterization of birnessite MnO2 in K2SO4 (left) and Li2SO4 (right), 

showing the results of each technique as a function of potential. A,B) Ex situ XRD shows reversible 

changes in interlayer spacing. C) gCV in 0.5 M K2SO4 at 10 mV/s shows that the current is directly 

related to mass changes, while in D) Li2SO4, the EQCM is more sensitive than the electrochemical 

signal. E,F) Shift of the Raman ɜ1 peak corroborates the interlayer spacing change shown finrom 

XRD. G, H) CVs and mCVs at 50 mV/s from operando AFM dilatometry show that multiple 

processes occur during electrochemical cycling that combined lead to the CVs. 
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4.4.3 Rate-Dependence of AFM and EQCM Data  

Having shown that birnessite stores charge via interlayer processes, we now consider the 

effect of sweep rate. Figure 13 shows the rate-dependent deformation (A, B) and mass change (C, 

D) of birnessite. The deformation of birnessite exhibits slight decreases and corresponding 

increases in hysteresis with rate in K2SO4. A similar trend is observed in Li2SO4, where we attribute 

the apparent hysteresis at 50 mV/s to the tendency of the AFM tip to drift out of contact with the 

electrode. This was not a problem at 200 mV/s, so we attribute the observed hysteresis to actual 

hysteresis in sample deformation. The mass change is similar in both electrolytes. 

 

Figure 13. Rate behavior of birnessite. Deformation from 50 ï 200 mV/s in A) K2SO4 and B) 

Li 2SO4, Difficulty maintaining contact during AFM dilatometry led to increased hysteresis in the 

data at 50 mV/s in Li2SO4. The mass change from 20 ï 200 mV/s in C) K2SO4 and D) Li2SO4. The 

films behave similarly in both electrolytes, with little visible hysteresis until 200 mV/s. 
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Figure 14 shows the change in MCR with sweep rate. In the K2SO4 the MCR increases 

with sweep rate, which may indicate that fewer water molecules are moving in opposition to the 

inserting K+. In Li2SO4, the decrease of the first voltage segments in both the cathodic and anodic 

sweep (0-0.55 V and 0.85-0.52, respectively) also suggests that less water is involved in the charge 

storage reactions. The increasing MCR at later points in the anodic and cathodic sweep rate show 

that these waters may move more slowly. 

 

Figure 14. MCRs as a function of sweep rate in A) K2SO4, and C) Li2SO4. In K2SO4, MCRs slowly 

increase with sweep rate. If the species involved as the electrolyte cation and free waters, as we 

expect, in K2SO4 this may indicate that there is less opposing H2O flux with increasing sweep 

rates. In Li2SO4 the first segment during each potential sweep quickly decreases with sweep rate, 

while the later segments slowly increase. This suggests that fewer waters are also involved with 

increasing rate in Li 2SO4. óaô denotes anodic, and ócô denotes cathodic. 

 

Figure 15 shows the rate-dependent CVs, mCVs, and gCVs of birnessite MnO2 in both 

Li 2SO4 and K2SO4. There are two sets of peaks in the K2SO4 mCV (Fig. 15C), while the CV (Fig. 

15B) and mCV (Fig. 15D) in Li2SO4 are have the same shape. This supports our earlier claim that 
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the AFM can detect processes not visible in global measurement techniques, and that there may 

be multiple processes occurring in the K2SO4 electrolyte. In Figure 15E the overall gCV and CVs 

in K2SO4 (Fig. 15E) shapes remain the same, showing increasing polarization with sweep rate. 

However, in Li2SO4 (Fig. 15F) the gCV and CV peaks occur around the same potential at 20 mV/s, 

after which the gCV peak becomes progressively polarized, eventually shifting past the redox 

peaks. This may indicate the strong interaction between the Li+ ions and the birnessite electrodeð

as sweep rate is increased, a higher driving force is required to remove them from the electrode 

and re-insert them. The faster diffusion of K+ compared to Li+ and its lower electrostatic 

interactions with the electrode as the gCV behavior remains nearly the same from 20 ï 200 mV/s 

with only slight polarization. 
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Figure 15. Electrochemomechanical and gravimetric behavior of birnessite as a function of rate. 

The CVs from the operando AFM cell in A) K2SO4 and B) Li2SO4 show some polarization but 

maintain their shape from 50 to 200 mV s-1. The mCVs in C) K2SO4 show two clear sets of peaks, 

while in D) Li2SO4 the mechanical behavior mirrors the CV. Finally, CVs and gCVs in E) K2SO4 

match, while in F) Li2SO4 the gCV peak is polarized beyond the CV peak at high rates. 
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 The polarization at higher rates is to be expected, as the relatively low electronic 

conductivity of birnessite and the ~2D ion diffusion through the longer dimensions of the 

nanosheets delays interlayer ion insertion.255 Here we must also point out an important difference 

in the samples used: the films used for AFM dilatometry had a higher areal mass loading than 

those used for EQCM. This additional thickness may contribute to the triangular CV in the Li2SO4 

electrolyteðit is likely that increased tortuosity in the film required more Li+ to desolvate to go 

into the interlayer. That is, the density of interlayer openings at the surface is lower, so the diffusion 

of Li+ through birnessite is more apparent with the higher mass loading. This CV shape is 

reminiscent of capacitive carbons which are size-selective for certain ions and require the ion to 

partially desolvate before inserting into the pore.254,256 In the EQCM sample, the higher surface : 

volume ratio of the thinner film gives rise to a CV without ion-selective behavior, maintaining 

clear interlayer peaks and capacitive behavior. The samples used for K+ exhibit this to a lesser 

extent, although it does appear that the peaks leading to interlayer behavior are shifted to higher 

potentials. This may be because the exchange of K+ with water occurs at higher rates than Li+, or 

that the large hydrated radius of Li+ slows its diffusion. 

The differences in these two electrolytes highlights the importance of considering the 

interactions between the electrode, electrolyte, and electrolyte salt, when discussing 

electrochemical behavior. Here, the higher point charge density of the Li+ slowed it down, as the 

high interaction between the cation and its solvation shell meant that desolvation could not occur 

at higher rates. In K2SO4, where the K+ interacts much more loosely with its solvation shell, the 

changes with rate were primarily less water exchanged. Overall, the interlayer water does appear 

to improve the structural integrity and rate capability of birnessite MnO2. However, if an opposing 

water flux is critical to the good pseudocapacitive performance of birnessite MnO2 in K2SO4, the 
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reduced water exchange with K+ may lead to reduced room for K+ in the interlayer and therefore 

reduced capacitance. These data do show that the charge-storage in birnessite is still due to 

interlayer mechanisms.  

 

4.5 Conclusions 

By conducting this multi-modal experimental study, we determine that the capacitive 

behavior of birnessite originates from interlayer processes where nanoconfinement within a 

hydrated interlayer blurs the distinction between EDL formation and pseudocapacitance. Using ex 

situ XRD, in situ Raman spectroscopy, EQCM, and operando AFM dilatometry, we observe both 

the local and global electrode response to electrochemical cycling. This combination of techniques 

shows that the material interlayer is clearly involved, and changes in the Mn-O bond lengths due 

to Faradaic charge transfer reactions are involved in the structural and mechanical changes of the 

electrode. While the interlayer expands during oxidation, the AFM dilatometry shows the electrode 

contracts, as expected upon cation deinsertion. The mass changes of the electrode confirm that 

cations are the dominant charge-storing species, and suggest that the exchange of cations and water 

from the interlayer enable the capacitive behavior of birnessite. Overall, this work shows that the 

complex mechanisms leading to capacitive behavior in birnessite MnO2 are primarly due to 

interlayer behavior, where the horizon between faradaic and non-faradaic processes becomes hazy 

due to the confinement within interlayer. 
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CHAPTER 5 

Summary and Outlook 

My research focused on answering fundamental questions regarding the interlayer 

chemistry and aqueous electrochemistry of layered manganese-rich oxides, with the goal of 

providing the scientific basis for further development of EES materials and devices. This 

dissertation represents two approaches to understanding how the interlayer of manganese-rich 

oxides determines their structural and electrochemical behavior. The first approach, used for 

Chapters 2 and 3, investigated the effect of the interlayer environment on the behavior of P2 

NaxMO2 by varying the transition metal content. In non-aqueous Na ion electrolytes, this 

determines whether the material charges via a solid-solution mechanism or by undergoing many 

phase transformations, and can tune the capacity from 90-216 mAh/g.153,160ï165 As mentioned in 

section 1.3.2, P2 oxides offer a potential new family of materials to meet the need for higher 

capacity aqueous Na ion battery cathodes. In Chapter 2, I investigated four manganese-rich P2 

oxides with varying transition metal content to discover the effect of interlayer chemistry on their 

structural and electrochemical response to aqueous electrochemistry. This was the first study 

which connected the electrochemical performance of P2 oxides in aqueous electrolytes to their 

structural response. Although all materials had the same structure, I found that transition metal 

content determined the extent to which Na+ deintercalation led to spontaneous interlayer water 

uptake, expanding the interlayer spacing by 25%. In particular, the NaNMFe spontaneously 

formed a hydrated phase upon exposure to the electrolyte, whereas NaMCu had to be charged 

above ~1 V vs. Ag/AgCl for this phase transformation to occur. This can be attributed to the 

increased redox potential of the NaMCu material due to the presence of Cu2+.160,165,219 We used 

STEM, XRD, and electrochemistry to investigate the behavior of these materials. In addition, we 
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observed that after water intercalation, the electrodes exhibited a more capacitive CV, although 

they eventually failed due to loss of electronic connectivity within the electrode. Through this 

work, we demonstrated that the water intercalation into P2 oxides can be tuned by the interlayer 

chemistry, and for the first time connected the transition metal content to electrochemical and 

structural behavior of P2 oxides in aqueous electrolytes. This is a valuable understanding when 

designing materials for use in aqueous electrolytes. 

In Chapter 3, I developed a synthesis technique to take advantage of the capacitive behavior 

observed following electrochemical expansion and interlayer hydration of P2 oxides in aqueous 

electrolytes. First, I confirmed that the hydrated phase remained electrochemically active after 

water insertion using in situ synchrotron XRD. This showed that these micron-sized 

electrochemically active hydrated particles had potential for high rate and high volumetric capacity 

EES, if their hydrated interlayer indeed supported faster ion diffusion. To circumvent the electrode 

failure observed in the previous chapter, I developed an electrochemical expansion process capable 

of hydrating ~0.5 g of P2 oxide particles. This facile process produces expanded particles, which 

I subsequently assembled into slurry electrodes. Comparison of pristine P2 vs. expanded materials 

showed that pre-expanding the particles greatly improved electrode integrity. Preliminary 

comparisons with commercial activated carbon show that these expanded oxides have a higher 

volumetric capacitance at charge times greater than 40 seconds. This confirms that the expansion 

must enable significantly faster interlayer diffusion, as the surface area of the expanded particles 

is two orders of magnitude smaller than that of the activated carbon. Therefore, I showed that 

electrochemical expansion and interlayer hydration of large micron-scale particles is a viable 

alternative to nanostructuring for electrochemical capacitor materials. The process of 

electrochemical expansion is easily scaleable, and can be applied to a diverse range of materials. 



   

136 

 

The next steps for this work are to first, improve the repeatability of the synthesis by ensuring 

consistent electronic contact with all particles during expansion. Second, to further study these 

materials and determine the exact charge storage mechanisms. Third, to investigate the impact of 

electrode architecture: how does the electrochemical performance scale with electrode thickness? 

Fourth, to apply this process to other materials to verify the versatility of our electrochemical 

expansion process. Taking these steps will greatly promote the development of large (micron-

scale) hydrated particles for high rate EES.   

As mentioned above, in this dissertation I approach understanding the effect of interlayer 

environment on the structural and electrochemical behavior of manganese-rich oxides two ways. 

Chapters 2 and 3 represent the first approach: observing the effect of varying material composition 

and structure on the electrochemical performance. The second is to take a material with a known 

behavior and investigate the role of the interlayer. I used this approach in Chapter 4 to determine 

how the hydrated interlayer of manganese-rich oxides leads to their capacitive performance 

through a multimodal study on electrodeposited films of nanostructured birnessite. The primary 

questions surrounding birnessite include: is its capacitive behavior due to surface or interlayer 

processes; and if interlayer processes, are they due to EDL formation or faradaic behavior? To 

study this, I conducted one of the first holistic studies on birnessite, studying the structural, 

gravimetric, and mechanical responses to electrochemistry. I used in situ Raman spectroscopy and 

ex situ XRD to establish the interlayer behavior during electrochemistry. I coupled this with 

EQCM to gain insight into the involved species, and operando AFM dilatometry to show the local 

mechanical response during electrochemistry. By comparing the average (electrochemical, XRD, 

EQCM) to the local (Raman, AFM dilatometry) electrode response, I show that the capacitive 

behavior of birnessite is due to the exchange of cations and water molecules from the interlayer, 
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where the confined environment blurs the distinction between EDL and faradic processes. The 

capacitive behavior is likely due to the mitigated structural changes allowed by cation and water 

exchange, and the confined interlayer environment. Additionally, this work shows that capacitive 

behavior due to non-surface processes is possible in materials without the semiconductor-to-

metallic transition. This is the first work to use operando AFM dilatometry to show the structural 

effect of ion intercalation into the interlayer of a layered transition metal oxide. By comparing the 

local and averaged electrode responses to aqueous electrochemistry, I discovered that as in porous 

carbons, the interlayer confinement blurs the distinction between faradaic and EDL processes, 

which leads to the pseudocapacitive electorchemical response. Moving forward, additional studies 

I initiated on the effect of surface area : volume ratio on the charge storage processes of birnessite 

(Appendix D) present a promising starting point to determine whether the rectangular CV is due 

to multiple processes or simply the interlayer flexibility. Additionally, studies on isotope effects 

and varying electrolyte concentrations are of interest to further determine the effect of interlayer 

and electrolyte water molecules on the charge storage mechanisms of birnessite.  

Overall, my dissertation represents important discoveries on the effect of interlayer 

hydration on the aqueous electrochemical performance of manganese-based oxides. I showed that 

interlayer hydration improves the charge storage kinetics in micron-sized particles, presenting a 

new materials synthesis paradigm for electrochemical capacitor materials. I also connected the 

capacitive behavior of nanostructured birnessite to interlayer ion insertion processes, and made an 

important discovery that the confined interlayer environment blurs the distinction between EDL 

and faradaic processes. Moving forward, these understandings should be applied to investigate the 

effect of interlayer hydration and confinement on other materials systems to further develop a 
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fundamental understanding of the interactions between electrode materials and aqueous 

electrolytes, and enable the design of high performance aqueous EES devices.  
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