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ABSTRACT 

 Layered oxides offer a promising approach to creating nanostructured materials 

through exfoliation of parent crystals into single nanosheet layers. These nanosheets, 

which are only atoms thick but microns wide, present unique opportunities for 

microstructure control not available with conventional nanoparticles or nanotubes. 

Flocculation of exfoliated nanosheets provides an easy route to highly porous solids 

without further processing, which makes it possible to produce materials for catalysts, 

active electrodes, and other applications that benefit from macro- and mesopores and 

high surface area. 

 In this work, birnessite, a layered polymorph of MnO2, was synthesized using 

solid-state and hydrothermal techniques. The high-temperature stability and 

microstructure evolution was studied in ion-exchanged and flocculated samples. Through 

controlled processing, it is possible to encourage the growth of a small amount of tunnel-

structured α-MnO2 along with Mn2O3. While the thin nanosheets disappear with heat 

treatment, the high surface area of the starting porous solid is maintained. Through 

surface-tension effects, the sheets transform into nodules in an open network that mimics 

a spinodally-decomposed solid, where Mn2O3 forms an interconnected solid structure in 

air.  

 High-energy x-ray diffraction (HEXRD) was used to observe defects in 

nanosheets created during processing, and track changes with heat treatment. It was 

found that these defects play a role in the high-temperature phase stability. At 

temperatures as low as 200 °C, HEXRD revealed the presence of tunnel-structured MnO2, 

caused by the migration of surface Frenkel defects in the form of MnO6 octahedra on the 

surface of the sheets. Without a stabilizing cation, as the temperature increases to 600 °C, 

Mn2O3 begins to form. However, if a cation such as Na+ is introduced through ion 

exchange or via flocculation, α-MnO2 is stable to at least 800 °C. 

 The low-temperature conversion of δ-MnO2 nanosheet floccules to α-MnO2 

yielding a porous network of nanosheets offers exciting opportunities in electrochemistry 

and colloidal chemistry with numerous applications. 
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INTRODUCTION 

A.  Background on Layered Materials 

 Layered materials have garnered interest lately due to the unique processing 

approaches and applications enabled by their two-dimensional nano-scale structure. The 

most well-known example of a layered compound in popular science today is graphite, 

which can be delaminated into graphene sheets and is commonly extolled to the public 

due to the numerous applications researchers have discovered.1 While graphene is unique 

among layered compounds due to the hybridized bonding exhibited by carbon, many of 

the exciting and innovative processing techniques and applications can be transferred to 

ceramic analogues that are more chemically robust and compositionally flexible.2  

 Layered oxide materials can form from a wide range of starting chemistries, and 

this chemistry can be tailored to tune the material properties to specific applications. 

Many of these layered oxides consist of strongly bound two-dimensional sheets separated 

by weakly bound ionic layers. Others consist of sheets bound together covalently by an 

intermediate oxide layer. Through a combination of chemical and mechanical means, 

these sheets can be separated, cleaving the ionically bound layer or removing the 

intermediate oxide, resulting in suspensions of free-floating nanosheets with charged 

surfaces. Nanosheet suspensions can be used directly, or can be processed to form, for 

example, thin films via Langmuir-Blodgett or electrophoretic deposition, or open-

network structures via flocculation.3 

 Ceramics have long been in use due to the abundance of starting materials that 

naturally occur on earth and the ease of production requiring only a heat source for firing. 

Recently, advanced ceramics have been developed with carefully controlled synthesis 

and processing methods to achieve desired microstructures and properties, but this often 

requires the use of expensive or hazardous materials or techniques. By manipulating the 

size scale, nanosheets can be used to tune resultant macroscopic properties in a way that 

is not possible with bulk processing methods. Nanosheet systems frequently are 

composed of simple chemistries, and instead derive their interesting properties from their 
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nanoscale morphology. While most ceramic nanosheets are not as thin as graphene sheets 

(which can be merely 1 carbon atom thick), they still are well within the lengthscale of 

nanomaterials, with systems on the thicker side being comprised of layers only tens of 

atoms thick. Many systems are much thinner than that, and are often a single octahedron 

thick – only three atoms from one face to the other. 

 The most common atomic arrangement for layered compounds is that of stacks of 

octahedral layers. Transition metal cations often coordinate with oxygen to form MO6 

units that take the shape of octahedra. These octahedral units can be connected in a 

number of ways, including corner-sharing, edge-sharing, and face-sharing configurations. 

The combination of these different connections can create sheets with unusual and 

interesting structures that might be leveraged in various applications. 

 

Figure 1. KTiNbO5 with sheets comprised of two octahedra 

  

 There is a series of titanoniobate oxides that have different size steps in the sheet 

due to differing connections between the octahedra. The combination of edge-sharing and 

corner-sharing octahedra creates a tiered sheet surface with different step lengths. For 

example, Figure 1 shows KTiNbO5, a titanoniobate with steps comprised of 2 octahedra, 

with adjacent sheets offset to allow for closer stacking.4 Some work has been done with 

the exfoliation and flocculation of these sheets in order to determine if the slight 

difference in chemistry or sheet morphology results in any changes in photocatalytic or 

electrochemical performance.5 For example, sheets with shorter steps may have a higher 

density of active sites for catalytic reactions if the step edge behaves differently than the 

middle of the step. 
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 Much work has also been done on Aurivillius-phase oxides with the composition 

Bi2An−1BnO3n+3 (BCNN) where the sheet thickness can be tailored from n=2 to 5 and 

possibly beyond, where n is the number of octahedra from face to face of the sheet. Blair, 

et al., have tracked the change in photocatalytic activity with sheet thickness in these 

materials.6 Figure 2 shows the crystal structure for an n=3 BCNN. Other properties, such 

as ferroelectricity from distorted octahedra, can arise from the structural relaxation of 

these sheets of different thicknesses. In nanosheets, these inherently become nano-

domained materials. 

 

Figure 2. BCNN layered perovskite with intermediate Bi2O2
- layer (n=3).6  

 

 Another well-studied nanosheet system is that of TiO2. Sasaki, et al., have created 

a significant body of work using exfoliated LixTiO2.
7-9 By layering TiO2 nanosheets in 

homogeneous films or heterogeneous films with other nanosheet systems, Sasaki’s group 

was able to create films with diverse properties for uses such as dielectrics and 

spinelectronics, and for use in epitaxial growth.3,10-15 
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B.  Applications for Energy Storage 

 With the recent global push for clean energy and the constant demand for higher-

capacity and faster-charging electronic devices, improving charge storage technology has 

come to the forefront in public demand for research. A report from the Department of 

Energy stated that over $1.3 billion was invested in energy storage research between 

2009 and 2012 by a number of government agencies.16 With recent investments such as 

Elon Musk’s PowerwallTM technology as part of his company Tesla, energy storage has 

gotten cheaper and more readily available. However, in order to fully utilize all of the 

available renewable energy sources available to us such as solar and wind power, energy 

storage must continue to improve. 

 Lithium ion batteries (Figure 3) are still plagued with a number of issues, 

including limited cyclability and the scarcity of the requisite materials, particularly 

lithium. They also come with a host of hazards, such as the potential to catch fire should 

the housing be breached. Nowadays, nearly every consumer electronic comes equipped 

with a permanent or long-term rechargeable battery, and it is in everyone’s interest to 

make sure that they are as safe as possible. In 2016, Samsung, a major cell phone 

producer, had to recall every Galaxy Note 7 they produced due to issues that caused the 

batteries to overheat and explode. 

 

Figure 3. Lithium-ion battery working diagram.17 
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Cyclability is a concern for many rechargeable energy storage solutions, since 

most commonly the mechanism for charge storage requires the intercalation of ions – 

typically small alkali ions such as Li+ and Na+ – into a crystalline lattice. A lattice can 

only accommodate so many ions intercalated into its structure before the strain on the 

lattice causes defects to form in the crystal. When enough defects form, the battery 

material breaks and becomes unusable. The cations can also become irreversibly 

intercalated and trapped in the lattice, meaning they are no longer available to participate 

in the charge transfer process. In both cases, the overall charge storage capacity will be 

drastically reduced. The intercalation process is also time dependent, and for large 

batteries it can take hours to charge and discharge. The burgeoning area of nanoscience 

has opened up many new avenues to approach conventional problems in electronics, and 

more specifically, in charge storage. There are many benefits to investigating new 

solutions to old issues, including lowered cost, improved efficiency, and reduced size. 

Lowering the price and size, and improving efficacy of parts for consumer electronics 

could have wide-reaching effects.  

 The concerns about rechargeable batteries indicate that there is opportunity for a 

new type of charge storage – one that is made from readily available (Earth-abundant) 

materials that can charge quickly, and have high charge storage capabilities. Nanosheets 

based on manganese have a number of advantages. First, manganese is Earth-abundant 

and non-toxic, meaning that parts can more readily be made economically and safely. 

Second, the ease of making nanostructured materials makes processing scalable. Third, 

the high surface area of nanosheets has beneficial impacts on the size and weight of 

components manufactured using these materials. Manganese oxides suit this purpose 

admirably due to the high concentration of Mn compounds in the Earth’s crust, the 

variable valence states of Mn (2+, 3+, 4+, 7+) with the accompanying chemistry 

opportunities, and the readiness of Mn to form layered compounds. 

C. MnO2 as an Earth-abundant, Non-toxic, and Easily Processed Material 

 One of the strongest arguments for the use of transition metal oxides in batteries, 

capacitors, and catalysts is their relative abundance on Earth. The most effective lab-scale 
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catalysts are commonly rare earth-based or rely on noble metals which are often not 

scalable to industrial level production due to cost. If new advanced materials can be 

discovered that have similar performance to the expensive rare-earth or noble metal 

options, the price of current battery materials will quickly cause them to be replaced by 

the more economical transition metal oxide option. 

 Another concern with current products is that they rely on heavy metal elements 

such as bismuth, lead, and antimony. This creates problems if the part were to fail and 

expose consumers to toxic compounds that could lead to health problems. Additionally, 

disposal becomes much more challenging to prevent the heavy metals from leaching into 

the ground. Using manganese as the active material avoids these problems due to 

manganese’s non-toxicity. 

 Manganese oxides are easily processed powders, not requiring controlled 

atmospheres or specialized furnaces. Layered and tunneled polymorphs form from 

uncomplicated processes that can be scaled up to result in high yields without 

compromising phase purity. This contrasts with some current materials, such as carbon 

nanotubes or single crystal silicon, which are time-consuming and difficult to produce in 

large quantities. 

D. Polymorphs of MnO2 

MnO2 can form several different polymorphs, including α-, β-, γ-, δ-, and            

R-MnO2. While they are all distinct, they differ only slightly. The difference, though 

small, has large repercussions on the processing and applications that apply to each 

polymorph. The α-, β-, and γ-MnO2 polymorphs have 1-dimensional tunnels with 

different tunnel side lengths, as shown in Figure 4. Here, α-MnO2 (cryptomelane) 

consists of 2x2 tunnels, while β-MnO2 (pyrolusite) has 1x1 tunnels, and γ-MnO2 has 

alternating 1x1 and 1x2 tunnels. R-MnO2 (ramsdellite) has 1x2 tunnels. The δ- phase 

(birnessite) has layers of MnO6 octahedra that are not linked between the layers.18 
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Figure 4. Polymorphs of MnO2, showing (a) α- (cryptomelane), (b) β- 

(pyrolusite), (c) γ- (intergrowth of ramsdellite/pyrolusite), and (d) 

δ- (birnessite) MnO2.  

  

 Tunnel-structured materials are of interest for many applications due to their one-

dimensional diffusion pathways. The δ-MnO2 polymorph is a naturally-occurring layered 

material, in which sheets of edge-sharing octahedra form planes separated by an 

interlayer cation. The nature of the interlayer cation is variable, and studies have been 

conducted investigating the effect of the interlayer cation on bulk material properties. The 

dimensions of the crystals can be affected by the processing techniques used. Groups 

have reported forming sheets19-23 (roughly the same length in-plane) and belts24-26 (long 

in one direction and narrow in the other). 

E. Behavior of δ-MnO2 

 There has been a large amount of high-quality research done with layered 

manganese oxides due to their prevalence on the ocean floor. They serve an important 

role in ion regulation and have therefore received much attention from geologists and 
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marine biologists.27,28 The common forms of MnO2 on the ocean floor are birnessite, 

buserite, and todorokite. Birnessite and buserite are layered compounds comprised of 

MnO2 sheets, with buserite having an extra hydration layer and thus an expanded 

interlayer compared to birnessite. Todorokite is a hydrated structure containing 3x3 

tunnels. Each of these structures have layer/tunnel alkali ions such as Na+, K+, and 

Ca2+.27,29  

 There are a number of documented procedures for synthesizing birnessite. For 

geologic surveys, birnessite is synthesized through hydrothermal or aqueous precipitation 

methods, which forms compounds similar to those formed in nature. For other studies, 

birnessite has been synthesized via solid-state processes.19,30  

 

Figure 5. Structure of the birnessite MnO2 sheet (left) with out-of plane defects 

(right).31 

  

 The structure of the sheet (Figure 5) is largely composed of in-plane MnO6 

octahedra, but under various conditions, some of the Mn can be reduced from 4+ to 3+, 

which causes a distortion of the octahedron and strains the network. This distortion, 

termed the Jahn-Teller effect, has been observed in other systems containing Mn3+ 

octahedra, such as Mn2O3.
32 To relieve the in-plane strain, the octahedra can move to a 

surface position as seen in Figure 5. Work has been done to model this and track the 

effects of these sheet defects on electrochemical properties, and determined that there is a 

positive trend with these defects and charge capacity.31 

The potassium ions in the interlayer of highly-crystalline δ-MnO2 synthesized via 

solid-state methods are still mobile species. By introducing a strong enough chemical 
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potential gradient, it is possible to encourage the exchange of K+ in the interlayer with 

other cationic species in an aqueous suspension.29 

Adding powders to 1 M solutions of chloride salts allows the K+ in the parent 

phase to exchange with the cations in solution. Thus, treating with 1 M HCl exchanges 

the potassium in the interlayer with H+ and H2O.33  

It is also possible to exchange the K+ (or H+ in proton-exchanged samples) with 

other cations, including Li+, Na+, and Ca2+. It has been shown that introducing different 

cations into the interlayer of aqueously prepared birnessites changes the hydration energy 

of water in the interlayer, and can change the band gap and electrical properties of the 

material.33,34 Much work has been done on these systems using hydrothermal or aqueous-

precipitated birnessite,29 but there is only limited work on samples exchanged from solid-

state precursors.35 The present work focuses on the ion-exchange of solid-state-

synthesized birnessite using conditions similar to those reported for hydrothermal and 

aqueous samples in literature. Birnessite synthesized through solid-state techniques with 

potassium as the layering cation has been shown to be stable at temperatures as high as 

900 °C, but hydrothermally prepared samples and samples prepared with other layering 

cations have not shown stability above 200-300 °C.29 They commonly transform into 

tunnel-structured α-MnO2,
29 spinels (in the case of Li36,37), Mn2O3,

38,39 and Mn3O4.
40 

The addition of tetrabutylammonium hydroxide (TBA-OH) causes swelling and 

delamination of the Mn-based nanosheets. This is aided by the expanded interlayer that 

results from treating the sample with HCl and is thus performed on ion-exchanged 

samples.41-43 In water, the molecule disassociates into TBA+ and OH-. The bulky TBA+ 

inserts itself between the sheets and associates with the negatively-charged sheet surface, 

expanding the interlayer and causing them to exfoliate and become suspended in the 

aqueous solution. Other bulky organic groups have been shown to produce similar 

results.44 

Suspensions of exfoliated nanosheets are stable over some months, but it is 

possible to destabilize them through the addition of ionic species such as protons or 

alkali.5,45,46 Such flocculated samples form monoliths exhibiting high surface area and 

porosity, with specific surface area typically between 100 and 200 m2/g. 
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F. Applications of MnO2 

 Due to its prevalence in nature, MnO2 has been used for various purposes to serve 

as a synthetic analogue for natural processes. 

1. Photocatalytic Activity 

 Manganese serves as the central ion in the metal complex responsible for 

photosynthesis in plants. Thus, it has garnered interest as a photocatalyst and work has 

been done to use manganese oxides for water oxidation and gas catalyst reactions.34,47-49 

2. Electrochemistry 

 Due to the variable valence state of manganese, which can exist as Mn 2+, 3+, 4+, 

and 7+, it has been heavily investigated as the active material in electrochemical 

capacitors. A number of groups have reported specific capacitance values between 200 

and 300 F/g50,51 and even as high as 600 F/g in one case.52 Often, these electrodes take 

advantage of the high surface area of MnO2 nanostructures and make use of composites 

and binders. 

3. Sorbents and Filters 

 Due to its natural nanostructure and affinity to cations, manganese compounds 

have been used as filters, molecular sieves, and absorbents. They can regulate ions in 

marine environments, and find uses as sorbents for heavy metal ions such as 

radium.27,53,54  

G. Phase Evolution in MnO2 

 By introducing defects into the sheet structure either during synthesis or via 

processing methods, the sheet becomes thermodynamically unstable and a phase change 

occurs upon heating. In hydrothermally- and aqueously-grown δ-MnO2 it is reported that 

the sheet structure is stable only to approximately 200 °C.29,33,55 In these defective sheets, 

the reported transformation is that of the layered structure to a tunnel-structured material, 

commonly α-MnO2, cryptomelane. Birnessite synthesized via high-temperature methods 

are stable without further processing, and little work has been done to characterize the 

effect of defects on the high-temperature phase stability in these materials. 
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 This work investigates the role of processing on phase and microstructure 

evolution in high-quality birnessite, synthesized via solid-state methods. By introducing 

defects and modifying the interlayer gallery, the phase stability was tracked up to 800 °C. 

Flocculating exfoliated nanosheets provides a route to high-specific-surface-area, porous 

solids. The microstructures of these floccules were likewise tracked throughout the 

processing steps to determine if these porous solids are stable. 
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EXPERIMENTAL PROCEDURE 

A. Powder Synthesis 

 Birnessite (δ-MnO2) was synthesized by calcining mixed powders of MnCO3 and 

K2CO3 in a molar ratio of 40:9. Approximately 5 grams of powders were mixed using a 

McCrone micronising mill using 30 ml of isopropanol and alumina media for 5 minutes. 

The mixed powders were dried on a hot plate for 30 minutes over low heat. The dried 

powder was collected and heated to 900 °C in air at a rate of 5 K/min in an uncovered 

alumina crucible without a powder bed for 12 hours to form the compound K0.45MnO2. 

This δ-MnO2 “parent phase” was characterized by XRD to confirm phase purity. 

B. Ion Exchange 

 To remove the potassium, 0.5 g of the parent phase was added to 50 ml of 

1 normal HCl in a plastic centrifuge tube and placed in a Branston 1510 ultrasonic bath 

for 4 hours, manually shaking every 30 minutes to redisperse the powders. After 4 hours, 

the powder was collected by centrifugation at 3500 rpm, and the acid was decanted. The 

powder was added to fresh 1 N HCl and placed in the ultrasonic bath for an additional 

4 hours. This two-step process was repeated a total of 3 times to encourage complete 

potassium exchange. After the third ion-exchange, the powders were washed to neutral 

pH using deionized (DI) water, and dried in an oven at 60 °C. The extent of the ion-

exchange was tracked using EDS and XRD.  

 Bulk-phase ion-exchanged powders were produced by adding the parent phase or 

proton-exchanged phase powder to a 1 M solution containing the desired exchange 

cation. Cations used for this exchange included Li+, Na+, K+, Cs+, Mg+, Sr2+, and Zn2+. 

For this, 0.5 g of the initial powder was added to 50 ml of 1 M solution and allowed to 

exchange in the ultrasonic bath for 4 hours with periodic shaking to redisperse the 

powders. The ion-exchanged powders were centrifuged at 3500 rpm and washed several 

times with DI water to remove ions remaining in solution, then dried at 60 °C. 
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C. Exfoliation 

 To exfoliate individual nanosheets, the proton-exchanged powder was added to 

50 ml of 2 wt% tetrabutylammonium hydroxide (TBA-OH) in a plastic centrifuge tube 

and put in an ultrasonic bath for 4 hours, with manual shaking every 30 minutes to 

redisperse the powder. The suspension was centrifuged at 3500 rpm for 20 minutes to 

separate the remnant birnessite powder from the nanosheet suspension. The suspension 

was decanted into a separate container and saved, while the powders at the bottom of the 

tube were redispersed in DI water by manual shaking and subsequent centrifuging. Each 

redispersion step produced a new suspension of nanosheets that was collected and saved. 

 Exfoliation of the same suspension composition was also performed using a 

vortex mixer and orbital mixer. In addition, exfoliation was attempted on the parent phase 

material using the ultrasonic bath procedure given above. 

D. Flocculation 

 Flocculation of the nanosheets was achieved through the addition of acid or salt 

solutions. Aqueous solutions used in this work include HCl, LiCl, Li2CO3, NaCl, and 

Na2CO3. In the case of HCl, enough was added to bring the suspension to a pH of 1, 2, or 

4. For other salts, 5 ml of 1 molar salt solution was added to 45 ml of suspension. The 

suspensions were allowed to stir for 12 hours to reach equilibrium prior to washing and 

collecting via centrifugation. The resulting floccules were washed to a neutral pH for 

acid-flocculated samples, or by replacing the water and centrifuging the suspension 3 

times for salt-flocculated samples. The suspension pH was monitored using an accumet 

AB150 pH meter. 

 Flocculated materials were dried in air under two conditions: directly from the 

aqueous suspension after washing, which was performed at 60 °C in an oven, or by 

replacing the water with isopropanol and evaporating the alcohol at room temperature. 

E. X-ray Diffraction 

 XRD patterns were collected on a Bruker D8 Advance diffractometer equipped 

with a Cu-Kα source with a Ni metal filter and a LYNXEYE XE position-sensitive 
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detector. The sample was set to spin at 30 rpm. For nanosheet restacking with high d-

spacings, data was collected from 3-70 °2θ. 

 High-temperature XRD was performed on a Bruker D8 Advance diffractometer 

using Cu-Kα radiation, an Anton Parr HTK 1200N furnace, and a VÅNTEC-1 detector. 

Flocculated nanosheets were dried onto a clean sapphire disc for measurement. Patterns 

were collected up to 800 °C from 5-70 °2θ. 

F. Scanning Electron Microscopy 

 Electron micrographs were collected using an FEI Quanta 200F Environmental 

Scanning Electron Microscope equipped with an EDAX energy-dispersive spectrometer. 

Dry samples were mounted by dusting powder onto carbon tape on an aluminum stub. 

Wet samples were dried onto carbon tape on an aluminum stub in a drying oven at 60 °C. 

Bulk powders were imaged using an accelerating voltage of 20 kV at a working distance 

of approximately 10 mm. Nanosheet samples were imaged at accelerating voltages of 2 

and 5 kV at working distances between 6 and 10 mm. 

G. Thermogravimetric Analysis 

 Thermogravimetric analysis was performed using a TA SDT Q600 TGA 

instrument. Samples were measured under flowing air (100 ml/min) from room 

temperature to 800 °C at a rate of 20 K/min in platinum pans. The sample mass used was 

approximately 20 mg. Simultaneous differential scanning calorimetry (DSC) was 

performed by comparing the sample against an empty platinum reference pan. 

H. Surface Area Measurement 

 The surface areas of synthesized and processed materials were measured using a 

Micromeritics TriStar II Surface Area and Porosity Instrument. The surface area was 

calculated using the BET method at liquid nitrogen temperatures using N2 gas. The 

powders were degassed in a Micromeritics FlowPrep 060 Sample Degas System at 

150 °C for 4 hours under flowing N2 prior to measurement. 
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I. Electrochemical Measurement 

 Capacitance values were measured using a CH Instruments Electrochemical 

Analyzer CHI6015E. Using a platinum counter electrode and a KCl reference electrode, 

chronopotentiometry and cyclic voltammetry experiments were conducted on MnO2 

nanosheets and floccules deposited on fluorine-doped tin oxide (FTO) coated glass. 

Methods of electrode preparation included drop casting, spray casting, and tape casting. 

Drop casting was performed by drying aqueous suspensions of nanosheets or floccules 

onto a cleaned FTO surface at 60 °C. Spray casting was performed by heating the FTO 

substrate on a hotplate at 100 °C and using pressurized air to spray suspensions of 

nanosheets or floccules through a capillary onto the surface. Tape casting was performed 

by intimately mixing dried MnO2 nanosheet floccules with a binder formed from carbon 

black and polyvinylidene fluoride (PVDF) in a mass ratio of 80:5:15. N-methyl-2-

pyrrolidone (NMP) was added to allow a magnetic stir bar to spin and mix the powders. 

The powders were mixed for 6 hours, tape cast on the FTO surface, and dried in a 

vacuum oven at 120 °C for 4 hours. 
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RESULTS AND DISCUSSION 

A. Synthesis 

Birnessite (δ-MnO2) can be synthesized using several different processes, 

including aqueous precipitation, hydrothermal synthesis, and solid-state synthesis. The 

amount and type of cation in the interlayer is easily controlled when forming birnessite 

through hydrothermal and aqueous precipitation routes, but the quality of the crystal 

suffers due to the low temperature of synthesis. High-quality crystals of δ-phase MnO2 

can be formed using solid-state synthesis, but, of the cations studied, only potassium 

formed a phase-pure material after treatment at 900 °C. Through solid-state synthesis, 

birnessite forms directly at temperatures below 900 °C when K2CO3 and MnCO3 are 

mixed and heated in air.  

The phase purity and microstructure of birnessite synthesized via solid-state 

techniques was analyzed using scanning electron microscopy and x-ray diffraction. Due 

to the high-temperature conditions of synthesis, the diffraction peaks are very sharp, 

especially compared to commonly-studied natural forms of birnessite and those produced 

by other methods such as hydrothermal synthesis. The solid-state method of producing 

synthetic birnessite is preferred due to the quality of the crystal. The difference in peak 

full-width at half maximum (FWHM) between birnessite synthesized via different routes 

cannot be discounted. The XRD patterns shown in Figure 8 give a good indication of the 

difference in crystallite size and/or perfection of the synthesized birnessites. The 

hexagonal packing of MnO6 octahedra is visible in the grains of the parent phase, as 

shown in Figure 6 where the facets and stacking faults are clearly visible. 
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Figure 6. Parent-phase K0.45MnO2 prepared by solid-state synthesis showing 

faceting and hexagonal symmetry. 

 

Figure 7. Hydrothermally-grown δ-MnO2 nanoflowers and α-MnO2 nanowires. 
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One of the goals of this study was to investigate the roles of defects on the 

electrochemical performance of MnO2-based electrochemical supercapacitors. Starting 

from highly-crystalline and nominally defect-free crystals, the quantity and nature of 

defects in the final nanosheet structures can be more easily controlled and compared to 

sheets formed hydrothermally. 

 

Figure 8. XRD of birnessite synthesized by solid-state (black), hydrothermal 

(red) and aqueous precipitation (blue) methods. 

 

The nanoflowers shown in Figure 7 were synthesized via hydrothermal synthesis, 

with aqueous KMnO4 used as the reagent. Via the same process, it was possible to 

synthesize both aqueously suspended nanoflowers and to grow nanoflowers on nickel foil 

substrates with the same morphology. XRD performed on zero-background holders 

suggests that the nanoflowers are stacking-disordered δ-MnO2 due to the broadening of 

the (001) and (002) peaks. The broadening of higher angle (hk0) peaks indicates 

additionally poor in-plane crystallinity. Using the same process, it was not possible to 

deposit nanoflowers on nickel foam. The difference between the nickel foam and the 

nickel foil was not investigated to determine the cause for this disparity. 

By mixing Mn2+ salts such as manganese acetate with hydroxides in water, it was 

possible to precipitate birnessites with different interlayer cations of the form AxMnO2. 
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The hydroxide cation nature determined the layering cation, A, thus through the use of 

LiOH, NaOH, KOH, etc, it was possible to synthesize various birnessites where the 

MnO2 sheets are separated by the hydroxide countercation. As above noted for the K-

birnessite prepared by hydrothermal synthesis, the resulting δ-MnO2 was of low quality 

and was not phase-pure, and was therefore not pursued.  

The Mn source for birnessite formation using solid-state techniques must be 

specified in order to synthesize the correct phase. Groups have reported forming δ-MnO2 

from MnO2 and K2CO3,
19 and KMnO4.

22 Starting with Mn2O3, however, did not work 

with the synthesis parameters used in this study, but the desired final product was 

obtained through the calcinations of MnCO3 and K2CO3, which has been previously 

reported from our group at Alfred University.56 

For this work, the initial target potassium content was a ratio of K:Mn of 0.45:1, 

based upon work by Omomo, et al. that reported on birnessite with the composition 

K0.45MnO2.
19 This composition was made by mixing stoichiometric amounts of K2CO3 

and MnCO3. This K:Mn ratio, however, is not a requirement to achieve a phase-pure 

material. In order to better understand the interlayer spacings, water retention in the 

birnessites and other factors that might influence the 00l peak locations measured using 

XRD, the stoichiometry of KxMnO2 has been studied over the K range of x=0.35-0.60 

(Figure 10). Through the heat treatment of KMnO4, an additional x=1 birnessite sample 

was synthesized.  

Increasing the K:Mn ratio in the compound KxMnO2 results in slight shifts of the 

basal (00l) diffraction peaks over the range x=0.35 to x=1. As x increases, the diffraction 

peaks shift to higher angle, indicating a change in interlayer spacing. This is likely due to 

a difference in hydration of the interlayer, which stabilizes the expansion. In the high-

temperature XRD, a reversible shrinkage of the interlayer is observed between 150 and 

200 °C, indicating dehydration upon heating, as shown in Figure 9. 
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Figure 9. HTXRD of parent phase birnessite in air. 

 

 

Figure 10.  XRD of the KxMnO2 001 peak for x=0.35 (black), 0.40 (red), 0.45 

(blue), 0.50 (green), 0.55 (pink), and 0.60 (brown). 

  

 The influence of water in the interlayer was tracked using high temperature 

diffraction. Above 150-200 °C, a reversible peak shift of approximately 1 °2θ occurs, 

representing a shift from an interlayer spacing of 6.95 to 6.41 Å (Δd=0.54 Å). Water loss 
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is also observed in TGA measurements. Figure 11 shows the TGA curve for  the x=0.45 

sample, which indicates a mass loss of approximately 6.5% up to 150 °C, which is 

approximately equivalent to 0.4 H2O per birnessite formula unit. This value is lower by 

approximately 50% than reported values for hydrothermally synthesized birnessites,39,57 

but the temperature of dehydration matches results by Johnson and Post.33 

 

Figure 11.  Mass loss on heating parent phase birnessite in air at 20 K/min. 

  

 Using solid-state synthesis, the only stable birnessite phase synthesized included 

only potassium in the interlayer. The addition of even a small amount of Na+ or Ca2+ in 

place of K+ results in a phase-impure sample. K0.4Na0.05MnO2 forms a phase mixture of 

α- and δ-MnO2, for example (Figure 12, Figure 13). As seen in Figure 12, even replacing 

one in nine potassium with sodium causes the growth of an α-MnO2 phase during solid 

state synthesis. The same result was found when replacing K with Ca. This indicates that 

only the potassium form of birnessite is stable at high temperatures. Therefore, in order to 

change the layering cation, either different synthesis routes must be used or the potassium 

must be exchanged for different ions post-synthesis.  The next section provides results for 

the ion-exchange process. 
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Figure 12.  XRD of K0.40Na0.05MnO2 showing growth of α-MnO2 ( ) and              

δ-MnO2 ( ). 

 

Figure 13.  K0.40Na0.05MnO2 microstructure with regions of tube-like α-MnO2 and 

plate-like δ-MnO2. 

  

 It is also possible to substitute cations on the manganese sites, rather than in the 

interlayer. Work was done to replicate literature reporting the substitution of copper and 

iron on the manganese sites, as reported by Takei, et al.58 These powders were found to 

be phase-pure by powder x-ray diffraction (Figure 14). Proton ion-exchanged powders 
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were taken to Oak Ridge National Laboratory (ORNL) to be characterized using neutron 

diffraction, but the high water content of the powders rendered the data insufficient for 

structural refinement work. Copper and iron were chosen for this purpose due to their 

neutron scattering cross sections, which differ greatly from that of manganese. 

 

Figure 14.  Parent-phase birnessite (black, bottom) substituted with copper (blue, 

top) and iron (red, middle) on a square-root scale. 

B. Ion Exchange 

 Ion exchange of the interlayer potassium is possible due to the mobility of ions in 

the interlayer between the oxide layers. This has the effect of expanding the interlayer 

gallery enough that it can be observed in the XRD patterns, as in Figure 15. The extent of 

ion exchange was tracked using EDS (Table I). It was found that after two ion exchange 

steps in acid over 90% of the interlayer potassium was removed and replaced with 

protons.   

Table I. XRF Potassium Content Analysis 

 K:Mn Ratio 

Parent phase 0.45 

First ion-exchange 0.094 

Second ion-exchange 0.038 
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Figure 15.  Shift in basal peaks from the parent-phase (black) to the proton-

exchanged phase (red). 

  

 Ion-exchanges were also performed using LiCl, NaCl, KCl, MgCl2, SrCl2, and 

ZnCl2 using both the proton-exchanged and parent-phase birnessites as precursors. These 

ions were chosen to mimic literature reporting on the exchange or synthesis of birnessites 

with the same layering cation.28,29,34,35,37,59 The samples exchanged with the proton-

exchanged MnO2 had more of the cation successfully exchanged, and these samples were 

the ones used for further testing. The extent of exchange as quantified by EDS is given in  

Table II. Lithium content cannot be easily measured via EDS and is therefore omitted. 

The initial loading for each exchanged cation was 0, as all layering cations were replaced 

with protons prior to further treatment. 

Table II. Cation Ion Exchange Analysis 

Cation Cation:Mn Ratio 

Na 0.03:1 

K 0.05:1 

Mg 0.02:1 

Sr 0.02:1 

Zn 0.24:1 
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C. Exfoliation 

The ion exchange step is a necessary one for exfoliation. Directly trying to exfoliate 

the parent phase sample through the addition of TBA-OH does not result in any 

significant production of nanosheets. This is likely due to the strong interlayer bonding 

resulting from the potassium ions. The interlayer attraction must first be weakened by 

exchanging the potassium with H+, H2O, and H3O
+, during which process the interlayer 

gallery expands. Exfoliation is achieved through the insertion of bulky organic TBA+ 

ions into the interlayer, which has the effect of separating the layers enough so that they 

can be dissociated through physical means, such as shaking. Nanosheets exfoliated in this 

fashion are sufficiently thin and well-dispersed enough that they form a stable suspension. 

It is possible to separate the exfoliated nanosheets from the remnant bulk powder through 

centrifugation.  When these powders are redispersed in deionized water, more nanosheets 

free themselves and form a suspension. From the observed clarity of the suspensions, 

each redispersion produces suspensions with lower mass loadings than the ones before 

until the point where additional redispersions do not form suspensions with any 

observable nanosheet content. This typically is on the order of 10 redispersions. 

The residual powders left after centrifugation are a mix of an un-exfoliated proton-

exchanged phase and a TBA-pillared phase, where the interlayer has been expanded 

further from the ion-exchanged phase but still presents an ordered crystal with sharp 

diffraction peaks, as seen in Figure 16. The (001) spacing, representing the size of the 

sheet and the interlayer gallery, expands upon intercalation of TBA+, increasing from 

7.15 Å to 12.40 Å, as evidenced by the appearance of a new basal series appearing, 

starting at 7 °2θ. A TBA ion is tetrahedral, and approximately 8.4 Å in length,19 but the 

increase in interlayer spacing is only 5.25 Å, indicating that the TBA+ replaces or 

otherwise fits in along with prior interlayer molecules, such as water. 
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Figure 16.  Unexfoliated powder remaining after centrifugation of nanosheets 

(black) with the proton-exchanged pattern (red) overlaid showing a 

pillared phase (*). 

 

The lateral dimensions of the exfoliated sheet can be adjusted via the exfoliation route. 

Several different such routes are available, including orbital mixing, stirring, vortex 

mixing, and treating with an ultrasonic bath. The orbital mixer seemed to produce 

nanosheets microns in lateral size, while the ultrasonic bath only made sheets 

~200-500 nm on a side. The size of the sheet was estimated from the size of the features 

observed in the SEM images, and an example is shown in Figure 17. Atomic force 

microscopy (Figure 18) supports lateral dimensions of hundreds of nanometers in the 

case of nanosheets exfoliated using an ultrasonic bath. 



27 

 

Figure 17.  Flocculated nanosheets exfoliated via (left) orbital mixer and (right) 

ultrasonic bath dried from isopropanol. 

 

Figure 18.  AFM of MnO2 nanosheets with a thickness of 3.8 nm. 

  

 It is possible to confirm the presence of nanosheets in the suspension using XRD. 

By drying several drops of the suspension on a zero-background sample holder in an 

oven at 60 °C, the nanosheets restack into loose layers separated by water and TBA, 

resulting in strong (00l) reflections, as shown in Figure 19. The in-plane diffraction peaks 

are generally not observed because of the nanosheet orientation on the sample holder.  
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Figure 19.  Dried nanosheet suspension showing restacked 00l peaks. 

D. Flocculation 

 The addition of HCl, LiCl, or NaCl destabilizes the nanosheet suspension and 

causes the nanosheets to agglomerate via flocculation. The nanosheets form macroscopic 

groupings that are large enough to settle out of suspension and be collected. The XRD 

patterns of the dried nanosheets suggests small amounts of restacking between sheets in 

the flocculated samples, as evidenced by the broad basal peaks present in the diffraction 

patterns. The morphology of the flocculated and dried samples was imaged by SEM and 

seems to comprise rumpled and bent sheets forming an open 3D network. BET 

measurements (Figure 20) indicate that the floccules have surface areas on the order of 

100 m2/g. 
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Figure 20.  BET of MnO2 nanosheets flocculated at pH 2 using HCl. SSA=94 

m2/g. 

  

 The hysteresis loop presented in the BET data shown in Figure 20 has been 

characterized as deriving from slit-like pores.60 The presence of slit-like pores indicates 

that the nanosheets have restacked to form loose layered structures with stacking 

distances large enough to create mesoporosity. For applications related to catalysis and 

capacitance, these restacked sheets may limit the available surface area and hence 

kinetics of reactions. If molecules or ions cannot diffuse between the sheets quickly 

enough, the response of films will be limited, resulting in slower charge and discharge 

rates or reduced overall capacity. 
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Figure 21. Nanosheets flocculated with HCl at pH 2, dried from an aqueous 

suspension at 60 °C. 

 

The morphology of these floccules appears to be an open network formed from 

stacks of sheets randomly connected together. The size of the sheet affects the packing, 

with larger sheets having more steric hindrances that result in a more porous and open 

network. Small sheets form smaller pores, resulting in denser microstructures (Figure 17). 

The method of drying also affects the final microstructure. Floccules dried from aqueous 

suspensions exhibit the most visible restacking and densest microstructures observed in 

the SEM. Figure 21 shows floccules with large sheets that form an open network due to 

steric effects, but also show significant restacking in the center of the micrograph. It is 

also possible to exchange the water in the suspension for an alcohol such as isopropanol 

prior to drying. This results in less restacking and more open pore networks in the SEM 

micrographs.  

It is possible to add nanosheet suspensions to suspensions of other particles and 

sheets and flocculate the nanosheets to form nanocomposites. Upon the addition of 

flocculating agents such as those noted previously, the MnO2 nanosheets will flocculate 

and capture other suspended media. This has been shown with suspensions of 
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nanocrystalline TiO2 (P25, Degussa) and carbon black. When P25 was added to a 

suspension of nanosheets (0.5 grams in 50 ml), it dispersed without settling out of 

suspension. Upon the addition of HCl to flocculate the nanosheets, the entire suspension 

flocculated together, P25 and MnO2 alike. A similar suspension of only dispersed P25 did 

not flocculate with the addition of HCl. Fine dispersions of powder can therefore be 

sequestered by flocculating nanosheets in the same suspension. These materials were not 

pursued further as part of this work. 

E. Defects in MnO2 Nanosheets 

 A reduction of Mn from 4+ to 3+ upon equilibrating in HCl causes in-plane stress 

due to the Jahn-Teller distortion of the MnO6 octahedra. Models from Manceau, et al, 

suggest that defects in the MnO2 sheet take the form of Mn3+ octahedra that move from 

the in-plane configuration to a surface-coordinated position as a sort of “surface Frenkel 

defect.” In order to characterize the defects formed through processing of the MnO2 

nanosheets, x-ray total scattering experiments were performed at the Argonne National 

Laboratory Advanced Photon Source synchrotron by Peter Metz of Alfred University 

using samples prepared by the author. Using data collected there, pair-distribution 

function (PDF) modeling was performed to track the ratio of in-plane to out-of-plane 

manganese octahedra. As seen in Figure 22, the ratio of in-plane to out-of-plane 

manganese decreases as a function of treatment pH. All data was normalized to the Mn-O 

distance of 1.896 Å. The in-plane peak at 2.86 Å shows the highest intensity in the 

parent-phase sheets and lowest in sheets flocculated at pH 2. Conversely, the out-of-plane 

peaks at 3.4 Å shows an increase of surface-coordinated octahedra after pH treatment.61 

This indicates that it is possible to control the defect content by controlling processing 

parameters, most notably the flocculation equilibrium pH.56  
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Figure 22.  PDF analysis of MnO2 defects as a function of processing.61 

F. Electrochemical Performance and the Role of Defects 

 Due to its large number of valence states and the ease with which the state can be 

changed, manganese is a good candidate for electrochemical charge storage. The sheet 

primarily contains Mn4+.56 In an electrochemical cell with sodium sulfate as an 

electrolyte, the valence state can be changed to 3+ with Na+ as a charge balancing ion 

associated with the sheet surface. Electrochemical films formed by either drip casting or 

tape casting onto conductive fluorine-doped tin oxide (FTO)-coated glass or Ni foil were 

tested via cyclic voltammetry or chronopotentiometry to determine the viability of the 

approach. Work done with Peng Gao of Alfred University was used to determine the 

specific capacitance of electrodes formed via these methods.56 Sheets flocculated at pH 4 

had a specific capacitance of 209 F/g, while sheets flocculated at pH 2 had a specific 

capacitance of 306 F/g. 

G. High-Temperature Phase Stability and Phase Transitions to Form Tunnel-

structured α-MnO2 

 High-temperature XRD and TGA were performed, along with supplemental SEM, 

to characterize the effects of heating on these nanostructured materials. 
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1. Parent phase 

As discussed previously, the as-synthesized phase is stable to at least 800 °C as 

observed by HTXRD, with a reversible dehydration of the interlayer occurring between 

150 and 200 °C (Figure 23). 

After the parent-phase birnessite has undergone any amount of wet chemical 

processing, it loses its high-temperature stability. Even washing the parent-phase material 

in water causes a secondary phase to grow upon subsequent heating to 800 °C. While the 

original diffraction pattern is similar to the unaltered parent phase, above 600 °C a second 

phase forms and persists even after the sample is cooled to room temperature. This 

second phase can be identified as α-MnO2. The phase destabilization is likely due to the 

aqueous dissolution of some of the interlayer K+ ions. Adding 0.5 grams to 50 ml of 

water rapidly increases the pH to greater than 12. Since adding birnessite to water causes 

the pH to increase, this seems likely to be due to the scavenging of H+ by the interlayer of 

the birnessite, which changes the order of the interlayer by displacing K+ ions and 

associating with the sheet surfaces. 

 

Figure 23.  HTXRD of parent-phase birnessite ( ) washed in water showing 

growth of α-MnO2 ( ). 
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2. Ion-exchanged phase 

  HTXRD was performed on ion-exchanged powders. In each case, above 200 °C 

the basal reflections disappear completely, leaving an x-ray amorphous sample between 

200 and 600 °C. Starting at 600 °C, new phases begin to appear in the diffraction pattern. 

These phases all remain after the sample is cooled back to room temperature. The phases 

that appear depend on the identity of the cation exchanged, and are given in Table III. In 

each case, a small amount of the tunnel phase α-MnO2 formed along with Mn2O3 and 

Mn3O4. In the case of the Na-exchanged phase, the tunnel phase is observed to form prior 

to the growth of Mn2O3, as shown in Figure 24. 

Table III. Cations Exchanged and Phase Composition After 800 °C Treatment 

Exchanged Cation Mn2O3 present α-phase present Other phases 

H+ Yes Yes N/A 

Li+ Yes Yes Li4Mn5O12 (spinel) 

K+ Yes Yes Mn3O4 

Na+ Yes Yes N/A 

Mg2+ No Yes MgMn2O4 

Sr2+ No Yes Mn3O4 

Zn2+ No Yes Zn0.75Mn2.25O4 

 

 

Figure 24.  Growth of α-MnO2 from Na0.03MnO2 as seen in HTXRD. 
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The presence of cations larger than Li+ (Na+, Ca+, etc.) appears to stabilize a small 

amount of α-MnO2, which has a 1-dimensional tunnel structure. This appears in the 

HTXRD as the growth of a cryptomelane phase. LixMnO2 forms Li-spinel with MnO2
 of 

the form LiMn2O4 after heating in place of a tunnel-structured phase. In addition to these 

alkali-bearing phases, Mn2O3 and Mn3O4 formation is observed where the major phase 

appears to be controlled by the nature or size of the cation present. Polyvalent elements 

such as Mg, Sr, and Zn favor the growth of Mn3O4 and appear to substitute themselves 

into that lattice, as shown in Table III. 

3. Flocculated material 

Flocculated nanosheets appear as crumpled stacks in the SEM. Heating these in 

air to 800 °C causes the sheet-like nature to disappear as the atoms gain enough mobility 

to lower their surface energy. The end result is a ceramic with a microstructure similar to 

that of spinodally-decomposed glass, with an open pore structure with pore sizes on the 

order of 200 nm. This process starts with small holes appearing in the sheets around 

400 °C. At 500 °C, the sheet structure is visible at low magnification, but the 

microstructure resembles a spinodally-formed Mn2O3. These microstructures are 

represented in the SEM images shown in Figure 25. 

 The flocculated samples in particular show large instabilities at high temperature. 

When flocculated with HCl and thus not introducing any alkali or alkaline earth ions, 

heating above 400 °C causes the entire sample to transform into Mn2O3. When other 

species are used as flocculating agents, such as NaCl, the growth of other phases is 

encouraged. In particular, Na+ flocculation encourages the growth of the tunnel-

structured α-MnO2. The low Na-loading of the floccules causes a phase mixture of Na-

MnO2 tunnels and Mn2O3 that is visible in the final morphology seen in the SEM. SEM 

images taken at increasing temperatures have shown the slow deconstruction of the sheet-

like nature of δ-MnO2 as it transforms into Mn2O3. As seen in the SEM images, originally 

the sample is composed of sheets hundreds of nm in lateral dimension (Figure 25a). As 

the temperature increases, pits and pockmarks begin to form, creating discrete holes in 

the sheets (Figure 25b). By 500 °C, the sheets have almost entirely been changed into a 

microstructure not unlike spinodally-decomposed glass, but at low magnifications the 

sheet macrostructure is still somewhat visible (Figure 25c). By 600 °C, however, even the 
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large-scale hints of a sheet network have disappeared and the sample appears to be a 

homogenous network of Mn2O3 with interconnected particles on the order of 100 nm 

thick and 100s of nm long (Figure 25d). 

 

 

Figure 25.  Microstructural evolution of MnO2 floccules heated in air. 

  

 Prior work has been done on heat-treated samples of H-flocculated MnO2 

nanosheets that suggests that a tunnel structure can form as low as 200 °C, although this 

is not visible in lab-scale XRD data and was extracted from pair distribution function data 

collected at Argonne National Lab.61  
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 Through modeling performed on flocculated MnO2 created as part of this work, 

Peter Metz of Alfred University was able to fit the cryptomelane (α-MnO2) structure to 

the measured PDF data (Figure 26). 

 

Figure 26.  PDF data of H-flocculated MnO2 (blue) with a cryptomelane structure 

fit (red), by Peter Metz. 

  

 HTXRD on nanosheets flocculated with LiCl and NaCl formed phases 

incorporating the alkali ion. Sodium in particular encouraged the growth of α-MnO2 in 

addition to Mn2O3, and this is visible in both the XRD and SEM in Figure 27 and Figure 

28, respectively. The Na-flocculated MnO2 showed growth of the α phase at 600 °C prior 

to significant formation of Mn2O3, but Mn2O3 crystallized in greater quantity up to 

800 °C. 
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Figure 27.  MnO2 nanosheets flocculated with NaCl, heated to 800 °C in air 

showing Mn2O3 ( ) and tunnel-structured Na4Mn9O18 ( ). 

 

 

Figure 28.  Growth of α-MnO2 in an Mn2O3 matrix from Na-flocculated 

nanosheets shown before and after heat treatment at 800 °C for 12 

hours. 

  

 Using EDS, it can be shown that Na is present only in the tubes shown in Figure 

28 and not the regions of Mn2O3. In conjunction with results of H-flocculated MnO2 that 

does not show α-phase growth at high temperatures (Figure 25), it is likely that the 

presence of Na+ stabilizes α-MnO2 and encourages its growth during heating. 
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H. Mechanism of Phase Transformations 

 The formation of α-MnO2 and Mn2O3 has been theorized to be related to the 

interlayer defect octahedra that protrude from the sheet surface. The inter-sheet linking 

mechanism has been proposed based on the defect model put forth by Manceau, et al.,31 

in conjunction with the out-of-plane manganese observed using PDF measurements. 

Computational models produced by Li, et al,62 show that these surface-coordinated 

manganese octahedra can become mobile. Through a stochastic surface walking (SSW) 

mechanism, MnO6 octahedra on the surface of the sheet link and connect the sheets 

together to form tunnels. At high temperatures, the mobility of the octahedra is high 

enough to destroy the layered structure entirely in favor of 1-dimensional tunnels and 3D 

crystals. 

 

Figure 29.  Linking of out-of-plane MnO6 octahedra to form tunnels.63 

 

 Grangeon, et al., found that these surface-mobile MnO6 octahedra will 

spontaneously link in the interlayer when their hydration spheres begin to interact, given 

time for the octahedra to walk across the sheet surface or for the sheets to align.63 It was 

found through the present work, however, that the mobility of the octahedra can be 

increased significantly through thermal means, allowing tunnels to form over a matter of 

minutes. PDF studies found indications of α-MnO2 formation in pH 2 flocculated 

δ-MnO2 at temperatures as low as 200 °C, although this phase is not visible in lab-scale 

x-ray experiments. From the TGA results shown in Figure 11 and the HTXRD performed 

on parent-phase and washed birnessites (Figure 9 and Figure 23) show a dehydration of 

the interlayer occurring above 150 °C accompanied with a decrease in interlayer spacing. 

It is likely that this shrinking, along with the mobility of surface octahedra, encourages 

interactions between sheets and allows for the growth of α-MnO2. 
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SUMMARY AND CONCLUSIONS 

 Nanosheets derived from the exfoliation of bulk layered oxides present a facile 

method of fabricating both homogeneous films and high surface area, high porosity 

monoliths for use in applications such as catalysis, filtration, among others. Flocculation 

provides a direct route to nanoscale self-assembly of sheets into mesoporous solids or 

even composites that can be further processed into working advanced materials. 

 Due to the natural prevalence of birnessite in Earth’s oceans and soil, much work 

has been done on natural and synthetic manganese compounds. The natural abundance of 

manganese oxides and their low toxicity make them ideal materials for commercial use. 

However, these materials, produced by hydrothermal or aqueous methods, represent 

highly defective crystals. Through this work, crystals of higher purity were synthesized 

and investigated to determine the effects of processing on defect content and the role of 

defects in high-temperature phase stability. 

 It was found possible to introduce defects to high-quality crystals of MnO2 

through treatment with HCl both before and after exfoliation. These defects play a role in 

the electrochemical performance of electrodes formed from MnO2 nanosheets56 and also 

affect the high-temperature phase stability. Through different ion-exchange and 

flocculation conditions, it is possible to control the final phase composition after heat 

treatment. High-energy XRD shows the onset of tunnel-structure growth in flocculated 

sheets as low as 200 °C, while still maintaining the open porous sheet network. At 

600 °C, Mn2O3 begins to form, changing the microstructure, but maintaining an open 

pore network. 

 The conversion of MnO2 to Mn2O3 is not necessarily a detrimental process. The 

fact that the open pore structure is maintained throughout all of the microstructural and 

phase changes is very important for proposed applications in catalysis and 

electrochemical capacitors. Maintaining the high surface area ensures a high density of 

available sites for catalytic reactions and ionic/molecular surface associations.  
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FUTURE WORK 

 The nature of this work lends itself to further experiments beyond the scope of 

this one project. Several questions reveal themselves from the results found here.  

 What exactly does the interlayer look like?  

 Is it possible to reliably control the end microstructure through careful pH and 

heat treatment?  

 What applications are possible by flocculating MnO2 nanosheets with different 

ions or with different co-flocculating media? 

 The interlayer of layered systems has garnered great interest due to its high ionic 

mobility. This work has shown that it is possible to synthesize high-quality crystals with 

varying interlayer potassium content with little change to the structure. How does the 

change in potassium content affect the location of these ions in the interlayer, and does 

that affect how readily they exchange with other ions? This is an interesting problem to 

consider that may have ramifications on the steps taken to ensure complete replacement 

of potassium during the ion exchange process in preparation for further processing. 

 This work and others have shown that the δ polymorph of MnO2 can be used as 

an intermediate phase to many manganese oxide polymorphs. Can the control of defect 

content, as suggested by this work and work built off of samples similarly prepared, 

allow for specific tailoring of final phase compositions? It may be possible to control the 

growth of α-MnO2, for example, through careful heat treatments, although that was not 

achieved here. 

 One of the many applications of MnO2 is as a photocatalyst, and it has been 

reported to be able to separate water into H2 and O2. Can the addition of other 

photoactive materials within a nanocomposite, such as TiO2, allow for coupled or 

synergistic effects to improve hydrogen yield and make fuel cells more viable? This work 

reported the ability to trap TiO2 in flocculated nanosheets, but the applications of such a 

composite were not tested and may prove to have many desirable properties. 
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