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ABSTRACT 

The overall goal of this dissertation research was to design, tailor and understand layered 

metal oxides in the context of electrocatalytic energy conversion and storage processes. To 

accomplish this goal the thesis research combined electrochemistry, state-of-the-art 

structural characterization and theoretical calculations. The hypothesis examined in this 

dissertation is that incorporation of metal atoms or metal ions into the sheets and/or 

interlayer region of the layered materials will enhance the properties of selected 2D 

materials for chemistry relevant to electrochemical energy conversion (i.e. electrochemical 

water splitting catalysis; H2O → H2 + 1/2O2) and energy storage (i.e., as pseudocapacitors). 

The primary 2D layered materials investigated in this thesis research were birnessite 

(nominally MnO2) and Fe:Ni double hydroxide materials. Metals (cations) used to modify 

the geometric and electronic structure of the layered materials include Cu, Ni, and Co. 

Perhaps the result with broadest impact to result from the integration of experimental and 

theoretical studies in the thesis research was that the confinement of solvated redox active 

metals within the interlayer region of 2D layered materials can be used to facilitate their 

electron transfer reaction rates (relative to the respective unconfined metal) and energy 

related electrochemistry. This new paradigm for electron transfer has implications for the 

development of novel electrocatalytic materials for energy conversion. 

 Research showed that the electrocatalytic activity of birnessite toward water 

oxidation (2H2O→ 4H+ + 4e- + O2) was increased by intercalating zero valent copper into 

the interlayer region of the layered manganese oxide. Electrocatalytic studies showed that 

the Cu-modified birnessite exhibited an overpotential for water oxidation of ∼490 mV (at 

a current density of 10 mA cm-2) and a Tafel slope of 126 mV/decade compared to ∼700 
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mV (at 10 mA cm-2) and 240 mV/decade, respectively, for birnessite without copper. 

Impedance spectroscopy results suggested that the charge transfer resistivity of the Cu-

modified sample was significantly lower than Cu-free birnessite, suggesting that Cu in the 

interlayer increased the conductivity of birnessite leading to an enhancement of water 

oxidation kinetics.  

 It was experimentally shown that the oxygen evolution reaction (OER; water 

oxidation) catalysis of redox active transition metal ions (Ni2+ and Co2+) can be enhanced 

by individually confining them in the interlayer region of birnessite. It was demonstrated 

that the metal confined electrocatalyst reached a current density of 10 mA cm−2 at much 

lower overpotentials than pure Ni and Co oxides, and pristine birnessite. For example, with 

interlayer nickel and cobalt, overpotentials of 400 and 360 mV, respectively, were achieved 

for the OER. Molecular dynamics (MD) simulations suggested that electron transfer 

reaction rates relevant to OER and involving Ni or Co were enhanced when the metal 

cations were confined in the interlayer of birnessite. 

 The strategy of metal confinement, which was successfully applied to layered 

manganese oxide to improve OER activity was extended to Ni-Fe based layered double 

hydroxide. It was demonstrated that the electrocatalytic activity of NiFe layered double 

hydroxides (NiFe LDHs) for the OER could be significantly enhanced by systematic cobalt 

incorporation using coprecipitation and/or intercalation. Electrochemical measurements 

showed that cobalt modified NiFe LDH possessed an enhanced activity for the OER 

relative to pristine NiFe LDH. The cobalt doped NiFe LDH exhibited overpotentials in the 

range of 290−322 mV (at 10 mA cm−2), depending on the degree of cobalt content. The 
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cobalt intercalated NiFe LDH achieved a current density of 10 mA cm−2 at a much lower 

overpotential of ∼265 mV (compared to 310 mV for NiFe LDH).  

 With regard to energy storage, it was shown that the pseudocapacitive charge 

storage in layered manganese oxide was a sensitive function of interlayer composition and 

distance. Even though pristine layered manganese oxide shows a 7 Å interlayer spacing, 

the interlayer engineering via metal (Mg2+) intercalation and thermal annealing led to 

layered manganese oxide materials with variable interlayer spacings of 10 and 5.6 Å 

respectively. The interlayer expanded layered manganese oxide (10 Å interlayer spacing) 

exhibited an improved specific capacitance of 380 Fg-1, in comparison to synthetic Na-

birnessite (specific capacitance of 200 F g-1). Dehydrated Na-birnessite (~5.6 Å spacing) 

produced by annealing to expel interlayer water, showed the lowest specific capacitance of 

50 Fg-1. Experimental results showed that interlayer expanded manganese oxide (with 

intercalated Mg2+) was unstable if exposed to a solution containing only Na+ cation 

electrolyte. In this circumstance, the interlayer distance decreased from the expanded 10 Å 

value back to an interlayer distance of 7 Å and a specific capacitance of ~200 F g-1; values 

associated with synthetic Na-birnessite. Finally, a highly active alkaline medium hydrogen 

evolving electrocatalyst based on earth abundant materials (Co, Mo and P) was developed 

and the catalyst exhibited a ~0 V onset for the hydrogen evolution reaction (HER; 2H+ + 

2e- → H2). This value was comparable to that of the precious metal platinum. The Co-Mo-

P catalyst was prepared by room temperature electrodeposition and it exhibited an 

overpotential of ~ 25-30 mV for HER at a geometrical current density of 10 mA cm-2 in an 

alkaline medium. A DFT theoretical investigation revealed that a Co-Mo center acts as the 

water-dissociation site enhancing the alkaline medium HER.  
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CHAPTER 1 

INTRODUCTION 

1.1 Preface 

 A molecular-scale investigation of interlayer chemistry of layered metal oxides via 

electrochemical techniques, structural characterization and theoretical calculations towards 

energy conversion and storage is the primary focus for my dissertation thesis. The success 

of this molecular-scale investigation was aided by the extraordinary interactive scientific 

environment within the Department of Energy funded Center for the Computational Design 

of Functional Layered Materials (CCDM) at Temple University. Working under the 

umbrella of the CCDM allowed experiment, theory, and computation (e.g., density 

functional theory (DFT) and molecular dynamics (MD)) to be seamlessly integrated, 

allowing experimental results to be understood on a molecular level and new theoretical 

developments to be validated by experiment. A broader impact of the thesis research 

resulting from these scientific interactions detailed in this thesis is that the judicious 

structural and/or chemical modification of the interlayer region can be used as a tuning 

knob to control material properties in layered materials, thus improving their performance 

towards both energy conversion and storage applications.1-6 Specifically, in this thesis, 

investigation of the interlayer region of layered materials towards energy conversion 

(electrolytic splitting of water to hydrogen and oxygen) and energy storage 

(supercapacitance to store electrical energy) was carried out. The thesis research focuses 

on layered manganese oxide and metal double hydroxide materials to develop an 

understanding of the molecular controls associated with the interlayer that contribute to 

energy conversion and energy storage.  
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 The thesis consists of nine chapters. Chapter one provides motivation for a large 

portion of the thesis research by providing an overview of the upcoming energy challenge. 

In particular, the chapter emphasizes the importance of utilizing solar energy as an 

alternative to non-renewable fossil fuels. The conversion of solar energy to electricity can 

then be used to drive the electrolytic splitting of water to generate hydrogen fuel. Also, an 

introduction to solar driven heterogeneous water splitting is discussed, focusing on recent 

advances made using layered metal oxides (layered MnO2, NiFe layered double 

hydroxide). Moreover, an introduction to energy storage is discoursed focusing on 

pseudocapacitance of layered manganese oxide. To provide background for the reader to 

better understanding the chemistry of water splitting, Chapter two describes the basics of 

electrochemistry that is required to understand an electrocatalytic system. Chapters three 

through seven bring the bulk of the science forward from the thesis research related to 

electrocataytic water splitting. The chapters are primarily reprints of research published 

while conducting the thesis research. Chapter three describes the effect of zero valent 

copper intercalation into the interlayer of a layered manganese oxide (i.e., birnessite) on 

the electrocatalytic driven oxygen evolution reaction (OER). State-of-the-art structural, 

electroanalytical characterization revealed that Cu atoms in the interlayer bridged the 

adjacent 2D manganese oxide layered sheets improving charge transfer during 

electrocatalysis. Research detailed in chapter four investigates the effect of confining OER 

active Ni2+ cations in the interlayer region of birnessite. It will be shown that this 

modification of the interlayer improved OER catalysis. Chapter five presents research that 

is an extension of chapter four since it investigates the intercalation of another redox active 

cation, Co2+, (using a novel hydrazine-based intercalation protocol) into the interlayer 
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region of birnessite. Chapter six presents research that tests the strategy of using redox 

active metal cation interlayer confinement towards to a different layered system: Ni-Fe 

layered double hydroxide (Ni-Fe LDH).  To accomplish this research a novel synthetic 

protocol was developed to incorporate Co2+ ions into the interlayer region of the LDH. 

Chapter seven discussed a highly active electrodeposited multi-metal catalyst composed of 

Co, Mo and P for alkaline medium hydrogen evolution. The catalyst exhibits an activity 

for the electrocatalytic hydrogen evolution reaction (HER) that is very close to that 

exhibited by the most active precious metal platinum catalyst. 

 Research presented in chapter eight moves away from electrocatalysis relevant to 

water splitting and investigates the effect of interlayer spacing towards pseudocapacitive 

energy storage in birnessite. It is shown that larger interlayer spacing enable significant 

enhancement in energy storage illustrating the importance of interlayer engineering in 

layered materials for energy applications. Finally, chapter nine summarizes the main 

findings and draw conclusions.  

1.2 Overview 

 Energy in many respects is the most important resource on earth.7 The availability 

of large amounts of cheap energy during the last century and half has fundamentally shaped 

the progress of humankind.8 In the 20th century, mankind witnessed unprecedented 

advancement in science & technology, which led to an extraordinary growth in both the 

human population and quality of life. The main energy resource or input which fueled this 

technological and social advancement can be linked to non-renewable fossil fuels such as 

coal, petroleum and natural gas.8, 9 However, as for both the human population and the 

standard of living in human society to grow, the global energy demand has to continue to 
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grow at an ascending rate.  The global energy demand reached 18 TW in 2013 (where ~ 

80% was derived from fossil fuels) and it is expected to increases to 26 TW in year 2040.10 

A consequence of this excessive fossil fuel consumption is that the atmospheric CO2 levels 

are increasing. This infiltration of vast amounts of CO2 into the atmosphere has resulted in 

a global climate change. The response of the vast majority of scientists is that human 

society needs to move towards zero carbon emission renewable energy sources.11, 12 

Moreover, the depletion of oil reserves together with growing energy demands will likely 

lead to an inevitable global energy crisis, which further emphasizes the importance of 

transitioning towards a renewable energy-based society.7, 9, 12 Among the available 

renewable energy options, solar energy has been identified as the most promising 

sustainable resource.8, 9, 11, 13, 14 However, due to the intermittent behavior of the sun (e.g., 

day/night cycle), development of efficient energy conversion  and storage systems is one 

of the main challenges that humankind in the 21st century is facing.8, 10, 14, 15 

  In the context of solar based renewables, the idea which scientists and engineers is 

currently pursuing is to harness the sun’s energy as electricity and to store the energy as 

chemical bonds (i.e., potential energy).16, 17 In this regard, (photo)electrochemical spitting 

of water to produce molecular hydrogen (a high energy density fuel) has been identified as 

one of the most promising ways to store solar energy.13, 16, 17 The electrochemical water 

splitting reaction (2H2O → O2 + 2H2) can be separated in to two half reactions: 1) the 

oxygen evolution reaction (OER: 2H2O → O2 + 4H+ + 4e–)-the oxidative half reaction and 

2) the hydrogen evolution reaction (HER: 2H+ + 2e− → H2)-the reductive half reaction.18 

Both OER and HER involve the transfer of multiple electrons and protons, steps which are 

associated with large energy barriers or overpotentials.17 Electrocatalysts, which are being 
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developed to lower the energy barriers, play a critical role in enabling water splitting to 

occur at appreciable rates.16-18  

1.2.1 HER 

 The HER is a two-electron transfer reaction which may follow either the Volmer-

Heyrovsky or the Volmer-Tafel mechanism depending on the nature of the active site.19 

Based on the pH of the electrolyte there are several pathways in which HER can occur.19, 

20 

In acidic medium: 

H+
(aq) + M + e- → M−H* (Volmer Step)     (1.1)  

M−H* + H+
(aq) + e- → M + H2(g) (Heyrovsky Step)     (1.2)  

2M−H* → 2M + H2(g) (Tafel Step)       (1.3) 

2H+
(aq) + 2e- → H2(g) (Overall reaction)     (1.4)  

In basic medium: 

H2O + M + e- → M−H* + OH-
(aq) (Volmer Step)     (1.5)  

M−H* + H2O + e- → M + OH-
(aq) + H2(g) (Heyrovsky Step)   (1.6)  

2M−H* → 2M + H2(g) (Tafel Step)      (1.7) 

2H2O(aq) + 2e- → H2(g) + 2OH-
(aq) (Overall reaction)    (1.8)  

As shown in equations 1.1-1.4, in an acid medium HER is initiated by the adsorption of a 

proton (H* denotes the adsorbed hydrogen on a catalytic a site on the electrode surface)  
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on to an active site (Volmer step), followed by the hydrogen desorption (Heyrovsky) or the 

surface hydrogen recombination step (Tafel step).19 In basic media, due to the lack of 

protons HER proceeds via water dissociation (Volmer step), followed by either hydrogen 

desorption (Heyrovsky) or recombination reaction (Tafel step) depending on the nature of 

the active site as shown in equations 1.5-1.8.20 By thermodynamic convention, the standard 

Nernstian potential for HER is 0 V vs standard hydrogen electrode (SHE).19, 21, 22 However, 

due to the pH dependence (-59 mV per pH unit) of SHE, the common practice is to use the 

reversible hydrogen electrode (RHE) in which the potential dependence is included. 

Therefore, again by thermodynamic convention HER occurs at 0 V vs RHE irrespective of 

the pH value of the reaction medium.  

 Reaction kinetics play a critical role in the actual HER process, resulting in larger 

energies or higher potentials being needed (relative to the thermodynamic minimum) to 

perform redox reactions. The term ‘overpotential’ is used to describe the extra electrical 

potential applied over the thermodynamic minimum.19, 21, 22 To achieve significant HER 

reaction rates, electrocatalysts are essential to lower the reaction overpotential.19-22 The 

relatively expensive precious metal platinum has been identified as the most active HER 

(0 V onset potential) catalyst. The development of a more economical and earth abundant 

non-precious metal based catalyst has been a grand challenge pursued by many materials 

scientists for decades. 19-22   

 In recent years, owing to the remarkable advances in science and technology, acidic 

medium HER is well understood.19, 23, 24 The rate of the acidic HER can be primarily 

explained by the hydrogen adsorption free energy (ΔGH).23, 24 The weak binding of 

hydrogen to the active site will trigger the adsorption (Volmer step) and(?) rate determining 
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step (RDS), while too strong binding would prompt the desorption (Heyrovsky/Tafel step) 

the RDS.14, 20 Thus, an active catalyst for acidic HER would show neither too strong nor 

too weak binding of hydrogen (ΔGH ≈ 0).12, 18  Subsequently, this ΔGH ≈ 0 criterion has 

been extensively used in catalysis literature to describe highly active materials for acidic 

medium HER.15, 16, 19, 25 However, compared with acidic medium HER, alkaline medium 

HER is not completely understood.26 Even though the alkaline HER mechanism is 

vindicated, there is still ongoing debate about the descriptor whether its hydrogen 

adsorption or water dissociation.26 Therefore, further theoretical studies, electrochemical 

measurements and advanced spectroscopic characterization are essential to address this 

issue. 

1.2.2 OER 

  The four-electron OER (2H2O → O2 + 4H+ + 4e–) must overcome larger kinetic 

limitations than HER.27 Due to the sluggish nature of OER, relative to HER, 

implementation of many solar based technologies such as fuel cells, electrolyzers and 

metal-air batteries are hindered by the oxygen evolution step.28 Thus, understanding and 

designing a catalyst for OER is vital for enabling these solar based technologies.17, 18, 28 

Usually, the OER involves four proton-electron transfers to oxidize water to oxygen, as 

depicted below.29, 30  

In acidic medium: 

H2O(l) + M → M−OH* + H+
(aq) + e

-       (1.9)  

M−OH*  → M−O* + H+
(aq) + e

-      (1.10)  

M−O* + H2O(l)  → M−OOH* + H+
(aq) + e

-     (1.11) 
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M−OOH* → O2(g) + H+
(aq) + e

- + M      (1.12)  

2H2O(l)  → O2(g) + 4H+
(aq) + 4 e

- (Overall reaction)    (1.13)  

In basic medium: 

OH- 
(aq) + M → M−OH* + e

-        (1.14)  

M−OH* + OH- 
(aq)  → M−O* + H2O(l) + e

-     (1.15)  

M−O* + OH- 
(aq)  → M−OOH* + e-        (1.16) 

M−OOH* + OH- 
(aq) → O2(g) + H2O(l) + e

- + M    (1.17)  
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4OH- 
(aq) → O2(g) + 2H2O(l) + 4 e

- (Overall reaction)    (1.18)  

As shown in equations 1.9-1.18 OER can be initiated by either water or hydroxide 

adsorption to the active site followed by hydrogen desorption to form M−O*.31 Next, the 

reaction with either water or hydroxide can lead to the formation of M−OOH* which finally 

leads to liberation of molecular oxygen.31 The standard Nernstian potential for OER 

(E0
OER) is 1.23 V vs SHE and once a pH correction is included, E0

OER can be written as 

E0
OER =1.23 V- 0.059 V × pH. The OER suffers from sluggish kinetics, owing to its multi 

proton/electron transfer requirement thus significant overpotentials are required to drive 

water oxidation at measureable rates.28 After decades of research focused on understanding 

Figure 1.1: DFT calculated free energy diagrams. (a) The free energies of the OER 

intermediates on RuO2 (110) at three different potentials (U = 0, U = 1.23, and U = 1.60 V) are 

depicted. At the equilibrium potential (U = 1.23 V) the reaction steps are uphill in free energy. 

At 1.60 V all reaction steps are downhill in free energy. (b) The free energies of the OER 

intermediates on an ideal catalyst at U=0 V. For real catalysts including RuO2, ΔG0
HOO* − 

ΔG0
HO* (vertical dashed lines) is approximately constant ~ 3.2 eV, whereas the ideal value is 

2.46 eV. Adapted from ref. 26. 
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and improving OER catalysts, the expensive precious metals, iridium and ruthenium, based 

materials remain the most active OER active materials with appreciable overpotentials that 

can function in both acidic and alkaline medium.29 Therefore, finding an OER catalyst 

based on earth abundant elements is vital for any global scale-up that could be used with 

already present or future solar based technologies.17, 18, 28  Owing to the development of 

catalysis research, many earth abundant OER catalysts, which can function in basic 

medium, have been reported.23, 29 In general, a basic medium is preferred, when choosing 

a practical medium to perform overall water splitting.23, 29 With developments in the 

theoretical understanding of the OER, a mechanistic pathway has been put forward based 

on the free energy of reaction intermediates.23, 31, 32 By invoking the idea of standard 

hydrogen electrode, which is simply the replacement of one proton and one electron with 

½ H2(g) at 0V vs SHE in equations 1.9-1.12, it is possible to calculate the free energy 

change of each equation.31, 32 Therefore, the free energy change associated with the first 

step of the OER mechanism or equation 9 can be labeled as ΔG1 and the rest (equation 10-

12) as ΔG2, ΔG3 and ΔG4 respectively. As the reaction step associated with the largest free 

energy determines the total free energy for the OER, as described by the following 

equation. 

GOER = max (G1, G2, G3, G4)       (1.19) 
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This theoretical methodology enables the calculation of the pH independent theoretical 

overpotential associated with a given electrocatalyst in which at standard conditions can 

be written as follows. 

η(OER) = (GOER /e) -1.23 V       (1.20) 

A construction of a free energy diagram for OER is possible based on the above arguments. 

This reality is demonstrated in Figure 1.1, where the calculated free energy diagram for a 

RuO2 catalyst and an ideal catalyst is shown.31, 32   Based on Figure 1.1, the ideal OER 

catalyst (catalyst with zero overpotential) should possess the same free energy for each step 

in the OER mechanism. However, in a real catalytic system (such as RuO2), theory suggests 

that OER reaction intermediates (OOH*, OH*, O*) bind too strongly or too weakly to the 

Figure 1.2: Volcano plots constructed using DFT based theoretical overpotential for OER and 

ΔG0
HOO* − ΔG0

HO* (descriptor) for various metal oxides (left) and complex perovskite oxide 

(right). Adapted from ref. 32. 
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active site, giving rise to large free energies and a considerable overpotential. Moreover, 

by carrying out theoretical overpotential calculations on a number of different materials 

including transition metal oxides and perovskites, Nørskov and coworkers showed that 

independent of the metal oxide substrate, the relative binding energies of HO* and HOO* 

was a constant value of ~ 3.2 eV.31, 32 This interesting phenomenon is known as the linear 

scaling relation between the OER reaction intermediates, and31, 32 is a direct consequence 

of the similarity of the reaction intermediate structure. However, this linear scaling 

relationship implies that, that at least for the planar substrates, there will always be a 0.4 V 

overpotential irrespective of the material, but breaking of the linear scaling is essential to 

develop highly active catalyst for OER.31, 32  Furthermore, theory shows that the OER 

overpotential is determined by the O* adsorption energy and a descriptor for OER can be 

defined as the free energy difference between O* and OH*.31, 32  By plotting overpotential 

as a function of descriptor (ΔGO*- ΔGOH*) for catalysts will give rise to the volcano-shape 

relationship which is very common is catalysis literature (Figure 1.2).23, 31, 32 

1.2.3 Electrochemical Capacitors 

 Not only electrochemical energy conversion, electrical energy storage also plays a 

critical role in the grand solar energy theme.33 The urge for efficient energy storage has led 

to the discovery of electrochemical energy storage devices such as Li-ion batteries,34 and 

electrochemical capacitors35 which opened doorways to portable electronics. Due to high 

power delivery and uptake capabilities, electrochemical capacitors or supercapacitors have 

attracted significant attention in recent years.36 Based on charge storage mechanism, 

electrochemical capacitors can be divided into two main categories (electrochemical 

double layer capacitors and pseudocapacitors).35 Electrochemical double layer capacitors 
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(EDLC) store charge by reversible electrolyte ion adsorption into high surface area active 

material which is non-faradaic in nature.35, 36 Typically, EDLCs use high surface area 

carbon materials such as activated carbon, carbon nanotubes and carbide-derived 

carbons.37 On the contrary, pseudocapacitors exhibit faradaic charge storage which uses 

surface or near surface redox reaction at the active material.38 Usually metal oxides (e.g. 

MnO2, RuO2 and Fe3O4) and electronically conducting polymers are the choice of active 

materials for pseudocapacitors.39  

1.3 Layered Manganese oxides for OER 

 Manganese oxides and oxyhydroxides have attracted significant research attention 

over the last few decades due to their abundance in the Earth’s crust, low toxicity, unique 

family of crystallographic structures with unique manganese valent states, and their 

capability to perform both oxygen evolution and oxygen reduction reactions.1, 40-45 In 

nature’s photosystem II (PSII), the oxygen evolving center is comprised of a cubane like 

CaMn3O4 assembly where another manganese ion is connected to the cubane structure 

through a mono-µ-oxo bridge.46 Inspired by the PSII, manganese containing molecular 

catalysts have long been studied by many research groups. However, these homogeneous 

catalysts suffer from significant instability issues hindering their use in industrial 

applications.47-50 Contrary to manganese containing homogeneous catalysts, heterogeneous 

manganese containing oxides and oxyhydroxides catalysts show much better stability 

towards OER.43, 51-53   
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Layered manganese oxide or birnessite (δ-MnO2) is one of the main polymorphic forms of 

manganese oxide, which has been studied extensively in the context of both catalysis and 

environmental chemistry.54-61 Birnessite shows unique material characteristics compared 

with other layered materials, such as variable manganese oxidation states (Mn4+ and Mn3+), 

negatively charged basal plane, interlayer alkali metals, and interlayer water.62, 63 

Moreover, birnessite can exist in two structural archetypes (hexagonal and triclinic) based 

on the position of Mn3+ center.62-64 While both the hexagonal and triclinic forms have 2D 

sheets of edge-sharing MnO6 octahedra, in triclinic the Mn3+ center resides entirely within 

the MnO2 layer. In hexagonal birnessite, the Mn3+ center pops out from the MnO2 layer 

and is positioned above or below cationic vacancies pointing towards the interlayer region 

and bonded through a corner-sharing bridge (Figure 1.3).62, 64, 65 Generally hexagonal 

birnessite contains a much higher percentage Mn4+ centers compared to triclinic birnessite 

and does not favor distorted Mn3+ residing in the MnO2 sheet.62, 64, 65 As a result of this, 

  

Figure 1.3: Structure of Triclinic Birnessite and Hexagonal Birnessite. (a) Triclinic birnessite 

(b) Hexagonal birnessite. Adapted from ref. 52. 
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hexagonal birnessite shows a turbostatic disorder and poor crystallinity with respect to 

triclinic birnessite.62, 65   

 Defect engineering (controlling Mn and O vacancies) is one of several strategies 

reported in literature to enhance birnessite - OER reactivity.66, 67 A recent theoretical 

investigation revealed that in single layer or few layer birnessite nanosheets the electronic 

properties can be drastically modified by controlling the defect density of the system.66 It 

was shown that by vacancy engineering (both Mn and O) the intrinsic semiconducting 

nature of the birnessite can be tuned to a semi-metallic structure.66 As a result of this semi-

metallic behavior, defect rich mono/few layer birnessite can result in an improved 

conductivity and improved catalysis.66 An experimental investigation inspired by the 

abovementioned theoretical study was able to confirm this prediction very recently.67 It 

was shown that by growing ultra-thin (thickness ~ 1.5 nm) vacancy rich birnessite 

nanosheets on Ni foam using a hydrothermal method, improved OER performance was 

reported. By utilizing a combination of X-ray techniques (X-ray Photoelectron 

Spectroscopy, X-ray Absorption Near Edge Structure it was demonstrated that there exists 

a high fraction of Mn3+ which is usually associated with oxygen vacancies in these ultrathin 

nanosheets compared with pristine birnessite.67 Furthermore, by Extended X-ray 

Absorption Fine Structure (EXAFS) a decrease in Mn-O and Mn-Mn coordination numbers 

was observed in ultrathin birnessite nanosheets with respect to pristine birnessite which 

further confirms the presence of oxygen vacancies. Moreover, DFT calculations on this 

oxygen vacancy rich ultrathin birnessite nanosheets showed the presence of a continuous 

density of states at the Fermi level, suggesting a semi-metal electronic structure, consistent 

with a prior theoretical study.67 Also, it was shown that presence of these oxygen vacancies 
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is beneficial for the adsorption of OER reaction intermediates and enhanced catalytic 

performance.67  

 Tuning the average oxidation state (AOS) of Mn is another synthetic strategy which 

has been utilized to improve the water oxidation catalysis in birnessite.55 By using chemical 

oxidant (ammonium cerium nitrate, E0 =1.44 V vs SHE), Zdilla and coworkers showed that 

the AOS of birnessite has a direct relationship with water oxidation catalysis reactivity. 

Birnessite having a lower AOS showed an improved activity compared to high AOS 

birnessite.55 Furthermore, they showed that Mn3+-enriched birnessite sample resulted in the 

highest activity, with a 10-50 fold improvement in turnover number compared to a pristine 

high AOS sample. Furthermore, a spectroelectrochemical study by Nakamura and 

coworkers showed that stabilization of Mn3+ is essential to decrease the overpotential and 

improve the water oxidation catalysis for manganese oxide.68 Using in-situ diffuse 

transmission UV-Vis spectroscopy, they showed that the surface modified birnessite (using 

an amine containing polymer) led to the stabilization of Mn3+ in a neutral medium (pH~ 

7). Usually, Mn3+ undergoes a disproportionation reaction to produce Mn2+ and Mn4+ 

(2Mn3+ → Mn2+ + Mn 4+) at pH < 9.68  
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1.4 Layered Double Hydroxides for electrocatalytic water oxidation 

 In 2013, Dai and coworkers69 showed that layered double hydroxides composed of 

redox active Ni and Fe supported on carbon nanotubes can drive water oxidation at a lower 

energy barrier than the precious metal Ir and Ru which are the best known OER catalysts. 

This finding stimulated many other research groups which unraveled plenty of important 

information regarding layered double hydroxides which were beneficial for the 

development of water oxidation catalysis.70, 71 Layered double hydroxides (general 

formula: [M2+
1-xM

3+
x(OH)2]

+ (An-)x.mH2O ) are a huge class of mineral/synthetic bimetallic 

materials composed of positively charged two dimensional metal hydroxide like sheets and 

charge balanced by interlayer anions.72 Apart from interlayer anions, the interlayer region 

of these materials also contains a single layer of water (see Figure 1.4). The positive charge 

to the hydroxide 2D sheet arise due to the presence of 3+ metal center in an array of 2+ 

metals. For example, in NiFe layered double hydroxide the Ni exist in 2+ oxidation state 

 

Figure 1.4: Structure of NiFe layered double hydroxide.  
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while Fe show 3+ valence state. Apart from integrating these NiFe layered double 

hydroxides into conductive substrates such as carbon nanotubes many other synthetic 

strategies such as exfoliation of these 2D materials into few layer nanostructures73, altering 

the Ni:Fe ratio74, 75 and tuning the interlayer anions76 have already been carried out and 

have yielded excellent catalytic systems towards OER. Specifically, Muller and coworkers 

investigated the effect of interlayer anion in NiFe layered double hydroxides and showed 

that the water oxidation activity has a direct correlation with the basicity of the anion 

highlighting the importance of interlayer region towards electrocatalysis.76 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

Many of the following chapters are reproductions of published journal articles. Each one 

of them contains an experimental section. However, in this chapter more detail is given 

about the electrochemical techniques, theoretical electrochemical frame work and 

analytical instruments that were used during the thesis research to study layered metal 

oxides towards electrochemical energy conversion and storage applications. It is hoped that 

this section will provide useful additional background to better appreciate the research 

results and interpretation present in subsequent sections.    

2.1 Electrochemical Techniques 

2.1.1 Electrocatalyst and electrode preparation for testing 

For electrocatalysis studies 

All the electrocatalytic studies (chapter 3,4,5 and 6) were conducted in 1 M KOH 

(pH ~14) or 0.5 M phosphate buffer (pH~7) using a CHI 660E potentiostat operating in a 

standard three-electrode configuration at ambient temperature (22 ± 2 °C). Glassy carbon 

(GC) electrodes (3 mm diameter from CH instruments) were used as working electrodes. 

Before electrochemical experiments the GC electrodes were polished using 1, 0.3, and 0.05 

µm alumina powder, respectively, and sonicated in DI water to clean the electrode surfaces. 

All the potentials were measured with respect to a calomel reference electrode (CH 

instruments) and Pt wire was used as the counter electrode. The working electrode was 

prepared by drop casting 5 µL of catalyst ink suspension on the glassy carbon electrode 

(loading 0.28 mg/cm2). Ink solutions were prepared as follows: 4 mg of catalyst and 4 mg 
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of carbon (VulcanXC-72) were added to 1 mL isopropanol and 35 µL of Nafion solution 

(5% in alcohol, Ion Power Inc.) and the resulting mixture was sonicated for at least 30 min 

to form the catalyst ink. All polarization curves were recorded at a scan rate of 10 mV/s. 

For all the catalysts tested, polarization curves were replicated at least 5 times. The 

overpotential (at a current density of 10 mA/cm2) and Tafel slopes reported are based on 

an analysis of these data. Estimation of the electrochemically active surface area (ECSA) 

of the catalysts was carried out by plotting charging current density differences (∆j=ja-jc) 

as a function of scan rate. The charging current density differences can be obtained by 

performing cyclic voltammetry (CV) at different scan rates in a potential window of 100 

mV, where the open circuit potential (OCP) falls in the middle. The double layer 

capacitance was estimated from the slope of the charging current density differences at 

OCP vs scan rate plot. The slope is twice the double layer capacitance. Since double layer 

capacitance is proportional to the ECSA of the catalyst, the ratio of double layer 

capacitance can be considered as the ratio of ECSA. For stability testing, carbon fiber paper 

(CFP) was also used as electrodes. For the CFP electrodes, the catalyst loading was 1 

mg/cm2. For Faradaic efficiency determination an H-type cell was used. Electrolysis was 

performed at a constant current of 7 mA and the electrochemically generated headspace 

gas was analyzed using a gas chromatograph (HP 5890 series II) equipped with a molecular 

sieve column and thermal conductivity detector. 

For pseudocapacitive charge storage studies  

MnO2 electrodes for energy storage experiments in chapter 7 were prepared by drop casting 

an active material containing ink slurry on carbon paper (Fuel Cell Earth) and air drying 

for 12 hours. The slurry was prepared by mixing the active material (80 wt %), carbon 
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black (10 wt %) and polyvinylidene fluoride (10 wt %) binder in isopropyl alcohol and 

sonicating for at least 30 mins. Mass loading of the active materials was maintained around 

1 mg cm-2. Electrochemical analysis of the MnO2 materials for chapter 7 was performed 

using a CHI 660E potentiostat in three electrode cell configuration. The above-mentioned 

preparation was employed to make the working electrodes. Standard calomel electrode 

(from CHI) was used as the reference electrode and Pt wire was used as the counter 

electrode. Two different electrolytes were used in this study (0.5 M Na2SO4 and 0.5 M 

MgSO4).  

 

 

2.1.2 Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV) 

Both linear sweep voltammetry and cyclic voltammetry are among the most commonly 

used electrochemical techniques which is widely used to study electron transfer kinetics 

  

 

Figure 2.1: The current-voltage response of an electroactive species under linear sweep 

voltammogram. 
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and transport properties of electrochemical system.1, 2 In LSV, the applied voltage (to the 

working electrode with respect to the reference electrode) is scanned from a lower limit to 

an upper limit linearly and the current response or charge transfer is measured as a function 

of potential (I-V plot) .3 Figure 2.1 shows an archetypal potential scan and current response 

plot for a redox active species. The upsurge of current in the I-V plot at a particular potential 

suggests the transfer of electrons from reduced species to the oxidize species.3 In 

electrocatalysis research, linear sweep voltammetry is often used to measure the 

overpotential or excess potential required over the thermodynamic potential and also can 

provide useful data for Tafel analysis.4-7 (see section 2.2) Cyclic voltammetry is an 

extension of linear sweep voltammetry where at the end of a linear sweep the scan direction 

of the potential is switched keeping the scan rate the same (Figure 2.2). In CV, the forward 

voltage sweep will result an identical response as in the LSV case while when the sweep 

direction is reversed, the direction of the current flow will switch as the charge transfer will 

occur from oxidized species to reduced species.3  

2.1.3 Chronopotentiometry and Chronoamperometry 

Chronopotentiometry and Chronoamperometry is often used in electrocatalysis research to 

examine the stability of a given electrocatalyst. In chronopotentiometry, a constant current 

is exacted from the working electrode while measuring the potential required to produce 

that specific current response as a function of time.4, 5, 8 For an instance, with an unstable 

electrocatalyst the potential required to produce the predetermined current will increase 

(for an anodic reaction such as OER) or decrease (for a cathodic reaction such as HER) 

while a stable catalyst would show  
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constant potential response with time (Figure 2.3a). In chronoamperometry, a constant 

voltage is applied to the working electrode (with respect to the reference electrode) and the 

current response is being measured as a function of time.4, 5, 8 For example, an unstable 

electrocatalyst would show a decrease in current while a stable catalyst shows constant 

steady current with time(Figure 2.3b). 

 

2.2 Thermodynamics and kinetic evaluation of electrocatalysts  

Consider an electrode-electrolyte interface with metal as the electrode material. As a result 

of energy levels exists as a continuum, the energy of the electrons in the metal electrode 

can be increased by applying a voltage (Figure 2.4).  As a consequence of this the Fermi 

level also tends to move with applied potential. If the metal is in contact with electrolyte 

  

 

Figure 2.2: (a) The potential program used in cyclic voltammetry. (b)The current-

voltage response of an electroactive species under cyclic voltammetric potential 

program. 
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with electroactive species and the Fermi level is large enough, an electron will be 

transferred from metal electrode to the lowest unoccupied molecular orbital (LUMO) 

reducing the electroactive species. The reverse, which is electron transfer from 

electroactive species to the metal electrode can happen if the highest occupied molecular 

orbital energy level of the electroactive species is higher in energy than the Fermi level of 

the metal reducing the metal and oxidizing the electroactive species. The energy difference 

between the Fermi level of the metal and energy level (HOMO or LUMO) of the 

electroactive species act as the driving force for electron transfer or thermodynamic of the 

electron transfer. However, this would not describe the electron transfer rate of electrode 

kinetics.  

  

 

Figure 2.3: (a) Chronopotentiometry curves for a stable (red) and unstable(blue) 

electrocatalyst. (b) Chronoamperometry curves for a stable (red) and unstable(blue) 

electrocatalyst. 
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The Butler-Volmer equation is the workhorse equation that describes reaction kinetics (at 

steady state with no mass-transport phenomena) in electrocatalysis which can be derived 

from standard rate equations and substituting rate constants with Arrhenius rate equation.  

         (2.2.1) 

Where, i is the current density, i0 is the exchange current density (current flowing forward 

and backward simultaneously at equilibrium), η is overpotential (extra potential applied 

over the equilibrium potential), R is the universal gas constant, T is the temperature, n is 

number of electrons transferred and α is the transfer coefficient. 

At large overpotentials (and steady state) or at farther from equilibrium, the Butler-Volmer 

equation can be simplified to: 

         (2.2.2) 

Which leads to Tafel equation: 

         (2.2.3) 

If   

         (2.2.4) 

and  

         (2.2.5) 

leads to the common form of the Tafel equation: 

         (2.2.6) 

𝑖 = 𝑖0 (𝑒𝑥𝑝 [
−𝛼𝑛𝐹

𝑅𝑇
] η − 𝑒𝑥𝑝 [

(1 − 𝛼)𝑛𝐹

𝑅𝑇
] η) 

𝑖 = 𝑖0 (𝑒𝑥𝑝 [
−𝛼𝑛𝐹

𝑅𝑇
] η) 

η = (
2.3𝑅𝑇

𝛼𝑛𝐹
)log i

0
- (

2.3𝑅𝑇

𝛼𝑛𝐹
)log i  

a = (
2.3𝑅𝑇

𝛼𝑛𝐹
)log i

0
  

b = (
−2.3𝑅𝑇

𝛼𝑛𝐹
)  

η = a + b log i 
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The plot of overpotential vs log current is commonly used in electrocatalysis research to 

obtain kinetic parameters such as the Tafel slope (the coefficient b) and exchange current 

density i0. Moreover, the Tafel slope is commonly used in electrocatalysis research to 

assign mechanisms or pathways in various electrochemical systems. For example, in HER 

a Tafel slope of 40 mV/dec is usually attributed to Heyrovsky type RDS (equation 1.2) 

while Tafel slope of 120 mV/dec or larger is assigned to Volmer type RDS (equation 1.1).  

Also, the Tafel slope can provide information about the symmetry of the energy barrier or 

the transfer coefficient. In electrocatalysis research the overpotential and the Tafel slope is 

the most commonly used figures of merit to rank electrocatalysts. 

 

 

2.3 Material characterization techniques 

2.3.1 X-ray Diffraction (XRD) 

  

 

Figure 2.4: (a) Illustration of metal-electrolyte junction with reducible electroactive species. 

(b) Illustration of metal-electrolyte junction with oxidizable electroactive species. 
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As the variations in the interlayer spacings provides direct experimental evidence to verify 

the intercalation of guest species such as metals, metal ion or molecules into the interlayer 

region of layered materials, x-ray diffraction (XRD) plays a crucial role determining these 

interlayer spacings accurately. In XRD, Bragg’s law (constructive interference of x-rays 

after reflection from the parallel crystal lattice plane should be a whole number multiple of 

the wavelength of the respective x-ray) is being utilized to obtain structural and phase 

information can be mathematically expressed as below. 

    nλ = 2dsin θ     (2.3.1) 

Where, λ is the wavelength of incident x-rays, d is distance between adjacent parallel 

crystal planes, θ is the half of the scattering angle and n is an integer (1, 2, 3…). Using 

XRD, the interlayer spacing can be accurately determined and the shift of the respective 

XRD peak for the interlayer spacing can verify the successful intercalation of the guest 

species into the interlayer region of the layered material.  All the XRD data in this 

dissertation were acquired on a Bruker Kappa APEX II DUO diffractometer using Mo Kα 

radiation from a sealed molybdenum tube with a TRIUMPH monochromator.  

2.3.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) also known as electron spectroscopy for chemical 

analysis, which is based on Einstein’s photoelectric effect is a widely used surface sensitive 

analytical technique to investigate the atomic composition, chemical composition and 

electronic structure of a given material. As XPS is highly surface sensitive the 

determination of elemental composition is limited to the top few nanometers of the surface. 

And since the electrons which are being emitted are low energy electrons an ultrahigh 
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vacuum (~ 10-9 torr) is essential. Upon irradiation of monochromatic beam of soft x-rays 

(200 - 1500 eV), the material can absorb the x-rays and that absorbed energy can be used 

to eject inner shell core electrons as shown in figure x. As the energy of the incident x-rays 

is known the ejected photoelectron has a kinetic energy that can be calculated to be equal 

to the energy of the incident x-ray minus the binding energy and the work function of the 

element. 

    E binding = E x-ray – (E kinetic + φ) (2.3.2) 

Where, E binding is the electron binding energy, E x-ray is the energy of the x-ray source, E 

kinetic is the kinetic energy of the electron and φ is the work function of the spectrometer. 

By measuring the kinetic energy of the escaped electron using an electron energy analyzer 

can provide information about the binding energy of the electron which is unique to the 

element that it came from. Apart from elemental analysis, XPS can probe the chemical 

environment and specifically the oxidation state of an element based on the binding energy 

of a particular peak. Any perturbation to an energy state of a specific element can be probed 

by the shifts in binding energy. For example, the C 1s binding energy for C-C bond is 284.8 

eV while for the C-O bond (when carbon is bound to oxygen) it is 286.8 eV which is a 

positive shift in binding energy with respect to C-C bond. This binding energy shift can be 

explained as follows.   Due to the high electronegativity of oxygen when bound with carbon 

it can attract the electron density resulting a decrease in electron density around the carbon 

leading to an increase in effective nuclear charge. Thus, core electrons are more tightly 

bound to the nucleus resulting a positive shift or higher binding energy. XPS for this 

dissertation were acquired with Thermo Scientific K-alpha+ at the University of Delaware 
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or using in-house vacuum generator scientific 100 mm hemispherical analyzer and a 

physical electronics Mg Kα X-ray source operating at 280 W. 

2.3.3 Transmission electron microscopy (TEM) 

Transmission electron microscopy is powerful imaging technique capable of providing 

nanoscale and atomic scale information about specific materials. In TEM, a beam of highly 

accelerated electrons which penetrate through a sample (sample thickness should be less 

than 200 nm) gives arise to a 2D projection or the TEM image. Compared with light 

microscopes TEM show significant enhancement in resolution, in the order of sub 

angstrom scale as a result of the smaller wavelength of electrons.  In electron microscopy, 

focusing of the electron beam is carried out using electromagnetic lenses in which the 

strength of the lenses can be easily adjusted by changing the electric current therefore the 

distance between the sample and lens are always kept constant. The image contrast of the 

TEM image arises due to the scattering of the electron beam by the specimen which can be 

due to differences in chemical composition or thickness. When the specimen is irradiated 

with high energy x-rays the ground state inner shell electrons can be excited to an excited 

state to ionize the atom. Relaxation of this excited state will emit x-rays which are 

characteristic to a specific element. TEM conjunction with energy dispersive spectroscopy 

(EDS) which is essentially detection of these characteristic x-rays can provide information 

about the elemental composition of the sample. In this dissertation the TEM images were 

collected using a JEOL JEM-1400 microscope operating at 120 kV. 

2.3.4 Scanning electron microscopy (SEM) 
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Similar to TEM, scanning electron microscopy (SEM) is commonly use imaging technique 

visualization and analyzation of surface microstructure of materials using a finely focused 

a beam of electrons. SEM can achieve nanometer scale imaging resolution depending of 

the instrument. With comparison with light microscopy SEM can yield better resolution as 

well as better depth of field. In SEM, secondary electrons (SE) and backscattered 

electrons(BSE) which are emitted as result of the electron matter interactions are being 

used to form the image. As the electron beam is scanned across the sample electrons there 

will be emission of electrons (SE and BSE) and these will be detected. As the image is 

divided into an array of pixels, the pixel intensity is proportional to the signal received 

Similar to TEM, SEM can also be used in conjunction with EDS which can provide 

elemental composition as well as elemental mapping. All the SEM images in this 

dissertation were obtained using a FEI Quanta 450 FEG-SEM microscope operating at 30 

kV. Energy dispersive spectroscopy (EDS) analysis was performed by an Oxford systems 

nanoanalysis EDS system, using Aztec 2.1 as the analyzing software.  

 

 

 

 

 

 

 



 

38 

 

2.4 References 

1. Y. Jiao, Y. Zheng, M. Jaroniec and S. Z. Qiao, Chemical Society Reviews, 2015, 

44, 2060-2086. 

2. Y. Shi and B. Zhang, Chemical Society Reviews, 2016, 45, 1529-1541. 

3. A. J. Bard, L. R. Faulkner, J. Leddy and C. G. Zoski, Electrochemical methods: 

fundamentals and applications, wiley New York, 1980. 

4. C. C. L. McCrory, S. Jung, I. M. Ferrer, S. M. Chatman, J. C. Peters and T. F. 

Jaramillo, Journal of the American Chemical Society, 2015, 137, 4347-4357. 

5. C. C. L. McCrory, S. Jung, J. C. Peters and T. F. Jaramillo, Journal of the American 

Chemical Society, 2013, 135, 16977-16987. 

6. H. B. Gray, Nature Chemistry, 2009, 1, 7. 

7. J. K. Hurst, Science, 2010, 328, 315. 

8. Y. Meng, W. Song, H. Huang, Z. Ren, S.-Y. Chen and S. L. Suib, Journal of the 

American Chemical Society, 2014, 136, 11452-11464. 

 

 

 

 

 

 

 

 

 

 

 



 

39 

 

 

CHAPTER 3 

COPPER-INTERCALATED BIRNESSITE AS A WATER OXIDATION 

CATALYST 

(Note: Content of this Chapter is adapted from the publication “Akila C. Thenuwara, 

Samantha L. Shumlas, Nuwan H. Attanayake, Elizabeth B. Cerkez, Ian G. McKendry, 

Laszlo Frazer, Eric Borguet, Qing Kang, Michael J. Zdilla, Jianwei Sun, and Daniel R. 

Strongin, Copper-Intercalated Birnessite as a Water Oxidation Catalyst, 

Langmuir, 2015, 31 (46), pp 12807–12813” with permission. The density functional theory 

(DFT) calculations presented in this chapter were executed by Dr. Jianwei Sun.) 

ABSTRACT 

We report a synthetic method to increase the catalytic activity of birnessite toward water 

oxidation by intercalating copper in the interlayer region of the layered manganese oxide. 

Intercalation of copper, verified by XRD, XPS, ICP, and Raman spectroscopy, was 

accomplished by exposing a suspension of birnessite to a Cu+-bearing precursor molecule 

that underwent disproportionation in solution to yield Cu0 and Cu2+. Electrocatalytic 

studies showed that the Cu-modified birnessite exhibited an overpotential for water 

oxidation of ∼490 mV (at 10 mA/cm2) and a Tafel slope of 126 mV/decade compared to 

∼700 mV (at 10 mA/cm2) and 240 mV/decade, respectively, for birnessite without copper. 

Impedance spectroscopy results suggested that the charge transfer resistivity of the Cu-

modified sample was significantly lower than Cu-free birnessite, suggesting that Cu in the 

interlayer increased the conductivity of birnessite leading to an enhancement of water 



 

40 

 

oxidation kinetics. Density functional theory calculations show that the intercalation of Cu0 

into a layered MnO2 model structure led to a change of the electronic properties of the 

material from a semiconductor to a metallic-like structure. This conclusion from 

computation is in general agreement with the aforementioned impedance spectroscopy 

results. X-ray photoelectron spectroscopy (XPS) showed that Cu0 coexisted with Cu2+ in 

the prepared Cu-modified birnessite. Control experiments using birnessite that was 

decorated with only Cu2+ showed a reduction in water oxidation kinetics, further 

emphasizing the importance of Cu0 for the increased activity of birnessite. The introduction 

of Cu0 into the birnessite structure also increased the stability of the electrocatalyst. At a 

working current of 2 mA, the Cu-modified birnessite took ∼3 times longer for the 

overpotential for water oxidation to increase by 100 mV compared to when Cu was not 

present in the birnessite.  

3.1 Introduction 

 The water oxidation reaction is central to solar energy driven fuel producing 

reactions such as hydrogen evolution and carbon dioxide reduction.1,2 Thermodynamically, 

the reaction requires 1.23 V (at pH = 0),3 but in reality due to sluggish kinetics it is usually 

accompanied by a large overpotential (η).4 Precious metals such as Ru and Ir and their 

oxides have been identified as excellent water oxidation catalysts; however, 

implementation of these catalysts in commercial water oxidation devices has been 

restricted due to the cost and scarcity of these materials. Hence, development of cheaper 

and nonprecious metal bearing catalysts is an area of intense study. First row transition 

metal (Ni, Co, Fe, and Mn) oxides and their hydroxides have been identified as possible 

candidates for catalyzing water oxidation due to their earth abundance, moderate activity, 
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and stability.1,5−7 Recent studies have also investigated transition metal chalcogenides,8,9 

phosphates,3,10 and perovskites11 as water oxidation catalysts.  

 Recently, much attention has been given to birnessite (e.g., δ-MnO2) as a 

moderately active water oxidation catalyst due to its high abundance, low cost, and low 

environmental impact. The oxygen evolving complex in photosystem II (PSII) is also 

composed of a cluster containing Mn and Ca, and thus the study of manganese oxides in 

general may help shed light on a process that nature has perfected.12 Manganese oxides can 

also serve as bifunctional electrocatalysts which can perform oxygen evolution as well as 

oxygen reduction in alkaline media.13 However, the catalytic activity of manganese oxide 

is significantly lower than Ru-, Ir-, Ni-, and Co-bearing systems. 

  The enhancement of the catalytic activity of cheap, abundant materials without the 

introduction of expensive, rare materials is a worthwhile goal. Toward this end, prior 

studies have focused on enhancing the water oxidation activity of manganese oxides albeit 

with limited success through synthetic strategies that have included doping, coating with 

metals, and integrating the material with conductive nanostructures.14−16 A number of 

studies have theoretically and experimentally suggested that the presence of Mn3+ plays a 

key role in manganese oxide based catalytic systems, though a definitive explanation for 

this experimental observation is still lacking.13,17−19 Dismukes and co-workers showed by 

investigating the water oxidation kinetics on a variety of manganese oxides in the presence 

of photoexcited [Ru(bpy)3]2+ that those materials containing greater proportions of Mn3+ 

(e.g., Mn2O3) had a higher activity than those with higher proportions of Mn4+ (e.g., 

birnessite) in the crystal structure.20 The weaker Mn3+−O bond (relative to Mn4+−O) and 

longer Mn−Mn bonds lead to a more catalytically viable chemical environment. Suib and 
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coworkers subsequently showed that the electrocatalytic oxidation of water also occurred 

more readily on the Mn3+-bearing manganese oxides than on δ-MnO2. 
21 These 

experimental observations are also consistent with the unique activity of Mn3+ sites, and 

these studies also show that the charge transfer resistance was significantly lower for the 

more active manganese oxide compounds than for birnessite.4,21 Hence, the water oxidation 

activity of birnessite may be compromised by poor electrical properties that impede charge 

flow that is critical for an efficient water oxidation catalyst. This higher resistance could 

conceivably be in part due to the structure of birnessite, which features octahedrally 

coordinated manganese arranged in sheets, and held together by relatively weak interlayer 

forces. Therefore, it might be expected that electrical conductivity between these 

octahedral sheets (out-of-plane) during water catalysis is limited relative to conductivity 

within the plane of a particular sheet.  

 A hypothesis tested in the present research is that the intercalation of metal into the 

interlayer region of birnessite will lower the charge transfer resistance and increase the 

catalytic activity during water oxidation chemistry. An approach to test this hypothesis is 

provided by recent research by Motter et al. that developed a general strategy to intercalate 

zerovalent metals (e.g., Cu, Au, and Ni) into layered nanomaterials (such as Sb2Te3, GaSe, 

and MoO3). In this prior study, Cu was shown to intercalate into the layered material during 

its exposure to a Cu+ precursor that underwent a disproportionation reaction to produce 

Cu0 and Cu2+ in an organic (i.e., acetone) medium.22 It was shown that materials such as 

Sb2Te3 could accommodate interlayer Cu intercalation levels up to 50 at. %, while a layered 

material such as MoO3 accommodated up to about 10 at. % Cu.  
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 In this contribution we show, primarily based on X-ray diffraction (XRD) and X-

ray photoelectron spectroscopy (XPS) that by using the synthetic protocol described 

previously, zerovalent copper (coexisting with Cu2+) can be introduced into the interlayer 

region of birnessite. Electrochemical studies show that the presence of Cu0 in the interlayer 

region leads to an enhanced activity and stability of birnessite in the context of water 

oxidation chemistry. In particular, the overpotential for water oxidation is reduced from 

700 to 490 mV (at a current of 10 mA/cm2) in the presence of interlayer Cu. Impedance 

spectroscopy measurements indicate that the charge transfer resistance is reduced by 50% 

when Cu0 is present, suggesting that Cu0 increases the conductivity of the layered material. 

Density functional theory calculations support this experimental observation and show that 

the intercalation of Cu0 into a layered model birnessite structure leads to the evolution of 

 

Figure 3.1:  Electron Microscopy images of birnessite: (a) TEM and (b) SEM. Images 

of Cu(I)-birnessite: (c) TEM and (d) SEM.  

 



 

44 

 

states at the Fermi level, and thus a change of the electronic properties of the material from 

semiconducting toward metallic behavior. 

3.2 Experimental Section 

3.2.1 Materials and Methods.  

 All of the chemicals used in this study were purchased from commercial vendors 

and used without further purification. XRD data were acquired on a Bruker Kappa APEX 

II DUO diffractometer using Mo Kα radiation from a sealed molybdenum tube with a 

TRIUMPH monochromator. XPS of the dry samples were collected with Thermo Scientific 

K-alpha+ at the University of Delaware. Transmission electron microscopy (TEM) images 

were collected using a JEOL JEM-1400 microscope operating at 120 kV. Scanning electron 

microscopy (SEM) images were obtained using a FEI Quanta 450 FEG-SEM microscope 

operating at 30 kV. Energy dispersive spectroscopy (EDS) analysis was performed by an 

Oxford systems nanoanalysis EDS system, using Aztec 2.1 as the analyzing software. 

Elemental analysis was performed using a Thermo Scientific iCAP 7000 Series inductively 

coupled plasma optical emission spectrometer (ICP-OES). Raman measurements were 

performed using a Horiba Labram HR800 Evo confocal Raman spectrometer with 532 nm 

excitation and a 100× objective. The resolution of the Raman spectrometer is about 3 cm−1. 

The excitation laser intensity was maintained below the sample optical damage threshold. 

All samples were pressed into pellets to obtain a smooth surface for Raman analysis 

Synthesis of Birnessite with and without Copper. Four different samples were used in 

this study: (1) synthetic birnessite, (2) birnessite exposed to a Cu+-precursor molecule in 
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acetone, (3) birnessite exposed to Cu2+ in acetone, and (4) birnessite that was synthesized 

in the presence of aqueous Cu2+. Synthesis details for each case are as follows.  

Synthetic Birnessite. Following the protocol of McKenzie,23 potassium−birnessite was 

made by adding hydrochloric acid (HCl, 4 M, 50.0 mL) dropwise via a syringe pump at 1 

mL/min to a heated and stirred (80 °C, 360 rpm) solution of potassium permanganate 

(KMnO4, 0.200 M, 250 mL) in a 400 mL beaker. Heating continued at 80 °C for an 

additional 0.5 h after the addition of the acid was complete. The resulting 300 mL solution 

was then covered to prevent excessive evaporation overnight and aged for 15 h at 50 °C 

before being washed five times via vacuum filtration with a fine frit to give layered 

manganese oxide. XRD was used to confirm the existence of potassium−birnessite. The 

structure of potassium−birnessite resulting from this synthetic protocol is characterized by 

cation vacancies in the octahedral sheets with Mn3+/2+ in the interlayer region.24  

Copper(I)−Birnessite. This sample was prepared by exposing 0.200 g of the prepared 

birnessite described previously to 0.192 g of tetrakis(acetonitrile)copper(I) 

hexafluorophosphate in acetone. The mixture was refluxed at 45 °C for 4 h, and the 

resulting powder was vacuum-filtered and washed with excess acetone and ethanol. Prior 

research has shown that tetrakis(acetonitrile)copper(I) hexafluorophosphate undergoes 

slow disproportionation to Cu0 and Cu2+ in acetone.22 Hence, this synthetic protocol 

exposed birnessite to both Cu0 and Cu2+. Copper(II)−Birnessite. As a control sample, 

birnessite was refluxed in acetone at 45 °C, but unlike the preparation of copper(I)− 

birnessite, this particular sample was exposed to a solution of Cu2+ [10 mM Cu(NO3)]. This 

Cu-modified sample was vacuum-filtered and washed with excess acetone and ethanol.  
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Copper(II)-Doped Birnessite. Finally, a third Cu2+-modified birnessite sample was 

synthesized by introducing Cu2+ [1 mM Cu(NO3)] into a solution containing potassium 

permanganate (KMnO4, 0.200 M, 250 mL) in a 400 mL beaker. HCl (4 M, 50.0 mL) was 

added dropwise to the Cu2+/KMnO4 solution (80 °C) via a syringe pump at a rate of 1 

mL/min. The temperature of the reaction cell was maintained at 80 °C for an additional 0.5 

h after addition was completed. The resulting Cu-modified sample was washed with water 

and dried via lyophilization. 

3.2.2 Computational Details.  

 All calculations were performed by the Vienna ab initio simulation package 

(VASP)25 using periodic density functional theory (DFT). The projector augmented wave 

(PAW) method was used to describe valence-electron interactions. The newly developed 

strongly constrained and appropriately normed (SCAN) meta-generalized gradient 

approximation (metaGGA)26 was used for the exchange-correlation energy. The layered 

manganese dioxide was modeled as a crystal of MnO2 with a space group P63/ mmc. Two 

copper atoms were then intercalated between layers of the 2 × 2 × 1 unit cell with each Cu 

directly connecting two oxygen atoms of different layers. The positions of Cu were chosen 

such that they were in different interlayers and as far away from each other as possible (see 

Appendix A Figures A5 and A6). The energy cutoff was set to 520 eV, and electron 

smearing was employed using a Gaussian smearing technique with a width of 0.05 eV. 

Spin polarization calculations were carried out, and antiferromagnetic configurations were 

used for all of the calculations. Electronic energies were computed with the self-consistent 

field (SCF) tolerance of 10−5 eV, and total forces were converged to less than 0.01 eV/Å. 
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The energy integrations were performed in the first Brillouin zone with a γ- centered 12 × 

12 × 4 k mesh for the bulk layered MnO2 and 3 × 3 × 2 for the Cu0-intercalated MnO2. 

3.3 Results and Discussion 

3.3.1 Characterization of Copper-Intercalated Birnessite 

Figure 3.1 exhibits SEM and TEM micrographs showing the morphology of birnessite 

before and after exposure to Cu0 (i.e., copper(I)−birnessite). Typical potassium−birnessite 

is composed of a flower-like microsphere nanostructure which is retained after Cu-

modification. Both EDS (Figure A1) and ICPOES confirmed that the concentration of Cu 

in copper(I)− birnessite is ∼2 at. %. Two experimental observations suggest that at least a 

fraction of the Cu was located within the interlayer region. XRD of copper(I)−birnessite 

and Cu-free birnessite indicated that birnessite exposed to Cu0 led to shifts in the (001) and 

(002) Bragg reflections toward higher 2θ indicating a contraction of the interlayer spacing 

(Figure 3.2). This experimental observation is consistent with prior studies that showed 

similar shifts in Bragg reflections after the intercalation of zerovalent metal into the 

interlayer region of layered compounds.22,27,28 No such shift is observed in the XRD 

associated with copper(II)−birnessite and Cu(II)-doped birnessite (Figure A2). Based on 

the shift of the (001) reflection observed for copper(I)−birnessite, the interlayer spacing 

decreased from 7.37 to 7.25 Å upon Cu addition, suggesting that the Cu resides in the 

interlayer region. Further characterization via Raman spectroscopy (Figure 3.3) suggests 

that there is some disordering of the octahedral sheets when birnessite is exposed to the 

Cu(I) precursor. Cu-free birnessite exhibits two primary Raman features at 575 cm−1 (in-

plane symmetric stretching of the Mn−O bond) and at 646 cm−1 (out-of-plane symmetric 

stretching of Mn−O of MnO6 groups).29 In Figure 3.3, both copper(I)−birnessite and copper 
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(II)−birnessite exhibit similar Raman spectra where the Mn−O stretching mode shows 

significant broadening or weakening relative to the out-of-plane mode, possibly indicating 

some disruption of the Mn−O bonding in the sheets. SI Figure A3 shows the gradual, 

consistent evolution of the Raman spectrum with copper concentration. The similarity 

between the copper(I)− and copper(II)−birnessite data suggests that Cu(II) on the mineral 

surface (and not in the interlayer region) is the main contributor to the disordering. Cu0 in 

the interlayer are likely not contributing to the disordering and only to the change in the 

interlayer distance. 

 Cu 2p XPS data, exhibited in Figure 3.4, indicate that Cu0 exists along with Cu2+ in 

the structure of copper(I)−birnessite. The presence of well-defined shake up peaks in the 

940−946 eV region, similarly observed in copper oxides (Cu2+), verifies the presence of 

Cu2+ in copper(I)−birnessite, although we cannot rule out that Cu2+ is the result of exposing 

the sample  
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Figure 3.2: XRD patterns of birnessite and Cu(I)-birnessite which indicates the shift in 

Bragg reflections towards higher 2θ signifying a contraction of the interlayer spacing. 
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to air prior to analysis. The copper(I)−birnessite spectrum also contains spectral weight 

consistent with the presence of Cu0. We also present Cu 2p XPS of copper(II)−birnessite, 

and as anticipated the spectra (Figure 3.4) show the characteristic satellite peak structure 

characteristic of copper oxides. Based on the spectral fitting of the Cu 2p3/2 peak in the 

copper(I)−birnessite spectrum, we estimate that 4.1% Cu0, 63.1% CuO, and 32.8% 

Cu(OH)2 contribute to the Cu 2p peak. Analysis of the fitted Cu 2p3/2 peak for 

copper(II)−birnessite shows that all of the spectral weight is due to Cu(OH)2 where a 

significant amount of the Cu2+ in the copper(I)−birnessite is due the oxidation of Cu0 to 

Cu2+ in the interlayer region. We support this assignment with two experimental 

observations. First, when birnessite is exposed to only Cu2+ in solution, there is significant 

K+ loss from the interlayer region (see Table 3.1). Second, in contrast we find significantly 

less K+ is lost from the interlayer region when birnessite is modified to form 

copper(I)−birnessite. Our interpretation is that the introduction of Cu2+ directly into the  

 

Figure 3.3: Raman spectra of birnessite, Cu(II)-birnessite and Cu(I)-birnessite. 
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interlayer region via diffusion from solution displaces K+ from the interlayer due to charge 

neutrality considerations. In contrast, the diffusion of charge neutral Cu0 (resulting from 

the disproportionation of the Cu(I) reagent) into the interlayer region can occur without K+ 

displacement. This line of reasoning leads to the conclusion that some portion of the Cu0 

in the interlayer is oxidized to Cu2+, presumably with the concomitant reduction of a 

stoichiometric amount of Mn(IV) and/or Mn(III) in the octahedral sheets. To investigate 

possible changes in Mn valency, we acquired and compared Mn 2p XPS data for 

copper(I)−birnessite and Cu-free birnessite (see Figure A4), but found no discernible 

 

 

Figure 3.4: Cu 2p XPS of Cu(I)-birnessite and Cu(II)-birnessite. The spectra are fitted 

with three peaks corresponding to Cu0 (blue curve), CuO (green curve), and Cu(OH)2 

(purple curve). The black curve corresponds to the raw data and red curve corresponds 

to simulated curve after the peak fitting process. 
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difference. We add, however, that the maximum amount of Mn that could change oxidation 

state due to redox chemistry is ∼4% and such a change would be difficult to resolve in the 

XPS measurement. 

3.3.2 DFT Study of Copper(I)−Birnessite. 

. First-principles density functional theory (DFT) calculations were employed to 

investigate the effect of Cu intercalation on the electronic properties of 

copper(I)−birnessite. The structure of pristine birnessite was modeled as layers of MnO2, 

each layer of which is composed of MnO6 octahedra (Figure A5). Placement of Cu into the 

interlayer region was also carried out to model the copper(I)−birnessite system (SI Figure 

A6). SI Figure A7 exhibits density of states (DOS) plots determined by SCAN. 

Importantly, DOS plots of copper(I)−birnessite show Mn 3d derived states at the Fermi 

level (0 eV energy) suggesting that hybridization of the d-levels of Cu and Mn result in a 

more metallic-like DOS compared to Cu-free birnessite. Intercalated Cu also has an effect 

on the geometric structure of MnO2. Cu in the interlayer binds to its closest oxygen atoms, 

resulting in the dilation of the bond length of the oxygen with its nearest Mn neighbors 

from 1.894 to 1.931 Å (Table A1). This result from calculation is consistent with our 

experimental observation from Raman spectroscopy that disorder appears in the vibrational 

spectrum upon Cu addition (Figure A3). Charge density plots also suggest that the 

intercalated Cu0 is partially oxidized suggesting that Mn in the octahedral sheets is reduced. 

Finally, while the intercalation of Cu0 has little effect on the geometry of each individual 

layer, there is an expansion of the interlayer region upon Cu intercalation by about 1.3 Å. 

XRD of our samples conversely suggested that the introduction of Cu led to a contraction 

of the interlayer distance. We emphasize, however, that the model structures do not include 
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interlayer water, which is present in the samples that were analyzed by XRD. Hence, the 

difference in the interlayer environment between theory and experiment precludes any 

direct comparison in this regard. 

3.3.3 Electrocatalytic Measurements. 

Figure 3.5 exhibits polarization curves for copper(I)−birnessite, copper(II)−birnessite, 

Cu(II)-doped birnessite, and Cu-free birnessite. Inspection of these data show that 

copper(I)−birnessite is the best oxygen evolution catalyst among all of the samples 

   

 

Figure 3.5: Polarization curves for birnessite and Cu-modified birnessite samples.  

Cu(I)-birnessite shows a lower overpotential for water oxidation than the other 

materials. The experiments were carried out in 1 M KOH. 
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measured. For example, to reach a current of 10 mA/cm2, copper(I)−birnessite requires 490 

± 6 mV of overpotential, a decrease of more than 200 mV with respect to Cu-free birnessite. 

We mention that this overpotential of 490 mV (at 10 mA/cm2) is the lowest overpotential 

reported in the literature for birnessite. Furthermore, the overpotential measured for 

copper(I)−birnessite is similar to the value (490 mV) that has been reported for α-MnO2, 

which is considered to be the most active manganese oxide among all of the polymorphs 

of MnO2.
4 In addition, the superiority of copper(I)−birnessite with respect to other catalysts 

studied in this contribution is highlighted by a comparison of Tafel slopes (Figure A8). In 

particular a Tafel slope of 126 ± 3 mV/decade is associated with copper(I)−birnessite while 

the other Cu-modified birnessite and Cu-free birnessite exhibit Tafel slopes ∼240 

mV/decade (similar to the literature value for birnessite).4 The experimental observation 

that copper(II)−birnessite, Cu(II)- doped birnessite, and birnessite all exhibit similar Tafel 

slopes suggest that the mechanism of water oxidation is similar on all of these surfaces, but 

dissimilar to copper(I)−birnessite. 

The improved catalytic activity of copper(I)−birnessite is also illustrated by a comparison 

of turnover frequencies (TOF) and mass activities for the different birnessite samples (see 

Table 3.1). Copper(I)−birnessite exhibits a water oxidation TOF (at η = 0.45 V) that is 6.8 

times higher than Cu(II)-doped birnessite and 4.6 times higher than copper(II)−birnessite 

(TOF for Cu-free birnessite agrees well with the literature).4 Prior studies have shown that 

the stability of birnessite under water oxidation conditions is less than that observed for 

nonlayered manganese oxides such as Mn2O3. The reason for this is not well understood, 

but we find that copper(I)−birnessite exhibits a significant improvement in stability relative 

to Cu-free birnessite, based on chronopotentiometry measurements (Figure 3.6) for two  



 

55 

 

different current densities: 2 and 5 mA/cm2, respectively. As shown at the lower current 

density (2 mA/cm2) both birnessite and copper(I)−birnessite show good stability over the 

time period of the experiment (3000 s). When the measurement is performed at the higher 

current density (5 mA/cm2) Cu-free birnessite exhibits a comparatively poor stability, 

evidenced by the experimental observation that to maintain a current density of 5 mA/cm2 

the potential needs to be increased to 1 V in the first 320 s. In the case of copper(I)− 

birnessite, the current density can be maintained at 5 mA/cm2 for 1100 s before the potential 

 

 

Figure 3.6: Chronopotentiometry curves for birnessite and Cu(I)-birnessite at current 

densities of 5mA/cm2 (top panel) and 2 mA/cm2 (bottom panel).  
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reaches 1 V. We analyzed the catalyst using XPS before and after the electrochemical 

deactivation (Figure A9), and results show that there is still a significant amount of Cu left 

after the catalysis shows deactivation. Hence Cu loss may not be responsible for the 

deactivation. We point out that a change in the structure of the birnessite catalyst during 

electrocatalysis likely contributes to the deactivation as it probably does in the Cu-free 

birnessite. Future studies will also address this possibility. 

 Charge transfer kinetics play a key role in electrochemical catalysis where an 

efficient catalyst should transport charge with low resistance.30 Electrochemical impedance 

spectroscopy (EIS) serves as the technique of choice to evaluate the charge transfer 

resistance in electrochemical catalysts. In a typical Nyquist plot, the low frequency area is 

 

Figure 3.7: Nyquist plot obtained from EIS measurement at an applied potential of 

0.65V (vs Ag/AgCl) for pristine birnessite and Cu(I)-birnessite. 
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useful to evaluate the charge transfer resistance between electrolyte and catalytic surface, 

whereas the high frequency area is capable of providing information about charge transfer 

resistance between the catalytic surface and reactants.30 The obtained Nyquist plots for 

birnessite and the Cu-modified birnessite materials used in this study are shown in Figure 

3.7. Charge transfer resistances were obtained from fitted equivalent circuits (Figure A10). 

The observed charge transfer resistance of 680 Ω for birnessite agrees well with values 

reported in the literature.4 Consistent with our DFT calculation that the intercalation of Cu 

into the birnessite interlayer increases the conductivity of the material, we find a charge 

transfer resistance of 472 Ω for copper(I)− birnessite, significantly lower than for 

birnessite. The impedance spectra for carbon black alone, which is used to increase the 

conductivity of the birnessite samples on the working electrode, showed a charge transfer 

resistance of about 3000 Ω. Hence, carbon black is a good electrical conductor but poor 

catalyst for water oxidation as evidenced by the high charge transfer resistance (Figure 

A11). 

 Interpretation of the experimental results in view of the DFT calculations suggest 

that one role of the interlayer Cu is to lower the charge transfer resistance of the catalyst. 

In short, the realization from calculation that Cu intercalation leads to filled electron states 

at the Fermi level of copper(I)−birnessite would be consistent with the lower resistance for 

charge transfer. The increase in the stability of birnessite when Cu is in the interlayer could 

also be due to an improvement in charge conductivity between sheets (out-of-plane). Such 

a change in the electrical properties of birnessite with interlayer Cu might allow more 

sheets to be active for electrocatalytic water oxidation. We cannot rule out, however, that 

other effects play a role in the enhancement due to Cu. As mentioned before, redox 
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chemistry between interlayer Cu0 and Mn(IV) could lead to the production of Mn(III), a 

species that has been shown in other studies to be particularly important for enhancing 

water oxidation on manganese oxides.17,18,31 The relatively low concentration of Cu in the 

interlayer (<4%) suggests that the maximum amount of Mn(III) that could be formed from 

the interaction of Cu0 and Mn(IV) (∼4% increase in Mn(III)) would be too low to be 

responsible for our experimental observations. Also, there is a small contraction in the 

interlayer distance of copper(I)−birnessite when compared to birnessite. It is plausible that 

the reduced spacing leads to enhanced water oxidation in the interlayer region, and it would 

be an interesting area of future investigation. 

  

Catalyst K/Mn 

Atomic 

ratio 

Cu/Mn 

Atomic 

ratio 

TOF (s-1) 

at 

η=0.45V 

mass activity (A 

g-1) at η=0.45V 

Tafel slope(mV 

dec-1) 

Birnessite 

 

0.10 0.00 0.0004 1.92 243 

Cu(I)-

birnessite 

0.09 0.10 0.003 10.24 126 

Cu(II)-

birnessite 

0.05 0.13 0.0006 2.57 233 

Cu(II) 

doped- 

birnessite 

0.06 0.14 0.0004 1.37 285 

 

 It is informative to compare the properties of copper(I)− birnessite to α-MnO2, 

which has been shown to be the manganese oxide with the most attractive electrocatalytic 

properties for the oxygen evolution reaction. Unlike birnessite, the structure of α-MnO2 is 

a manganese octahedral molecular sieve with the Mn having both +3 and +4 oxidation 

states.32 This particular material has been shown to exhibit an overpotential for water 

Table 3.1: Summary of catalytic activities and atomic ratios from ICP-OES and 

EDS 
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oxidation of ∼500 mV with a stability that is much greater than birnessite.4 In particular, 

at a current density of 5 mA, α-MnO2 can maintain a relatively stable overpotential (after 

reaching 0.8 V) for water oxidation for ∼3 h (Δη = 0.2 V after 3 h), while the stability time 

for birnessite is ∼5 min for the same current density and similar overpotential increase. We 

showed in this contribution that modification of birnessite via the intercalation of Cu into 

its interlayer region results in a lowering of the overpotential (from >0.7 to 0.49 V) to a 

value similar to α-MnO2 and the stability time for a current density of 5 mA/cm2 increased 

to 20 min (compared to 5 min for Cu-free birnessite). Hence, these studies show that the 

electrocatalytic behavior of birnessite can be improved through the judicious use of 

intercalated atoms. Studies are underway to further improve the catalytic reactivity of 

birnessite by changing the metal center as well as the intercalated metal concentration. 

3.4 Summary 

A strategy to enhance the catalytic activity toward water oxidation in layered manganese 

oxide has been realized by introducing Cu within the interlayers. Both XRD and Raman 

spectroscopy measurements support the presence of Cu in the interlayer of birnessite. XPS 

results suggest that a portion of Cu that enters the interlayer remains as Cu0 and another 

significant fraction of Cu exists as Cu2+ in the interlayer, likely resulting from the oxidation 

of Cu0. DFT calculations suggest that the introduction of Cu0 into the interlayer results in 

a change in the electrical properties of birnessite from a semiconductor to metal. Consistent 

with calculation, electrochemical impedance measurements acquired during water 

oxidation reaction show that the charge transfer resistance of copper(I)−birnessite is lower 

than birnessite. Perhaps, more importantly, the TOF for water oxidation increases by a 

factor of ∼6 when Cu is present in the birnessite interlayer. We anticipate that these results 
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will have broad utility in devising strategies for improving the catalytic activity of layered 

materials with intercalated metals. 
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CHAPTER 4 

NICKEL CONFINED IN THE INTERLAYER REGION OF BIRNESSITE: AN 

ACTIVE ELECTROCATALYST FOR WATER OXIDATION 

(Note: Content of this Chapter is adapted from the publication “Akila C. Thenuwara, 

Elizabeth B. Cerkez, Samantha L. Shumlas, Nuwan H. Attanayake, Ian G. McKendry, Dr. 

Laszlo Frazer, Dr. Eric Borguet, Dr. Qing Kang, Dr. Richard C. Remsing, Dr. Michael L. 

Klein, Dr. Michael J. Zdilla Dr. Daniel R. Strongin, Nickel Confined in the Interlayer 

Region of Birnessite: an Active Electrocatalyst for Water Oxidation, Angewandte Chemie 

International Edition 55.35 (2016): 10381-10385.” with permission. The molecular 

dynamics (MD) simulations presented in this chapter were executed by Dr Richard 

Remsing.) 

ABSTRACT 

We report a synthetic method to enhance the electrocatalytic activity of birnessite for the 

oxygen evolution reaction (OER) by intercalating Ni2+ ions into the interlayer region. 

Electrocatalytic studies showed that nickel (7.7 atomic %)‐intercalated birnessite exhibits 

an overpotential (η) of 400 mV for OER at an anodic current of 10 mA cm−2. This η is 

significantly lower than the η values for birnessite (η≈700 mV) and the active OER catalyst 

β‐Ni(OH)2 (η≈550 mV). Molecular dynamics simulations suggest that a competition 

among the interactions between the nickel cation, water, and birnessite promote redox 

chemistry in the spatially confined interlayer region. 

4.1 Introduction 
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 Converting sunlight to useful forms of energy, such as electrical and chemical 

energy, has the potential to help eliminate the fossil fuel dependence of mankind.1-6 From 

this standpoint, designing cheap, efficient, and robust catalysts that can facilitate the 

splitting of water to oxygen and hydrogen is a worthwhile goal that will potentially pave 

the path for efficient conversion of solar energy to chemical energy. The splitting of water 

[Eq. 4.1] is thermodynamically uphill and a kinetically hindered reaction, which has a high 

energetic penalty without a catalyst.7 Inspired by the ability of manganese‐bearing photo‐ 

system II (PS‐II) to split water, there have been numerous studies that have utilized 

manganese‐containing compounds as homogeneous and/or heterogeneous catalysts for the 

oxygen evolution reaction (OER).8-13 

  H2O → O2 + 2H2    ΔG = +237 kJ mol-1  (4.1) 

 Birnessite is a naturally occurring manganese oxide mineral that is ubiquitous in 

soils, nodules, and stream deposits.14, 15 The material is composed of 2D‐layers of edge‐

sharing manganese octahedra (MnO6).
10, 14, 15 Owing to the presence of both Mn3+ and Mn4+ 

within the structure, the overall 2D‐like layered structure has a net negative charge. Thus, 

charge neutrality is usually provided by positively charged alkali metal ions, such as K+ or 

Na+, in the interlayer region between the MnO2 sheets.14-17 In general, the interlayer region 

of birnessite not only contains alkali metal ions, but also contains a confined layer of water, 

resulting in an interlayer spacing of ≈0.7 nm. A recent molecular dynamics (MD) 

simulation study suggested that the confined interlayer region of birnessite containing 

metal cations and water leads to unique water structuring that is incommensurate with 

water–water hydrogen bonding, resulting in frustration of water molecules between the 
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shared cation hydration shells that enhances the rates of interlayer electron transfer 

reactions beyond standard theoretical expectations.18 

 We hypothesized that the catalytic activity of birnessite for water oxidation could 

be enhanced by incorporating an already active OER catalytic material into its interlayer 

region. The model system used to test this hypothesis was potassium birnessite with an 

intercalated Ni‐hydroxide. Ni‐hydroxide has been shown in prior studies to be an excellent 

electocatalyst for OER.19 In this study, we determined how the OER activity of birnessite 

intercalated with Ni compared to birnessite and Ni‐hydroxide alone. Herein, we report that 

the nickel hydrazine complex [Ni(N2H4)x(H2O)y]
2+ can be used to efficiently transport Ni2+ 

into the interlayer region of potassium‐birnessite (see the Supporting Information for more 

 

Figure 4.1:  Electron micrographs of Ni2+/birnessite (Ni 6.1%): (a) TEM and (b) SEM. 

Images of pristine birnessite: (c) TEM and (d) SEM. 

 



 

67 

 

details). Intercalation of Ni2+ was confirmed with X‐ray diffraction (XRD), Raman 

spectroscopy, and X‐ray photoelectron spectroscopy (XPS). We found that birnessite 

intercalated with Ni is a more active electrocatalyst for water oxidation compared to nickel 

hydroxide or birnessite alone. 

4.2 Experimental Section 

All chemical reagents used in this study were purchased from commercial vendors and 

used without further purification. X-ray diffraction (XRD) data were acquired on a Bruker 

Kappa APEX II DUO diffractometer using Mo Kα radiation from a sealed molybdenum 

tube with a TRIUMPH monochromator. X-ray photoelectron spectroscopy (XPS) of the 

catalyst powders was conducted with a Thermo Scientific K-alpha+ at the University of 

Delaware. XPS analysis of the catalyst ink (pre and post catalysis) was carried out using a 

VG Scientific 100 mm hemispherical analyzer and a Physical Electronics Mg Kα X-ray 

source operating at 280W. Transmission electron microscopy (TEM) images were obtained 

using a JEOL JEM-1400 microscope operating at 120 kV. Scanning electron microscopy 

(SEM) images were obtained using a FEI Quanta 450 FEG-SEM microscope operating at 

30 kV. Energy dispersive spectroscopy (EDS) analysis was performed with an Oxford 

systems nano-analysis EDS system, using Aztec 2.1 as the analyzing software. Elemental 

analysis was performed using a Thermo Scientific iCAP 7000 Series Inductively Coupled 

Plasma with an Optical Emission Spectrometer (ICP-OES). Raman measurements were 

performed using a Horiba Labram HR800 Evolution confocal Raman spectrometer with 

532 nm excitation and a 100X objective. The resolution of the Raman spectrometer was ~3 

cm-1. The excitation laser intensity was maintained below the sample optical damage 
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threshold. All samples were pressed into pellets by applying 5 tons for 3 minutes to obtain 

a smooth surface for Raman analysis.  

Synthesis of potassium birnessite. Hydrochloric acid (4 M, 50.0 mL) was added drop 

wise via a syringe pump at 1 mL/min to a heated and stirred (80 ˚C, 360 rpm) solution of 

potassium permanganate (0.200 M, 250 mL) in a 400 mL beaker. Heating continued at 80 

˚C for an additional 0.5 h after addition was completed. The resulting 300 mL solution was 

then covered to prevent excessive evaporation overnight and aged for 15 h at 50 ̊ C. Finally, 

the resulting suspension was washed several times with distilled water and dried under 

room temperature. 

 Nickel hydroxide synthesis. The beta phased Ni(OH)2 was synthesized by a modified 

microwave-assisted method as described below. Nickel (II) nitrate hexahydrate and urea 

were dissolved in molar ratio of 1:4 in 30 mL deionized water, and the resulting solution 

was treated under microwave irradiation in a standard microwave at 900 W for several 

minutes. Next, the resulting green colloidal suspension was cooled down to room 

temperature and retrieved by centrifugation. Finally, the products were washed several 

times with distilled water and absolute ethanol and dried in an oven at 60 ˚C for 12 h.  

Synthesis of nickel intercalated birnessite. Nickel intercalated birnessite (referred to as 

Ni2+/birnessite hereafter) catalyst was prepared via a wet chemical ion exchange reaction. 

The nickel precursor solution was prepared by adding 0.100 g (0.422 mmol) of nickel 

chloride hexahydrate (NiCl2•6H2O) to 20 mL of deionized water (18.3 MΩ cm). Next, 

stoichiometric amounts (19 µL, 0.204 mmol) of hydrazine solution (35 wt. % in H2O) were 

added to the nickel precursor solution. A noticeable color change from green to pale blue 

was observed after the addition of hydrazine, which is an indication of the formation of the 
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nickel-hydrazine complex [Eq. 4.2]. After stirring for 5 mins, 0.100 g of synthetic 

birnessite was added to the nickel-hydrazine complex containing solution and the 

suspension was stirred for 10 mins. Finally, the solution was vacuum filtered, and the 

residue washed with excess deionized water. In order to examine the effect of reaction time 

as well as the effect of starting nickel precursor amount, a series of Ni2+/birnessite samples 

were synthesized, and the exposure time of birnessite to the nickel-hydrazine complex was 

varied from 10 to 30 min. 

NiCl2 (s) + xN2H4 (aq) + yH2O (aq) → [Ni(N2H4)x(H2O)y]
2+ (aq) +2Cl-(aq)   (4.2) 

4.3 Results and Discussion 

4.3.1 Characterization of Nickel-Intercalated Birnessite 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 

performed on birnessite before and after nickel intercalation (Figure 4.1 and Figure B1), 

where the latter material is hereafter referred to as Ni2+/birnessite. A comparison of the 

micrographs for birnessite and Ni2+/birnessite showed no significant changes in the flower‐

like morphology of birnessite. Inductively coupled plasma optical emission spectroscopy 

(ICP‐OES) and energy dispersive spectroscopy (EDS) showed that the concentration of 

nickel in Ni2+/birnessite (after a 10 min exposure to the Ni‐hydrazine complex) was 6.1 

atomic %. Also, EDS mapping suggested that the Ni was evenly distributed throughout the 

Ni2+/birnessite structure (Figure B2). 

 Based on the shift of the (001) Bragg reflection in the XRD, the interlayer spacing 

of birnessite decreased from 7.27 Å to 7.17 Å for Ni2+/birnessite (Figure 4.2a). This 

observation was consistent with prior research from our laboratory, which showed that the 
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intercalation of copper into the birnessite interlayer resulted in a similar decrease in the 

interlayer spacing.13 As a control experiment, birnessite was exposed to hydrazine in the 

absence of nickel. This circumstance led to significant structural changes, likely owing to 

a redox reaction of hydrazine with birnessite [Eq. 4.3] to form tetragonal Mn3O4 (Figure 

B3). However, a prior study reported that exposure of hydrazine to MnO2 would form 

 

Figure 4.2:  XRD spectra: (a) birnessite, birnessite exposed to hydrazine, and 

Ni2+/birnessite. (b) Ni2+/birnessite with varying amounts of intercalated Ni. Inset shows 

the localized XRD patterns for the (001) reflection which corresponds to the interlayer 

spacing. 
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MnOOH.20 This chemistry was absent when Ni2+ was present in the solution, presumably 

owing to hydrazine complexation with Ni2+. We suspect the majority of the Ni2+‐hydrazine 

stayed complexed in solution and prevented any major structural changes of the birnessite. 

  N2H4 + MnO2 → 2N2 + Mn3O4 + 2H2O      (4.3) 

Analysis of XRD data (Figure 4.2b) showed that, with an increased amount of intercalated 

Ni2+, the interlayer spacing of birnessite decreased from 7.17 (6.1 atomic % Ni) to 7.07 Å 

for 7.7 atomic % Ni2+/birnessite (30 min exposure to Ni‐hydrazine complex). Electron 

microscopy results from 7.7 atomic % Ni2+/birnessite also showed that there were no 

significant morphological differences relative to birnessite (Figure B1). No change in the 

interlayer spacing was observed when birnessite was exposed to only hydrazine; instead, 

Mn3O4 was formed (Figure 4.2a). Therefore, this decreasing interlayer spacing with 

exposure to the Ni2+‐hydrazine complex is attributed to the increasing amount of 

intercalated Ni. 

 Table 4.1: Summary of OER activities and atomic ratios from ICP-OES and EDS. 
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The structure of Ni2+/birnessite was also investigated with Raman spectroscopy, which is 

sensitive to the short-range order of materials. Birnessite exhibits two primary Raman 

modes at ≈575 and 646 cm−1.21-23 Figure B4 shows that both birnessite and birnessite 

exposed to hydrazine exhibited similar Raman spectra. However, the reduction in the 

intensity of 575 cm−1 mode after hydrazine exposure can be attributed to an increase in 

Mn3+, which likely formed through a reaction of birnessite with hydrazine (Reaction 2).23 

For Ni2+/birnessite, significant broadening of the two peaks (575 cm−1 and 646 cm−1) was 

observed, and this experimental observation is likely due to some disruption of the Mn−O 

bonding in the sheets. Prior studies revealed a similar broadening for birnessite that had 

undergone lithium and copper intercalation.13, 23 

 The XPS spectra shown in Figure B5 (XPS Ni 2p region) indicate that intercalated 

Ni exists as Ni2+ in the birnessite interlayer. Examination of the O 1s region (Figures B5 

and B6), as well as the Ni 2p region of Ni‐hydroxide and Ni‐oxide standards suggests that 

intercalated nickel has more Ni‐hydroxide character than Ni‐oxide character.24 The role 

that is played by the Ni‐hydrazine complex ([Ni(N2H4)x(H2O)y]
2+) is difficult to ascertain, 

especially because mixed water/hydrazine coordination of nickel is expected in solution, 

as suggested by simulation results (Figure B9). It may be that in these mixed compositions, 

positively charged complexes shuttle nickel into the negatively charged interlayer to form 

Ni2+/birnessite. The absence of nitrogen in Ni2+/birnessite (from XPS) suggested that Ni‐

hydrazine complex decomposed during the transfer of Ni into the interlayer region. The 

fate of the hydrazine is not known, but it does not appear to result in any structural changes 

of the birnessite host material. EDS experiments showed that all of the potassium ions, 

initially in the birnessite, were removed after the exposure of the material to the  
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Ni‐hydrazine complex. This observation indicates that Ni2+ ions entering the interlayer 

region result in the expulsion of interlayer K+, owing to charge neutrality considerations. 

This experimental observation is additional strong evidence for the contention that Ni2+ 

resides in the interlayer region of Ni2+/birnessite. 

4.3.2 Electrocatalytic Measurements. 

 Electrocatalysis studies indicated that the activity of Ni2+/birnessite for OER was 

superior to the activity exhibited by birnessite and β‐Ni(OH)2 (Figure 4.3). In particular, at 

a current density of 10 mA cm−2, the overpotential (η) values for water oxidation on 

Ni2+/birnessite, β‐Ni(OH)2, and birnessite were 400, 550, and 700 mV, respectively. 

Furthermore, the polarization curves obtained for birnessite and birnessite exposed to 

 

Figure 4.3:  Polarization curves for birnessite, birnessite exposed to hydrazine and 

Ni2+/birnessite. Ni2+/birnessite shows an enhanced activity relative to  Ni2+/birnessite, 

β-Ni(OH)2, and  birnessite. Data for Ni2+/birnessite and β-Ni(OH)2 were acquired after 

100 cycles. 
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hydrazine showed the same OER activity, thus we can conclude that formation of the 

Mn3O4 phase did not improve catalysis. As shown in Figure 4.4, OER activity 

systematically rose with the amount of intercalated nickel. The 7.7 atomic % 

Ni2+/birnessite catalyst showed the highest OER activity and exhibited an overpotential of 

400 mV and a Tafel slope of 60 mV/dec. This Tafel slope of 60 mV/dec is on par with 

precious metal OER catalysts (for example, IrO2; see Table B1). The drastic improvement 

of the Tafel slope from 243 (birnessite) to 60 mV/dec (Ni2+/birnessite) can be attributed to 

a change in the rate‐determining step (RDS) of OER kinetics. Higher Tafel slopes (>120 

mV/dec) are typically associated with water adsorption on the catalytic site being the RDS, 

while lower Tafel slopes (≈40 mV/dec) have been suggested to indicate that O−O bond 

formation is the RDS.25, 26 The change of Tafel slope in our study upon Ni2+ intercalation 

suggests that that interlayer Ni is acting as an active site for OER in Ni2+/birnessite. 

Additionally, the overpotential (to produce 10 mA cm−2) was observed at 1.68 V versus 

RHE (η=450 mV) for the first electrochemical cycle, but after an increasing number of 

cycles (Figure 4.4 b) decreased to 1.63 V versus RHE (η=400 mV). This activation with 

cycling is commonly seen in nickel‐based electrocatalysts and is widely accepted to be the 

result of NiIIIO(OH) formation.19, 27 Electrochemical impedance spectroscopy (EIS) further 

supported this notion, where a reduction in charge transfer resistance was observed in 

Ni2+/birnessite with increasing electrochemical cycles (Figure B10). We also observed an 

oxidative peak associated with the conversion of Ni2+ to Ni3+ at 1.37 V versus RHE, which 

provided evidence for the formation of Ni3+ as an intermediate19 redox active species 

during OER. 
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 Table 4.1 illustrates the enhanced electrocatalytic activity of Ni2+/birnessite in 

terms of turnover frequencies (TOF) and mass activities. Interestingly, we found that 

Ni2+/birnessite exhibited a higher TOF (0.03–0.06 s−1 at η=400 mV) than β‐Ni(OH)2 

nanosheets (0.003 s−1 at η=400 mV). This tenfold increase in TOF for Ni2+/birnessite 

showed that water oxidation catalysis can be improved if an active catalyst is confined to 

the interlayer region. Gaseous O2 product was  

 

 

Figure 4.4:  Polarization curves for Ni2+/birnessite with varying amounts of Ni. (b) 

Comparison of overpotentials to reach 10 mA cm-2 for Ni2+/birnessite with increasing 

electrochemical cycles. 
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confirmed by gas chromatography (Figure B12). Chronopotentiometric experiments at 

constant current density of 5 mA cm−2 showed enhanced stability of Ni2+/birnessite relative 

to birnessite (Figure B13). Ni2+/birnessite was stable for over 4 hours, whereas birnessite 

was limited to minutes. To obtain further insight into the deactivation mechanism of the 

catalyst, we used Raman, TEM, and XPS to characterize the electrocatalyst ink before and 

after the OER (Figures B16 and B17). The Raman spectra suggested an electrochemically 

induced structural disorder in the catalyst. TEM images showed the presence of surface 

corrosion with electrochemical cycling. The XPS spectra showed a noticeable peak shift 

towards lower binding energy with increasing electrochemical cycles in both the Ni 2p and 

 

Figure 4.5:  Free energies, -lnP(∆E), as a function of the energy gap, ∆E, which 

adequately quantifies electron transfer reactions, for the oxidized (left-most) and 

reduced (right-most) states of a model cation in bulk water and confined within the 

birnessite interlayer. Here, ß=1/kBT, where kB is Boltzmann’s constant and T is the 

temperature. The curves are aligned vertically at their minima and horizontally at the 

location of the barrier, ∆E‡. The free energetic barrier to electron transfer is lower when 

the reaction occurs in the birnessite interlayer and with Ni2+. 
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O 1s regions. This binding energy shift is attributed to a change in chemical environment 

of interlayer nickel ions where the initial Ni‐hydroxide nature transforms at least partially 

to Ni‐oxide. It is well known that metastable Ni‐hydroxide can undergo a phase 

transformation to Ni‐oxide with annealing,28 thus it is reasonable to assume that a similar 

electrochemically induced phase transformation can occur to interlayer nickel with 

extensive redox cycling and can lead to deterioration of the catalytic activity.  

4.3.3 Molecular Dynamic simulations of Ni2+/birnessite. 

 Molecular dynamics (MD) simulations were carried out to shed light on the 

enhanced catalytic activity of Ni2+/birnessite. Free energy surfaces obtained from MD 

simulations (Figure 4.5), suggest that the barrier to electron transfer (ET) is significantly 

 

Figure 4.6: (a) Probability distribution of the angle formed by a water dipole and the 

normal to the birnessite surface for birnessite and Ni2+/birnessite. Note that the angle is 

confined to be between 0 and 90 degrees due to symmetry. (b) Snapshots of water and 

ions in Ni2+/birnessite highlighting the orientational ordering of water and the 

octahedral coordination of Ni2+ (4 waters and 2 birnessite oxygens).  
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reduced in the interlayer region relative to the same process occurring in bulk solution. 

Thus, the activation barrier for ET to occur, that is, the overpotential, is expected to be 

smaller when the ion is confined within the interlayer. This contention is supported by the 

polarization curves (Figure 4.3) indicating that oxidation of Ni2+ to Ni3+ occurs at a lower 

potential when nickel is in the interlayer region of birnessite. In particular, Ni2+/birnessite 

exhibits a feature at 1.37 V, while β‐nickel hydroxide exhibits a peak at 1.44 V. The 

lowering of the barrier arises in part from a reduction in the number of reorganizing waters 

coordinated to the ion, from 6 to 4 moving from bulk water to birnessite. As predicted 

previously,18 additional lowering of the barrier to ET in the interlayer arises from enhanced 

fluctuations owing to unique ion hydration structures which frustrate water molecules in 

neighboring cation hydration shells, and this structuring may facilitate the OER.18 

 MD simulations of Ni2+/birnessite indeed suggest that interlayer water is highly 

ordered, and even more so than in standard potassium birnessite. In particular, Figure 4.6 

depicts the probability distribution of water orientation for both Ni2+/birnessite and 

potassium birnessite expressed as the angle made by a water dipole within the interlayer 

and the vector normal to the birnessite surface. In Ni2+/birnessite, the probability of a water 

molecule to orient its dipole parallel to the surface is higher, in part due to the octahedral 

coordination structure of Ni2+ ions (Figure 4.6 b). Moreover, water molecules are far less 

likely to adopt other orientations. Thus, the enhanced activity in Ni2+/birnessite may be due 

to the confined interlayer environment and the resulting increase in orientational ordering 

of interlayer water that aids redox reactions. 
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4.4 Conclusion 

 In conclusion, the confinement of nickel hydroxide in the interlayer of birnessite 

resulted in a substantial enhancement of water oxidation catalysis. These results have broad 

implications for the synthesis of other active OER catalysts exploiting confinement within 

layered or nano‐porous materials. 
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CHAPTER 5 

INTERCALATION OF COBALT INTO THE INTERLAYER REGION OF 

BIRNESSITE IMPROVES OXYGEN EVOLUTION CATALYSIS 

(Note: Content of this Chapter is adapted from the publication “Akila C. Thenuwara, 

Samantha L. Shumlas, Nuwan H. Attanayake, Yaroslav V. Aulin, Ian G. McKendry, Qiao 

Qiao, Yimei Zhu, Eric Borguet, Michael J. Zdilla, and Daniel R. Strongin, Intercalation of 

Cobalt into the Interlayer of Birnessite Improves Oxygen Evolution Catalysis, ACS 

Catalysis, 2016, 6 (11), pp 7739–7743.” with permission) 

 

 

ABSTRACT 

We show that the activity of cobalt for the oxygen evolution reaction (OER) can be 

enhanced by confining it in the interlayer region of birnessite (layered manganese oxide). 

The cobalt intercalation was verified by employing state-of-the-art characterization 

techniques such as X-ray diffraction, Raman spectroscopy, and electron microscopy. It is 

demonstrated that the Co2+/birnessite electrocatalyst can reach 10 mA cm−2 at an 

overpotential of 360 mV with near-unity Faradaic efficiency. This overpotential is lower 

than that which can be achieved by using a pure cobalt hydroxide electrocatalyst for the 

OER. Furthermore, the Co2+/birnessite catalyst shows no degradation after 1000 

electrochemical cycles.  
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5.1 Introduction 

Implementation of sustainable and affordable clean energy technologies requires cheap and 

highly active (electro)-catalysts.1 Among all renewable energy research, electrochemical 

and photoelectrochemical water splitting have been identified as promising fuel-producing 

reactions, although the reaction is hindered by sluggish kinetics.2,3 Recent developments in 

renewable energy research have led to the discovery of highly active hydrogen evolution 

reaction (HER) catalysts with earth-abundant materials such as MoS2, WS2, CoP, Ni3Se2 

with overpotentials (η) less than 100 mV.4−7 Even the best precious metal-based oxygen 

evolution reaction (OER) catalysts, IrO2 and RuO2, suffer from high overpotentials (>300 

mV) and stability issues in alkaline media.8,9 Recent research, however, in the context of 

lowering η for the OER, has shown that a ternary catalyst (FeCoW oxyhydroxide) exhibits 

a η of ∼200 mV for OER.10 

 Apart from heterogeneous water oxidation catalysts (WOC), molecular-based 

WOC have been extensively studied mainly due to the ease of designing well-defined 

catalytically active centers, which is convenient for elucidating reaction mechanisms.11,12 

Developments in molecular-based WOC research have been able to discover extremely 

active catalysts where the reported turnover frequency (>300 s−1 ) is comparable with 

nature’s WOC, photosystem II (PS II).13 However, successful integration of these 

molecular-based catalysts into commercial water splitting devices is yet to be reported. 

 Numerous studies have investigated manganese-based materials for OER.14−17 The 

motivation for these studies has in part been due to nature’s use of manganese as an active 
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component in the PS II cluster, which is known to perform water oxidation. As part of this 

prior research, birnessite, a material composed of two-dimensional layers of edge-sharing 

manganese octahedra (MnO6), has been investigated. It has been shown that this layered 

material is a  

 

moderately active electrocatalyst for the OER.16−21 Compared to other manganese oxide 

phases, however, birnessite is one of the least active materials, exhibiting a η of ∼750 mV 

(at 10 mA cm−2 ) in alkaline media.16,17,20,22 Despite being a moderately active 

electrocatalyst, birnessite can be an active water oxidation catalyst when ceric ammonium 

 

Figure 5.1: Powder X-ray diffraction pattern of birnessite and Co2+/birnessite. The 

inset is the enlarged (001) reflection which indicates that interlayer spacing changes 

with cobalt confinement within the interlayer. 
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nitrate (CAN) is used as a sacrificial oxidizing agent.14,15 The reason for this discrepancy 

between electrochemical water oxidation and chemical water oxidation using CAN is still 

under debate.22,23 

 A prime motivation for the current study is to investigate whether the activity of 

cobalt for the OER can be further enhanced by intercalating the catalyst in the interlayer 

region of birnessite. A prior study from our laboratory showed that birnessite intercalated 

with nickel (Ni2+/birnessite)  

 

 

Figure 5.2:  EELS line scan across the cross-section of the Co2+/ birnessite. (a) STEM 

ADF image of the cross-section of the birnessite; (b) relative composition of O, Mn 

and Co, scattered dots are original data, mean value and standard deviation of each 

element are shown by solid line and dashed area; (c) EEL spectrum showing O K-edge, 

Mn L3,2-edge, and Co L3,2-edge that are used for quantitative composition analysis. 

 



 

87 

 

was more active than either a nickel hydroxide or birnessite catalyst alone.24 In particular, 

the Ni2+/birnessite and nickel hydroxide catalysts exhibited a η of 420 and 550 mv (at 10 

mA cm−1), respectively, for the OER. Rationale for this experimental observation was 

based on a recent molecular dynamics (MD) simulation study.25 This study suggested that 

the interaction between interlayer water molecules and intercalated metal cations in 

birnessite leads to a unique water structuring (i.e., frustrated water), which enhances 

electron transfer reactions in the interlayer. The current study aims to determine whether 

this strategy to increase the OER activity of a catalyst by confining it in a unique spatially 

confined region continues to hold true. Relative to manganese oxide, cobalt-based 

materials show superior activity toward OER catalysis.8 This superior catalytic activity of 

cobalt-based OER catalysts is presumably due to optimal binding (i.e., not too strong and 

not too weak) of reaction intermediates (*OOH and *OH) on the catalytic sites that 

facilitate the OER.26 Thus, cobalt was chosen as an intercalant in this study. We believe 

that enhancing this activity still further would be noteworthy. 

5.2 Experimental Section 

 All the chemicals used here were purchased from commercial vendors and used 

without any further purification. X-ray diffraction (XRD) data were acquired on a Bruker 

Kappa APEX II DUO diffractometer using Mo Kα radiation from a sealed molybdenum 

tube with a TRIUMPH monochromator. X-ray photoelectron spectroscopy (XPS) was 

conducted with a Thermo Scientific K-alpha+ at the University of Delaware. A JEOL JEM-

1400 microscope operating at 120 kV was used to obtain transmission electron microscopy 

(TEM) images. SAED patterns, STEM images and EEL spectra were taken using an 

aberration corrected JEOL JEMARM200CF scanning transmission electron microscope 
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operated at 200 kV. Atomic resolution STEM images were taken with an annular bright-

field detector. The image contrast was inverted so that the atoms appear to be bright, and 

the inverted ABF images were processed with a lowpass filter to remove high frequency 

noise. The STEM image for the EELS line scan was taken with an annular dark-field 

detector. Scanning electron microscopy (SEM) images were obtained using a FEI Quanta 

450 FEG-SEM microscope operating at 30 kV. Energy dispersive spectroscopy (EDS) 

analysis was performed with an Oxford systems nano-analysis EDS system, using Aztec 

2.1 as the analyzing software. Elemental analysis was performed using a Thermo Scientific 

iCAP 7000 Series Inductively Coupled Plasma with an Optical Emission Spectrometer 5 

(ICP-OES). Raman measurements were performed using a Horiba Labram HR800 

Evolution confocal Raman spectrometer with 532 nm excitation and a 100X objective. All 

samples were pressed into pellets by applying pressure to obtain a smooth surface for 

Raman analysis. The Brunauer-Emmett-Teller (BET) specific surface area measurements 

were performed by single-point BET N2 adsorption using an ASAP 2020 surface area 

analyzer (Micromeritics).  

Synthesis of potassium birnessite. Hydrochloric acid (4 M, 50.0 mL) was added drop 

wise via a syringe pump at 1 mL/min to a heated and stirred (80 ˚C, 360 rpm) solution of 

potassium permanganate (KMnO4, 0.200 M, 250 mL) in a 400 mL beaker. Heating 

continued at 80 ˚C for an additional 0.5 h after addition was completed. The resulting 300 

mL solution was then covered to prevent excessive evaporation overnight and aged for 15 

h at 50 ˚C. Finally, the resulting suspension was washed several times with distilled water 

and dried at room temperature.  
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α-cobalt hydroxide synthesis. A colorless solution was formed by dissolving cobalt 

chloride hexahydrate (CoCl2•6H2O) and NH4F in distilled water ([Co2+] = 0.6 mol dm-3) 

while keeping the molar ratio of NH4F to Co2+ equal to 0.25. Propylene oxide was used as 

the precipitation agent and the molar ratio of propylene oxide and metal ions were kept at 

10. A precipitate formed within 0.5–2 h under vigorous stirring. After reaction for 24 h, 

green colored cobalt hydroxide nanosheets were obtained by vacuum filtration, water-

washed, and dried at 80°C.  

β-cobalt hydroxide synthesis. β-Co(OH)2 nanostructures were synthesized by a 

hydrothermal synthesis method. First, CoCl2•6H2O (2 mmol) was dissolved in 40 mL of 

distilled water and 1.0 6 mL of N(CH2CH3)3 was added to the Co-containing solution while 

being constantly stirred. Next, the resultant slurry was transferred to a 50 mL autoclave 

and heated at 180 °C for 24 h in a furnace. The autoclave was then left to cool to room 

temperature. Finally, the solid product was recovered, washed with water several times, 

and air-dried.  

Co3O4 synthesis. Cobalt oxide was formed by dissolving CoCl2•6H2O and NH4F, in 

distilled water ([Co2+] = 0.6 mol dm-3) while keeping the molar ratio of NH4F to Co2+ equal 

to 2. Propylene oxide was used as the precipitation agent and the molar ratio of propylene 

oxide to metal ions was kept at 10. A precipitate was then produced within 0.5–2 h under 

vigorous stirring. After reaction for 24 h, the resulting pink precipitate was obtained by 

vacuum filtration. The precipitate was then water-washed and air-dried. Co3O4 was 

produced by annealing the pink powder in air at 400 ˚C for 4 h.  

Synthesis of cobalt substituted birnessite. Hydrochloric acid (2 M, 50.0 mL) and 

cobalt(II) chloride hexahydrate (47 mmol, 50.0 mL) were added simultaneously via a 
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syringe pump operating at 1 mL/min to a heated and stirred solution (80°C, 360 rpm) of 

KMnO4 (0.200 M, 250 mL). After the addition was completed, heating at 80 °C was 

continued for 30 min at which point the temperature was reduced to 40°C and material was 

aged overnight. The resulting blue-black precipitate was then washed several times with 

distilled water via centrifugation and dried in air at room temperature.  

Synthesis of birnessite intercalated with cobalt. Co-intercalated birnessite (referred to 

as Co2+/birnessite hereafter) was prepared via a wet chemical ion exchange reaction. The 

cobalt precursor solution was prepared by adding 0.100 g (0.422 mmol) of CoCl2•6H2O to 

20 mL of deionized water (18.3 MΩ cm). A stoichiometric amount (19 µL, 0.204 mmol) 

of hydrazine solution (35 wt. % in H2O) was added to the cobalt precursor solution. A 

noticeable color change from pink to pale green was observed after the addition of 

hydrazine, which is an indication of the formation of the cobalt-hydrazine complex 

(Equation 5.1). After stirring for 5 min, 0.100 g of synthetic birnessite was added to the 

green colored cobalt-hydrazine complex containing solution and the suspension was stirred 

vigorously for 30 min. Finally, the solution was vacuum filtered, and the residue washed 

with deionized water. In order to examine the effect of reaction time, a series of 

Co2+/birnessite samples were synthesized by changing the exposure time of birnessite to 

the cobalt-hydrazine complex from 30 to 60 min.  

CoCl2 (s) + xN2H4 (aq) + yH2O (aq) → [Co(N2H4)x(H2O)y]
2+ (aq) +2Cl- 

(aq)   (5.1) 

  

5.3 Results and Discussion 
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 Cobalt was intercalated into the interlayer of birnessite using a simple ion exchange 

reaction using a cobalt hydrazine complex [Co(N2H4)x(H2O)y]
2+ at room temperature. We 

refer to this material as Co2+/birnessite. Generally, the interlayer spacing of a layered 

material is sensitive to the presence of guest molecules or atoms in the interlayer region.27,28 

X-ray diffraction (XRD) data presented in Figure 5.1 show that the (001) Bragg reflection 

for Co2+/ birnessite is shifted toward a higher two theta value relative to birnessite, 

indicating that the interlayer spacing of birnessite is decreased when birnessite is exposed 

to the cobalt hydrazine complex. The XRD data show that the interlayer spacing decreases 

from a value of 7.51 Å for pristine birnessite to 7.30 Å at a Co concentration of 8.4 at. % 

and to 7.22 Å at a Co concentration of 12.2 at. % (determined by inductively coupled 

plasma optical emission spectroscopy).  

 Both scanning and transmission electron microscopy (SEM and TEM) show similar 

nanoflower morphologies for pristine birnessite and Co2+/birnessite (Figure C1). However, 

a closer look at electron microscopy images reveals that there are changes in particle size 

before and after intercalation. We carried out Brunauer− Emmett−Teller (BET) specific 

surface area analysis to obtain further information. The resulting BET surface areas were 

33 and 95 m2 /g for birnessite and Co2+/birnessite, respectively. To confirm the spatial 

distribution of the intercalated Co, we performed electron energy loss spectroscopy (EELS) 

across a cross section of the Co2+/birnessite.  
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Figure 5.2a is an annular dark field (ADF) scanning transmission electron microscopy 

(STEM) image taken of a cross section of Co2+/birnessite, where the lattice fringes of (001) 

plane are visible. Quantitative analysis of the relative composition of O, Mn, and Co is 

shown in Figure 5.2b. The atomic composition of each element is 59.8% ± 4.0% for O, 

28.4% ± 3.3% for Mn, and 11.8% ± 3.9% for Co. The EEL spectrum collected from a line 

scan for quantitative analysis is displayed in Figure 5.2c. This particular data gives direct 

 

Figure 5.3:  XPS spectra of birnessite, Co2+/birnessite, α-Co(OH)2 and β-Co(OH)2. a) 

Co 2p region and b) O 1s region. 
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evidence of interlayer Co, consistent with the conclusions drawn from the XRD data. We 

mention that while atomic resolution STEM imaging found no evidence for structural 

defects in Co-free birnessite (Figure C2), it did show the presence of defects such as edge 

dislocations and grain boundaries after cobalt intercalation (Figure C3).  

  

 

Figure 5.4:  a) Linear sweep voltammograms and b) chronoamperometry of various 

catalysts tested. Inset shows the chronoamperometry curve for birnessite (at η=800 

mV) in comparison with Co2+/birnessite (at η=360 mV). 
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 As a control experiment, birnessite was exposed to hydrazine (without complexing 

with cobalt), and as expected it led to significant structural changes (Mn3O4 formation was 

observed, Figure C4). XRD of this material (Figure C5) showed that that the 001 reflection 

was at the same two-theta position as pristine birnessite. This experimental observation 

supports our contention that the shift of the (001) reflection associated with birnessite after 

exposure to cobalt/hydrazine is due to Co intercalation and a change in the interlayer 

spacing of birnessite. Additionally, BET specific surface area analysis on birnessite 

exposed to hydrazine (108 m2 /g) yielded a significant surface area enhancement. On the 

basis of this experimental result, we believe that the enhancement in surface area for Co2+/ 

birnessite was due to the presence of hydrazine during the intercalation process. 

 The oxidation state as well as chemical nature of intercalated cobalt was 

investigated using X-ray photoelectron spectroscopy (XPS). Figure 5.3a shows the Co 2p 

region of Co2+/birnessite along with cobalt hydroxide standards. The similarity of the 

spectra suggests that the interlayer Co is in a +2 oxidation state. Based on the presence of 

an O 1s feature (Figure 5.3b) at 531.3 eV for both Co2+/birnessite and Co(OH)2 (absent for 

pristine birnessite), we propose that the intercalated Co exists at least in part as a hydroxide. 

Additional insight into the structure of Co2+/birnessite was obtained with Raman 

spectroscopy. A typical Raman spectrum of birnessite exhibits two main modes at 575 cm−1 

(in plane Mn−O vibration) and ∼646 cm−1 (out of plane Mn−O stretching).29 Broadening 

of these modes can be attributed to a disorder of the structure induced by intercalation of 

guest molecule or atoms in the interlayer space.17,29 We experimentally observed such a 

broadening in our Raman spectra for Co2+/birnessite compared to birnessite (Figure C7). 
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We take this result as further evidence to support the notion that cobalt resides in the 

interlayer region of birnessite, causing structural disorder in the layered birnessite, as 

observed by STEM (Figures C2 and C3). Finally, XPS as well as energy-dispersive 

spectroscopy (Figure C8) shows that Co2+/ birnessite does not contain K+, suggesting that 

Co2+ intercalation leads to the displacement of K+ from the interlayer to maintain charge 

neutrality. 

Table 5.1: Summary of OER activities in 1 M KOH and atomic ratios from ICP-OES and 

EDS 

 

Catalyst Confined 

or 

substitute

d atomic 

Co % 

η (mV) 

at 10 

mA cm-

2 

TOF (s-1) at 

η=0.40 V 

mass 

activity 

(A g-1) at 

η=0.40V 

Tafel 

slope (mV 

dec-1) 

Birnessite - 770 0.0004 2.0 243±7 

Co2+/Birnessite 12.2 360 0.023 92 46±3 

Co2+/Birnessite 8.4 392 0.011 45 66±4 

Co-substituted 

Birnessite 

12.4 490 0.0023 3.0 82±3 

β-Co(OH)2 - 420 0.0051 30 52±3 

α-Co(OH)2 - 380 0.013 54 51±4 

Co3O4 - 500 0.0008 4.5 76±4 

20% Ir/C - 350 0.018 72 72±4 

 

 The electrocatalytic activity of Co2+/birnessite toward OER in alkaline media (pH 

∼ 14) was evaluated using a typical three-electrode configuration. A catalyst ink was 

prepared by mixing catalyst with conductive carbon and nafion (binder). The ink was drop-

cast onto a glassy carbon electrode, which was used as the working electrode (see SI for 

details). For comparison, the catalytic activities of α-cobalt hydroxide, β-cobalt hydroxide, 
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cobalt oxide (Co3O4), cobalt substituted birnessite, and Ir/C (20 wt %) were also examined 

(Figure 5.4a).  The cobalt-substituted birnessite sample was prepared by synthesizing 

birnessite in the presence of CoCl2. This preparation method led to a birnessite with 12 at. 

% cobalt. In contrast to Co2+/birnessite, XRD (Figure C9) of this material did not show a 

shift of the (001) reflection relative to pristine birnessite, and K+ was not displaced during 

the synthesis of cobalt-substituted birnessite. These experimental observations suggested 

that Co2+ did not reside in the interlayer of this material and instead, Co2+ replaced 

manganese ions in the 2D sheets. 

 As shown by the polarization curves presented in Figure 5.4, the Co-intercalated 

Co2+/birnessite electrocatalyst exhibits a remarkable OER activity compared to all the other 

catalytic materials that were tested. Co2+/birnessite exhibits an η of 360 mV at a current 

density of 10 mA cm−2 with a Tafel slope of ∼46 mV dec−1, whereas cobalt-substituted 

birnessite shows an η of ∼490 mV (with a Tafel slope of 82 mV dec−1). This particular 

comparison is direct evidence to support the contention that a significant portion of OER 

catalysis occurs in the interlayer region.24 Furthermore, assessment of the OER activity for 

8.4 and 12.2% Co2+/birnessite (Figure C10) showed that η decreased as the concentration 

of cobalt was increased within the interlayer region. This observation further supports the 

claim of interlayer cobalt being the active site for these cobalt-modified materials. 

Evaluation of the data compiled in Table 5.1 also shows that the η associated with 

Co2+/birnessite is lower than α-Co(OH)2 (380 mV), β-Co(OH)2 (420 mV), and Co3O4 (500 

mV). This additional comparison leads to the conclusion that incorporation of an active 

catalyst into the interlayer region of birnessite leads to an even more active catalyst, 

consistent with the conclusion from our prior study of Ni2+/birnessite.24 



 

97 

 

 We also conducted electrocatalytic studies at pH 7 solution conditions (using 0.5 

M phosphate buffer as the electrolyte) in an effort to observe the possibility of similar 

enhancement due to metal intercalation (see Table C1) when H2O was being directly 

oxidized (in contrast to OH− at pH 14). Data in Figure C11 shows that at pH 7, as expected, 

the OER activity for the different electrocatalysts are suppressed relative to their 

performance in an alkaline medium, consistent with prior studies30,31 with transition-metal-

oxide OER catalysts. More important to the focus of this contribution is that the trend in 

OER activity for different electrocatalysts is similar to the trend obtained in an alkaline 

medium (η for OER for Co2+/birnessite < cobalt hydroxides < birnessite). These results 

taken together with the pH 14 results suggest that the superior activity of Co2+/birnessite 

(relative to pure Co(OH)2 phases) is maintained whether H2O or OH− is the dominant 

species being oxidized. 

 To further support the validity of our conclusions, we determined the 

electrochemically active surface area (ECSA) of the electrocatalysts. Because the double 

layer capacitance (Cdl) of an electrocatalyst is proportional to ECSA, one can investigate 

Cdl to estimate the ECSA. Figure C12 depicts Cdl values for the different catalysts tested. 

The absence of a significant enhancement in Cdl for Co2+/birnessite suggests that the 

improved OER activity is not primarily due to surface-arearelated phenomena (Figure C12) 

but instead is due to favorable interactions of interlayer water with intercalated cobalt 

toward OER. Moreover, electrochemical investigation of birnessite exposed to hydrazine 

(Figure C13) revealed that there is no enhancement in OER activity even with the 

significant enhancement in surface area. Thus, we believe that the increased activity of 

Co2+/birnessite for the OER is not attributable to an increased surface area but rather due 
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to cobalt active sites in the interlayer. Furthermore, inspection of polarization curves for 

Co2+/birnessite and cobalt hydroxides reveal that the oxidation of Co2+ to Co3+ occurs at a 

lower potential (1.07 V vs RHE) for Co2+/birnessite relative to cobalt hydroxide (1.13 V 

vs RHE). Consistent with this experimental observation are previously mentioned MD 

simulations24,25 for Ni2+/birnessite that suggested that there is a lowering of the barrier for 

electron transfer for a metal cation (e.g., Ni2+) coordinated by interlayer water compared to 

the same metal cation coordinated by bulk water. In analogy with the current results for the 

Co2+/Co3+ couple, it was shown in the earlier work that Ni2+ oxidized to Ni3+ at a lower 

potential when it was intercalated in birnessite than when it was present in bulk Ni(OH)2. 

This phenomenon24 was proposed to be due to frustrated water in the interlayer of 

birnessite. In essence, if interlayer cations are abundant, coordination of water to the cation 

to form a complete solvation shell is hindered resulting in enhanced solvent fluctuations 

(i.e., frustrated) as individual water molecules seek to align their dipoles with interlayer 

cations. These enhanced fluctuations of interlayer water lower the reorganization energy 

for electron transfer reactions.19,20 

 As illustrated by Table 5.1, the improved OER activity of Co2+/birnessite is further 

emphasized by turnover frequencies (TOF) and mass activities. Specifically, 

Co2+/birnessite (TOF ∼ 0.02 s−1) shows an order of magnitude improvement in TOF 

relative to cobalt-substituted birnessite (TOF ∼ 0.002 s−1). Furthermore, the Faradaic 

efficiency (∼99%) was determined by performing electrolysis at a constant current using 

an airtight H-type cell, and evolved oxygen was analyzed using gas chromatography 

(Figure C14). In order to evaluate the stability of the catalyst, chronopotentiometry (at 

constant current of 20 mA cm−2) and chronoamperometry (at 360 mV overpotential) were 
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performed, and the Co2+/birnessite catalyst was stable for more than 24 h (Figure 5.4b and 

C15). Additionally, electrochemical redox cycling was performed on this cobalt-confined 

birnessite, and even after 1000 cycles, no degradation of catalytic activity was 

experimentally observed (Figure C16). 

5.4 Conclusion 

 In closing, we mention that the results presented in this contribution for 

Co2+/birnessite taken together with those published elsewhere for Ni2+/birnessite further 

emphasize the unique interlayer environment of birnessite. In short, both Co2+ and Ni2+, 

when intercalated in birnessite, exhibit a lowering of their respective oxidation potentials 

and an enhancement in their activity toward the OER. In stark contrast, the simple 

substitution of Co2+ into the octahedrally coordinated sheets of birnessite or adsorption of 

Ni2+ on the octahedral sheets of birnessite24 does not lead to the enhancements in OER 

activity that are observed when the metal cations are intercalated. Ongoing research in our 

laboratory is further investigating the unique chemical environment of the interlayer with 

experiment, MD simulations, and theory. 
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CHAPTER 6 

COBALT INTERCALATED LAYERED NIFE DOUBLE HYDROXIDE FOR THE 

OXYGEN EVOLUTION REACTION  

(Note: Content of this Chapter is adapted from the publication “Akila C. Thenuwara, 

Nuwan H. Attanayake, Jie Yu, John P. Perdew, Evert J. Elzinga, Qimin Yan, and Daniel 

R. Strongin, Cobalt Intercalated Layered NiFe Double Hydroxides for the Oxygen 

Evolution Reaction, Journal of Physical Chemistry B, 2018, 122 (2), pp 847–854.” with 

permission. The density functional theory (DFT) calculations presented in this chapter 

were executed by Dr Jie Yu under the supervision of Dr. Qimin Yan) 

 

ABSTRACT 

We present a combined experimental and theoretical study to demonstrate that the 

electrocatalytic activity of NiFe layered double hydroxides (NiFe LDHs) for the oxygen 

evolution reaction (OER) can be significantly enhanced by systematic cobalt incorporation 

using coprecipitation and/or intercalation. Electrochemical measurements show that cobalt 

modified NiFe LDH possesses an enhanced activity for the OER relative to pristine NiFe 

LDH. The Comodified NiFe LDH exhibits overpotentials in the range of 290−322 mV (at 

10 mA cm−2), depending on the degree of cobalt content. The best catalyst, cobalt 

intercalated NiFe LDH achieved a current density of 10 mA cm−2 at an overpotential of 

∼265 mV (compared to 310 mV for NiFe LDH), with a near unity (99%) faradaic 

efficiency and long-term stability. Density functional theory calculations revealed that 

enhanced activity of Co-modified NiFe LDH could be attributed to the ability of Co to tune 
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the electronic structure of the NiFe LDH so that optimal binding of OER reaction 

intermediates could be achieved.  

6.1 Introduction 

Hydrogen gas is considered as the next generation, carbon neutral, green fuel which will 

allow us to face the upcoming energy crisis as fossil fuels become depleted.1−3 One of the 

main roadblocks that hinders mass production of hydrogen as a renewable energy is the 

lack of a cost-effective and robust water oxidation catalyst.4,5  

  4H+ + 4e- → 2H2    (6.1)  

  H2O → O2 + 4H+
 + 4e-   (6.2)  

  H2O → O2 + 2H2       (6.3) 

 An analysis of the two half reactions (eqs 6.1 and 6.2) of overall water splitting (eq 

6.3) shows that in order to generate hydrogen by electrochemical means a supply of H+ is 

essential.5,6 The most affordable way to realize the supply of H+ is by oxidizing water (i.e., 

the oxygen evolution reaction (OER)), which produces molecular oxygen and protons as 

reaction products.7−9 Recent developments in catalysis research have led to the discovery 

of extremely active hydrogen evolution catalysts which in some cases show an 

overpotential less than 50 mV (at 10 mA cm−2 ).10 However, even active precious metal-

based OER catalysts, such as IrO2 or RuO2, still suffer from high overpotentials (>300 mV 

at 10 mA cm−2 ).11 Recently, as an alternative to precious metal-based OER catalysts, 

transition metal based layered double hydroxides (LDHs) have been identified as efficient 

and stable catalysts.12−14 Bulk nickel−iron layered double hydroxide (NiFe LDH) catalyst, 

for example, exhibited an overpotential less than 350 mV at 10 mA cm−2 . 12 With that 
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discovery, numerous research groups have tried to optimize the catalytic performance of 

LDHs using various synthetic strategies, such as exfoliating the material into few layer 

nanosheets, tuning the metal ratios (M3+:M2+), and assembling the LDHs on conductive 

supports, such as graphene.13,15,16 Furthermore, substitution of redox active metals (e.g., 

cobalt) into the NiFe LDH sheet-structure was also realized in prior studies to enhance the 

OER performance of NiFe LDH. 

 LDHs are a relatively large class of minerals and synthetic materials comprised of 

two-dimensional (2D) positively charged brucite-like host layers where charge balancing 

anions reside in the interlayer region.20−22 The general formula for the LDH can be 

expressed as [M2+
1−xM

3+
x(OH)2]

+ (An−)x/n· mH2O.20−22 Along with the anions, the interlayer 

of LDHs also includes a single layer of water. The flexibility of incorporating different 

divalent and trivalent metals into the LDH structure, along with the exchange of the 

interlayer anions with other inorganic/organic anions has led to the use of these materials 

in different applications, which have included drug delivery systems, cosmetic, 

antimicrobial, energy conversion, and energy storage.22−24 Moreover, these materials also 

exhibit a characteristic feature known as the “memory effect.” The calcination of LDH 

materials leads to the formation of mixed metal oxides by destroying the layered nature. 

However, exposure of the mixed metal oxide to aqueous conditions leads to the 

reconstruction of the original LDH structure.25,26 Due to this structural “memory effect” it 

is possible to intercalate metal cations in to the interlayer region of LDHs during the 

reconstruction step in an aqueous medium. 

 The importance of interlayer water in layered oxide materials for OER catalysis 

was recently emphasized by our previous publications where Ni2+/Co2+confinement in the 
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interlayer space of birnessite (layered manganese oxide) led to an enhancement of OER 

catalysis, relative to birnessite and nickel hydroxide/cobalt hydroxide alone.30,31 

Experimental results along with molecular dynamical (MD) simulations suggested that 

tuning the interlayer water structure by intercalating nickel into the interlayer region of 

birnessite was responsible for the enhancement in OER activity.30,31 A recent study by Lu 

et al. has shown that dehydration of NiFe LDH leads to a deterioration in the OER catalytic 

performance which brings forward the significance of the interlayer region toward OER 

catalysis.32 Furthermore, the importance of tuning the interlayer region in NiFe LDH was 

demonstrated by prior research where enhanced water oxidation was achieved by tuning 

the basicity of the interlayer anion.33 Transition metal based LDHs are already promising 

catalysts for the OER, but we believe it is interesting to determine whether manipulating 

the interlayer of LDHs by metal intercalation and confinement can increase the OER 

activity of the LDHs still further. Toward this goal, the current study investigates the effect 

of cobalt intercalation in to the interlayer of NiFe LDH toward alkaline water electrolysis 

activity and compares the activity to that exhibited by NiFe LDH with Co substituted in 

the sheet structure.  
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Figure 6.1: (a) X-ray diffraction (XRD) pattern of pristine NiFe LDH, annealed NiFe 

LDH and Co2+ intercalated NiFe LDH. (b) Comparison XRD of pristine NiFe LDH with 

different interlayer anions (CO3
- and Cl-), cobalt substituted NiFe and Co2+ intercalated 

NiFe LDH. (c) Enlarged (003) reflection of (b). (d) Variation of the basal spacing of 

Cobalt modified NiFe LDH, which shows that the interlayer spacing has increased as a 

result of cobalt intercalation to the NiFe LDH structure. 
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 6.2 Experimental Section 

Materials Characterizations. X-ray diffraction (XRD) measurements were carried out 

using a Bruker AXS single crystal X-ray diffractometer with Mo Kα radiation and a 

graphite monochromator. Samples were prepared by placing the sample powder into 0.8 

mm diameter glass capillaries. Transmission electron microscopy (TEM) images were 

acquired on a JEOL JEM-1400 TEM with a LaB6 source operating at an accelerating 

voltage of 120 kV. Samples for TEM analysis were prepared by suspending the catalysts 

in DI water and sonicating for 5 min. One drop of the suspension was deposited onto a 300-

mesh carbon coated copper grid (Ted Pella, Redding, CA) and air-dried. Energy dispersive 

spectroscopy (EDS) analysis was performed with an Oxford systems nanoanalysis EDS 

system attached to a FEI Quanta 450 FEG scanning electron microscopy (SEM) instrument 

operating at 30 kV. X-ray photoelectron spectroscopy (XPS) analysis of the 

electrocatalysts was carried out using a vacuum generator scientific 100 mm hemispherical 

analyzer and a physical electronics Mg Kα X-ray source operating at 280 W. Inductively 

coupled plasma optical emission spectrometry (ICP-OES) was performed using a Thermo 

Scientific iCAP 7000 Series spectrometer. Before testing, samples were dissolved in 

concentrated hydrochloric acid.  

Synthesis of NiFe LDH. NiFe LDH nano structures were prepared by the following 

hydrothermal synthesis method adopted from Han et al.34 Ni(NO3)2·6H2O, 

Fe(NO3)2·9H2O, and urea were dissolved in 50 cm3 of deionized water (DI) to yield final 

concentrations 15, 5, and 35 mM, respectively. Next, sodium citrate (0.25 mM) was 

introduced to the aqueous solution while stirring. The resulting solution was transferred 

into a Teflon-lined stainless-steel autoclave and heated at 150 °C for 48 h. The resulting 
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solid product was recovered, washed with DI water several times, and air-dried at room 

temperature. 

Synthesis of Cobalt Substituted NiFe LDH. A series of cobalt substituted NiFe LDH 

nano structures were synthesized by a similar hydrothermal method by varying the 

Ni(NO3)2· 6H2O: Fe(NO3)2·9H2O: Co(NO3)2·6H2O precursor molar ratios and keeping the 

concentrations of urea (35 mM) and sodium citrate (0.25 mM) constant. For example, a 

particular cobalt substituted NiFe LDH was synthesized by keeping the final concentrations 

of Ni(NO3)2·6H2O, Fe(NO3)2·9H2O, and Co(Cl)2·6H2O as 15, 5, and 2.5 mM, respectively. 

This material was thus labeled as Ni15Fe5Co2.5 LDH.  

Cobalt Intercalation in NiFe LDH. Presynthesized NiFe LDH was annealed to 220 °C 

for 2 h. This annealing destroyed the layered nature of the LDH and mixed metal oxide 

resulted. Next, 50 mg of the annealed NiFe LDH was introduced in to a 1 M CoCl2 solution 

that was stirred for 48 h. The resulting cobalt intercalated NiFe LDH suspension was aged 

at ambient temperature for 24 h. The final product was collected after a series of washings 

with DI water and drying cycles. 

6.3 Results and Discussion 

6.3.1 Characterization of Cobalt Intercalated NiFe LDH 

 Powder XRD patterns (Figure 6.1a) were used to characterize the crystal structure 

of pristine NiFe LDH, annealed NiFe LDH and cobalt intercalated NiFe LDH. As expected, 

the annealing treatment destroyed the layered nature of NiFe LDH, converting it into a 

mixed metal oxide, which is evident from the loss of intensity in the (003) Bragg reflection. 

Nevertheless, the layered structure of NiFe LDH was regenerated by the exposure of the 



 

111 

 

metal oxide to a Co2+ containing aqueous solution. Cobalt intercalation occurred as a 

consequence of this reconstruction of the material into an LDH. Cobalt intercalation in 

NiFe LDH was verified by investigating the interlayer spacing before and after the cobalt 

modification. Figure 6.1c shows the enlarged (003) reflection of XRD spectra, which 

corresponds to the interlayer spacing of pristine NiFe LDH, cobalt substituted NiFe LDH 

(Ni15Fe5Co2.5 LDH) and Co2+ intercalated NiFe LDH. XRD data indicates that as a result 

of cobalt intercalation, the interlayer spacing of NiFe LDH increased from 7.98 to 8.29 Å, 

while cobalt substituted NiFe showed no alteration of the interlayer spacing, suggesting 

that cobalt resides in the 2D sheet when cobalt is introduced through coprecipitation 

(Figure D1). 

 Figure 6.2 shows TEM images for pristine NiFe LDH, after annealing and cobalt 

intercalated NiFe LDH. TEM micrographs support the structural evolution depicted 

through XRD, where annealed NiFe LDH showed a porous morphology while after LDH-

regeneration the original layered nature was restored (Figure 6.2c). Figure D2 shows the 

corresponding EDS mapping for cobalt intercalated NiFe LDH, which indicates a 

homogeneous distribution of cobalt throughout the NiFe LDH. Further structural 

characterization was carried out using XPS to investigate oxidation states and chemical 

composition. Figure 6.2d and Figure D3 show XPS of pristine NiFe LDH and cobalt 

modified NiFe LDH. Investigation of the Ni 2p and Fe 2p regions for the cobalt intercalated 

and cobalt substituted NiFe LDH suggested that the oxidation state of Ni (2+) and Fe (3+) 

is similar to the pristine NiFe LDH. The Co 2p region for cobalt intercalated and cobalt 

substituted NiFe LDH was comprised of two main peaks; Co 2p3/2 and Co 2p1/2 at 780.9 

and 796.6 eV, along with their satellites structures suggesting that cobalt mainly existed in 
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the 2+ valence state. To obtain further insight in to the structure of cobalt intercalated and 

cobalt substituted NiFe LDH, X-ray absorption spectroscopy (XAS) was carried out (see 

details in the SI). Figure 6.2e presents the near-edge (XANES) spectra collected at the Co-

K edge for cobalt modified NiFe LDH, together with reference compounds β-Co(OH)2, α-

Co(OH)2, and CoOOH.  

 

 

  

 

 

Figure 6.2: (a)-(c) TEM images of (a) pristine NiFe LDH, (b) annealed NiFe LDH and 

(c) Co2+ intercalated NiFe LDH. (d) XPS spectra, Co 2p region of pristine NiFe LDH, 

cobalt substituted NiFe LDH (Ni15Fe5Co2.5 LDH) and Co2+ intercalated NiFe LDH. (e) 

Normalized Co-K edge spectra of cobalt modified NiFe LDH with standards. 
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 The edge energies for the cobalt intercalated and substituted NiFe LDH samples 

are closer to that of Co(OH)2 suggesting that the majority of cobalt exists in the 2+ valence 

state. The edge positions observed here show notable similarities with α- Co(OH)2, which 

is a mixed valence cobalt compound with majority Co2+ with some contribution from Co3+. 

 

 

  

 

Figure 6.3: Electrochemical performance of cobalt modified (intercalated and 

substituted) NiFe LDH, pristine NiFe LDH and 20% iridium carbon. (a) Polarization 

curves, (b) Tafel curves, and (c) chronoamperometric stability curves at 1.5 V vs RHE. 
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The data is therefore consistent with an average Co valency >2+ for the Co modified NiFe 

LDH samples. We note, however, that it is difficult to determine metal valency based only 

on XANES spectra due to their sensitivity to ligand coordination and geometry. This 

interpretation was further verified by extended X-ray absorption fine structure (EXAFS) 

fitting (Table D2, Figure D4, D5, and D6). The Co−O radial distances of the cobalt 

substituted and cobalt intercalated NiFe LDH are intermediate between CoOOH and 

Co(OH)2 (Table D2) reflecting the presence of a mixture of Co3+ and Co2+ species. The 

high Debye−Waller factors of the Co−O shells of the substituted and intercalated samples 

similarly reflect the presence of two different Co−O environments. The Co−O radial 

distance of the cobalt substituted NiFe LDH sample is shorter than that of the intercalated 

samples (Table D2), indicating a higher proportion of Co3+, consistent with the near-edge 

results (Figure 6.2e).  

6.3.2 Electrocatalytic Measurements. 

 The electrochemical characteristics of pristine NiFe LDH, cobalt substituted NiFe 

LDH, and cobalt intercalated NiFe LDH electrodes for OER catalytic performance were 

measured using an alkaline solution (1 M KOH) at room temperature. Figure 6.3a shows 

the representative linear sweep voltammograms (LSV) for a reference 20% iridium carbon 

(20% Ir/C) catalyst, cobalt substituted NiFe LDH (Ni15Fe5Co2.5 LDH, Ni15Fe5Co3.5 LDH, 

Ni15Fe5Co4.5 LDH, Ni10Fe5Co5 LDH, Ni12.5Fe5Co2.5 LDH, and Ni13.75Fe5Co1.25 LDH), and 

cobalt intercalated NiFe LDH. The cobalt intercalated NiFe LDH sample showed the best 

performance and exhibited a geometric current density of 10 mA cm−2 at a relatively low 

overpotential of 265 mV, versus the reversible hydrogen electrode (RHE). This particular 

electrocatalyst out-performed the rare-earth metal iridium-based catalyst. This superior 
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OER performance of cobalt intercalated NiFe LDH is likely due to synergistic effects 

between interlayer water and confined OER active cobalt as shown in prior studies with 

layered materials with interlayer water.30,31 Inspection of the series of cobalt substituted 

NiFe LDH samples revealed that OER activity reaches a maximum when cobalt 

substitution is about 12% (Ni15Fe5Co2.5 LDH, overpotential 290 mV at 10 mA cm−2 ) and 

decreases as more cobalt gets substituted in to the NiFe LDH structure (Table 6.1). Prior 

studies have observed the same activity enhancement behavior with Co doping into NiFeOx 

structures and have attributed this to a reduction of charge transfer resistance which 

increases the conductivity at an optimal cobalt doping.17,19 However, the synergistic 

behavior between multiple transition metals fails as dopant (cobalt) concentration 

increases.17,19 A recent study of Co−Ni−Fe mixed oxides using in situ XAS suggested that 

cobalt incorporation in to the Ni−Fe oxide structure can stabilize conductive NiIIIOOH at 

lower overpotential and this can activate more Fe3+ sites, which is otherwise inactive in 

nonconductive NiII(OH)2. 
18 To investigate cobalt substitution in NiFe LDH in more detail 

we performed theoretical overpotential calculations using density functional theory (DFT) 

and the results of this computational study are presented below. 

 Tafel analysis on the layered Co-modified NiFe LDH catalysts was performed by 

collecting state-steady current density as a function of applied potential (Figure 6.3b). Tafel 

slopes for cobalt modified NiFe materials were in the range of 47−54 mV/dec and for 

pristine NiFe LDH it was 54 mV/dec (Table 6.1). The absence of drastic change in Tafel 

slope in cobalt modified NiFe LDH compared to unmodified NiFe LDH suggests that there 

is no change in the rate-determining step in OER mechanism with introduction of cobalt to 

the layered structure either by intercalation or substitution.37 
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Table 6.1: Summary of catalytic activities  

Catalyst η (mV) @ 

10mA/cm2 

 

Tafel slope 

(mV/dec) 

TOF (s-1) @ 

300 mV, η 

Cdl 

(mF/cm2) 
ECSA (m2/g) 

 

Roughness 

Factor 

 

Ni
15

Fe
5
 LDH 310±5 54±3 0.035 0.257143 2.31±0.2 6 ±1 

Ni
15

Fe
5
Co

2.5
 

LDH 
290±12 52±5 0.054 

0.442857 4.04±0.5 11±3 
Ni

15
Fe

5
Co

3.5
 

LDH 
312±10 55±3 0.019 

0.371429 3.42±0.3 9±2 
Ni

15
Fe

5
Co

4.5
 

LDH 
314±5 56±5 0.015 

0.271429 2.53±0.3 7±2 
Ni

10
Fe

5
Co

5
 

LDH 
322±5 58±4 0.012 

0.30512 2.74±0.1 7±1 
Ni

12.5
Fe

5
Co

2.5
 

LDH 
310±7 53±3 0.019 

0.257143 2.36±0.3 6±2 
Ni

13.75
Fe

5
Co

1.2

5
 LDH 

312±9 54±4 0.028 

0.585714 5.39±0.3 15±2 
Co

2+ 

intercalated 

NiFe LDH 

265±5 47±3 0.106 

0.328571 2.94±0.3 8±2 
20% Ir/C 338±15 77±5 0.009 21.57143 80.32±1.5 539±12 
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 To further investigate the origin of enhancement in these cobalt modified NiFe 

LDH we estimated the ECSA by measuring double layer capacitance (Cdl) under open 

circuit potential (Figure D7). Table 6.1 summarizes the obtained Cdl and estimated ECSA 

for all the catalysts tested in this study. We experimentally observe a relatively weak 

 

 

  

 

Figure 6.4: (a) Relaxed structures of initial and intermediate states. (b) Projected 

density of states of oxygen absorbed NiFe LDH (*O) with and without Co doping (in 

2+ charge state) in metal hydroxide nanosheet. Standard Free energy diagrams for the 

OER at zero potential (U = 0) and equilibrium potential for oxygen evolution (U = 1.23) 

for (c) NiFe LDH, (d) Co doped (2+), and (e) Co doped (3+) systems. 
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enhancement in Cdl as the layered structure is modified with cobalt. The degree of cobalt 

substitution had no correlation with Cdl. Importantly, the most active catalyst, cobalt 

intercalated NiFe LDH showed no significant enhancement in ECSA, compared to pristine 

NiFe LDH. This comparison suggests that the catalysis improvement is not primarily a 

surface area related phenomena. Table D3 compares the activity of Co modified NiFe LDH 

with several state-of-the-art oxide catalysts including exfoliated NiFe LDH, IrO2, BSCF, 

CoMn LDH, NiCo LDH, and Au-NiCeOx. To compare the catalytic activity, turnover 

frequencies (TOFs) and overpotentials at a geometric current density of 10 mA cm−2 were 

used as metrics of activity. The TOF of Co-modified NiFe LDH catalysts were calculated 

assuming all the metal ions were active, which was the lower limit of the activity. The TOF 

of the best catalyst, Co intercalated NiFe LDH at 300 mV overpotential (0.106 s−1), was 

higher than many other catalysts. In particular, the TOF of Co intercalated NiFe LDH was 

more than an order of magnitude higher than the TOF values associated with precious 

metal-based catalyst IrO2, which makes Co intercalated NiFe LDH one of the most active 

oxide based OER catalysts reported to date. Moreover, stability of the cobalt-modified 

catalysts was evaluated by performing chronoamperometry (at 300 mV overpotential) and 

the catalysts were stable for more than 24 h (Figure 6.3c). In order to investigate the 

selectivity of our catalyst, a Faradaic efficiency of 99% for oxygen production was 

calculated by performing water electrolysis using an airtight H-type cell and collecting 

evolved oxygen gas and analyzing by gas chromatography (Figure D8). Furthermore, we 

carried out an XRD and SEM-EDS analysis to determine whether Co2+ intercalated NiFe 

LDH underwent structural changes and Co2+ leaching during the electrochemical stability 

experiments. Results suggest the absence of any significant structural changes (Figure D9) 



 

119 

 

and/or Co2+ leaching (Table D1). Additionally, to investigate the effect of scan rate on OER 

catalysis, we repeated the polarization measurements on the cobalt modified NiFe LDH 

catalysts at a lower scan rate of 2 mV/s. Results from these experiments suggest the absence 

of significant capacitive current, and thus the reported overpotential at 10 mA cm−2 is 

unaltered (Figure D10). 

6.3.3 Theoretical Overpotential Calculations. 

 To investigate the effects of cobalt substitution in NiFe LDH on reaction activity, 

we performed theoretical overpotential calculations using density functional theory (DFT). 

The calculations were carried out using Kohn−Sham theory;38 projector augmented wave 

(PAW) potentials;39 and the Perdew, Burke, and Ernzerhof (PBE) functional40 with onsite 

Hubbard U corrections41 as implemented in the VASP code.42 U values for Ni, Fe, and Co 

are chosen as 3.2, 4.0, and 3.8 eV, respectively.43 We use an energy cutoff of 400 eV for 

the planewave basis set and a Γ-point-only k mesh for the integrations over the Brillouin 

zone. The OER in alkaline solution44 includes the following four reaction steps: 

 HO*+ OH- →O*+ H2O + e- (ΔG1)   (6.4) 

 O*+ OH- →HOO*+ e- (ΔG2)    (6.5)  

 HOO*+ OH- →OO*+ H2O + e- (ΔG3)  (6.6) 

 OO*+ OH- →HO*+ O2 + e- (ΔG4)   (6.7) 

We calculate the free energy differences (ΔG) for each of the four reactions (ΔG1 to ΔG4) 

using the computational standard hydrogen electrode (SHE) which allows us to replace a 

proton and an electron with half a hydrogen molecule at U = 0 V vs SHE.45 The free energy 
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of the intermediates along the reaction path, ΔGHO*, ΔGO*, and ΔGHOO* are calculated at U 

= 0 V and standard conditions, from which we can determine the size of the potential 

determining step.45,46 The rate-limiting step is the specific reaction step in the four steps 

with the largest ΔG: GOER = Max(ΔG1, ΔG2, ΔG3, ΔG4). The theoretical overpotential at 

standard conditions is then determined by  

ηOER = (GOER/e) − 1.23 V. 

 To maintain charge neutrality and the charge states of Ni (2+) and Fe (3+), our 

simulation systems consist of two layers of positively charged metal-oxide sheets 

sandwiching a molecular layer with balanced negative charges. The simulated LDH 

structures are shown in Figure 6.4a. We choose a 2 × 2 × 1 supercell corresponding to Co 

doping concentration at 12.5% which is within the experimental doping region. The 

binding strength of the reaction intermediates are calculated and the zero-point energy 

(ZPE) and the entropic contributions to free energies are considered and taken from ref 47. 

 For both Co doped and pristine systems, the free energy difference between HO* 

and HOO* is within the range 2.9−3.2 eV. This is consistent with previous results with an 

average value of 3.2 eV for both metal and metal oxide surface binding sites,48 although 

the optimum value to achieve a minimized overpotential should be 2.46 eV. The 

overpotential of such a catalytic system is thus determined by either ΔG1 or ΔG2. Inspection 

of the free energy diagram of pristine system (Figure 6.4c) indicates that the large free 

energy difference between O* and HOO* (ΔG2) determines the rate-limiting step. As 

shown in Figure 6.4c and 6.4d, Co doping effectively decreases the free energy difference 

ΔG2. Correspondingly, the overpotential is decreased from 0.82 to 0.78 V. Projected 

density of states (Figure 4b) indicate that the hybridization of Co 3d states with O 2p states 
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modifies the density of states close to the valence band maximum (VBM) which effectively 

changes the bonding strength of O* relative to HO* and HOO*. 

 Considering another plausible doping site, we also substitute Fe by Co atoms and 

observe the existence of Co atoms in 3+ charge states. The corresponding computed 

overpotential is 0.68 V which is even smaller than the case for Co substituting Ni (Figure 

6.4e), while the mechanism for overpotential reduction is similar. We expect that the 

observed decrease in overpotential by Co intercalation can be explained by a similar 

mechanism, although the intercalated Co can provide alternative reaction sites that are 

beyond the scope of our simulations in this work. Prior theoretical studies, however, 

suggest that catalyst confinement in nano channels, such as interlayer region, can alter the 

reaction intermediates pathways and thus significantly improve OER catalysis.49 

Furthermore, based on prior research it may be that interlayer cobalt ions in NiFe LDH 

tune the interlayer water structure relative to intercalant free NiFe LDH and this effect may 

contribute to the enhancement in OER activity.30,31 Finally we mention that the absolute 

values of computed overpotentials should not be compared with experimental data directly, 

due to (a) the uncertainty induced by the DFT computational method and (b) the existence 

of other reaction sites with potentially higher reactivity, such as the edge sites of metal 

hydroxide sheets.50 

6.4 Conclusion 

 We have investigated the effect of doping cobalt into the layered NiFe LDH 

structure via coprecipitation and intercalation on the OER activity. Cobalt substitution 

(∼12%) into the NiFe LDH sheet resulted in an improvement in catalysis while a higher 

degree of substitution resulted in a slight decrease in OER activity. Overpotential 
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calculations using DFT suggested that cobalt substitution modifies the energetics of OER 

reaction intermediates which can lead to improvement in OER catalysis. Cobalt 

intercalation into the interlayer region of NiFe-LDH resulted in the best OER catalyst, 

superior to the benchmark 20% Ir/C catalyst. This enhancement via Co intercalation 

illustrates the significance of modifying the interlayer region in layered NiFe LDH toward 

OER catalysis. This work provides guidance for the synthesis of highly active noble-metal-

free catalyst for the OER by metal substitution and intercalation especially exploiting the 

interlayer region in layered materials. 
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CHAPTER 7 

CO-MO-P BASED ELECTROCATALYST FOR SUPERIOR ALKALINE 

HYDROGEN EVOLUTION REACTION 

(Note: Content of this Chapter is adapted from the publication “Akila C. Thenuwara, 

Lakshay Dheer, Nuwan H. Attanayake, Umesh V. Waghmare and Daniel R. Strongin, Co-

Mo-P based earth abundant catalyst alloy for superior alkaline hydrogen evolution, 2018, 

(submitted). The density functional theory (DFT) calculations presented in this chapter 

were executed by Lakshay Dheer under the supervision of Dr. Umesh V. Waghmare) 

ABSTRACT 

Energy efficient hydrogen production via electrochemical and/or photoelectrochemical 

water splitting holds significant potential for clean and sustainable energy. Toward this 

end, a number of earth abundant metal based highly active catalysts have been developed 

to replace the precious metal platinum for the acid medium hydrogen evolution reaction 

(HER), while alkaline medium hydrogen evolution catalysts still remain a challenge. Here, 

we report an earth abundant metal based catalyst for HER under alkaline conditions. The 

catalyst consisting of Co, Mo and P has potential as an economical alternative to precious 

metal platinum based catalysts. The Co-Mo-P catalyst was prepared by room temperature 

electrodeposition and it exhibits an overpotential of ~ 25-30 mV for HER at a geometrical 

current density of 10 mA cm-2 in an alkaline medium. The theoretical investigation 

revealed that a Co-Mo center acts as the water-dissociation site enhancing the alkaline 

medium HER. 

 

http://pubs.acs.org/author/Thenuwara%2C+Akila+C
http://pubs.acs.org/author/Strongin%2C+Daniel+R
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7.1 Introduction 

 Global climate change and diminishing oil reserves argue for the global community 

to move beyond fossil fuels and look for alternative sources of sustainable green energy.1 

Hydrogen (H2) shows great promise as the next potential replacement for fossil fuels if cost 

effective mass production of the molecule is realized.2 In this regard, discovery of 

economical hydrogen evolution catalysts made from earth abundant materials plays a 

pivotal role in this realization.2, 3 Much effort has been dedicated over the years to discover, 

understand and optimize cost-effective electrocatalysts to drive the hydrogen evolution 

reaction (HER), which is the reduction half reaction in the overall water spitting reaction.4-

6 Prior work on HER has shown that transition metal based sulfides, carbides and 

phosphides are some of the most effective materials for acidic hydrogen evolution.6, 7 

However, to implement HER at the industrial scale, both HER and the oxidation half 

reaction, the oxygen evolution reaction (OER), should be efficient in the same medium.8 

Thus, when choosing a solution medium to split water and generate hydrogen, an alkaline 

medium is preferred, since many inexpensive OER catalysts fail in acidic medium.9  

 Compared with acidic HER electrocatalysts, alkaline HER electrocatalysts have 

attracted limited research attention and the discovery of novel materials is rarely reported.9 

Currently, commercial alkaline electrolyzes use high surface area Raney Ni or its 

derivatives, but these materials exhibit a considerable overpotential and long term stability 
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issues.10, 11 Recent examples of successful earth abundant metal based alkaline HER 

electrocatalysts include Chevrel-phase ternary sulfides (overpotential of ~250 mV at 10 

mA cm-2)12 Ni doped MoS2 nanosheets (overpotential of ~98 mV at 10 mA cm-2)13 and 

electrodeposited amorphous cobalt-phosphorous-derived (Co-P)/ nickel-phosphorous-

derived (Ni-P) alloys (overpotential of ~100 mV at 10 mA cm-2). 14, 15 

 Alloying or doping different metals into materials which are already catalytically 

active is a well-known strategy to control the binding and transformation kinetics of key 

reaction intermediates in catalysis.16, 17 Recent examples of such doping induced catalytic 

activity modulation include the doping of NiOx/Ni(OH)2 with Fe18, NiFe layered double 

hydroxide with Co19 and CoFeOx with W20 for OER, and the doping of CoP/NiP  systems 

with Fe and Mn for HER.21, 22 DFT based theoretical investigations of these systems 

suggest that such doping/alloying can effectively tune the energetics of the reaction 

intermediates; in OER, binding of OOH*, OH* and O* and in HER, binding of H+ or H2O.17, 

20 The reaction kinetics in alkaline HER takes place via electron-coupled water dissociation 

(the Volmer step), followed by the reaction between adsorbed hydrogen or between 

adsorbed hydrogen and water to form molecular hydrogen (Tafel or the Heyrovsky step).11 

Thus, the HER activity can be limited by the initial Volmer step or subsequent 

Tafel/Heyrovsky step depending on the active site. For example, Pt shows optimal proton 

binding (Tafel/Heyrovsky step), however, it shows a poor water dissociative capability 

(Volmer step).23 In the Pt3Ni hybrid system, the alloying between Pt and Ni (a metal which 

is good at breaking the H-OH bond) influences the energetics of the water dissociative step 

such that the hybrid system exhibits excellent catalytic performance.24, 25 In this regard, 

substitution of molybdenum (a metal which shows excellent hydrogen binding)13, 26 with 
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cobalt (an active water dissociation center)27 in amorphous Co-P should lead to improved 

alkaline HER performance as a close proximity of Co and Mo centers would alter the 

reaction kinetics to enhance the HER. Motivated by this hypothesis, we doped highly HER 

active Co-P alloy with molybdenum using MoCl5 as the Mo precursor. 

7.2 Experimental section  

Preparation of Co-Mo-P and Co-P films. The catalyst films were prepared by 

electrodeposition on nickel foam/copper foil. Commercial bought Ni foam/copper foil was 

cut into 5 mm × 5 mm pieces and one side was covered with insulating epoxy so that the 

exposed geometric surface area was ~ 0.25 cm2. Deposition was carried out at constant 

potential of -1.4 V vs standard Ag/AgCl for 600 seconds using a standard three electrode 

configuration. The counter electrode used was carbon and an Ag/AgCl (sat. KCl) electrode 

was used as the reference electrode. A series of deposition baths (with variable metal molar 

ratios Co:Mo ) were prepared by adding of 50 mM of metal (various CoNO3 and MoCl5 

masses), 0.5 M NaH2PO2, and 0.1 M NaOAc in distilled water (Table F1). An example of 

the labeling scheme used was that for the catalyst resulting from the electrodeposition from 

a bath comprised of 25 mM Co2+ and 25 mM Mo5+ was labeled Co0.5-Mo0.5-P. For the 

preparation of Co-P catalyst, the deposition bath was prepared by adding 50 mM CoNO3 

solution, 0.5 M NaH2PO2, and 0.1 M NaOAc in distilled water. 

Materials characterizations. Scanning electron microscopy (SEM) images were obtained 

using a FEI Quanta 450 FEG microscope operated at 30 kV. Energy dispersive 

spectroscopy (EDS) analysis was performed with an Oxford systems nano-analysis EDS 

system attached to a FEI Quanta 450 FEG-SEM microscope operating at 30 kV. X-ray 

diffraction (XRD) measurements were carried out by using a Bruker D8 X-ray 
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diffractometer with Cu Kα radiation (λ = 0.15406 nm). X-ray photoelectron spectroscopy 

(XPS) analysis of the catalysts was carried out using a VG Scientific 100 mm 

hemispherical analyzer and a Physical Electronics Mg Kα X-ray source operating at 300W. 

Elemental analysis was performed using a Thermo Scientific iCAP 7000 Series Inductively 

Coupled Plasma with an Optical Emission Spectrometer (ICP-OES). Compositions of 

different catalysts are summarized in Table F2. 

 

7.3 Results and Discussion 

 The catalyst was synthesized using room temperature electrodeposition on Ni 

foam/copper foil (geometric surface area~0.25 cm2) where the electrodeposition bath 

consisted of NaH2PO2, Co(NO3), MoCl5 and C2H3NaO2 (see SI for more detailed 

information). By varying the Co to Mo precursor ratio, the degree of Mo doping in the 

 

Figure 7.1: Morphology of Co-Mo-P. SEM images of a) Co0.5-Mo0.5-P, b) Co0.6-Mo0.4-

P, c) Co0.7-Mo0.3-P and d) Co0.8-Mo0.2-P.  
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cobalt-molybdenum-phosphorous-derived (Co-Mo-P) alloy was controlled (Table E1). As 

an example of the labeling of the different samples, the catalytic film resulting when the 

electrodeposition bath contained a Co to Mo molar ratio of 7:3 was labeled as Co0.7-Mo0.3-

P (and the rest were labeled accordingly). Scanning electron microscopy (SEM) analysis 

of the catalyst alloys with different Co to Mo ratios showed rough film morphologies with 

near complete coverage (Figure 7.1a, b, c & Figure E1) on the supporting copper foil and 

Ni foam. Elemental analysis using energy dispersive spectroscopy (EDS) and inductively 

coupled plasma optical emission spectrometry (ICP-OES) confirmed the presence of 

cobalt, molybdenum and phosphorus, with ~90% of the alloy consisting of metals (Co and 

Mo) and 10% of phosphorous (Figure E2, Table E2). X-ray diffraction (XRD) was 

employed to verify the amorphous nature of the catalyst (Figure E3).  X-ray photoelectron 

spectroscopy (XPS) was employed to investigate the electronic structure of the Co-Mo-P 

catalyst. The Co 2p region showed two distinct peaks at 778.2 eV (Co 2p 3/2) and 793.2 eV 

(Co 2p 1/2), which is similar to Co 2p XPS of cobalt bound to phosphorous (Figure E4a).28 

The Mo 3d region showed peaks at 228.9 eV (Mo 3d 5/2) and 231.9 eV (Mo3d 3/2) which 

are assigned to molybdenum bound to phosphorous.29 (Figure E4b) The peak at 130.2 eV 

for the P 2p region can be assigned to metal (Co and Mo) bound phosphorous in the form 

of metal phosphide.28, 30 (Figure E4c) To get more insight into the catalyst structure, the 

distribution of elements (Co, Mo and P) in the Co-Mo-P catalyst was determined with 

scanning transmission electron microscopy (STEM) and energy dispersive spectroscopy 

(EDS). The STEM-EDS elemental maps showed a relatively uniform distribution of Co, 

Mo and P. (Figure E5) 
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 The HER performance of Co-Mo-P was investigated in a 1 M KOH solution (pH 14) 

using linear sweep voltammetry at a scan rate of 0.5 mV s-1 with a standard three electrode 

configuration. This low scan rate was chosen to maximize the  

 

contribution from faradaic current and minimize capacitive current. To determine the 

optimum Mo concentration, various catalytic alloy films were electrodeposited with 

 

Figure 7.2: Electrochemical analysis of Co-Mo-P along with Co-P and Pt wire for 

comparison. (a) Polarization curves from standard three electrode configuration (graphite 

counter electrode), (b) Tafel curves, (c) polarization curves recorded from two electrode 

configuration where, 20% Ir/C was used as the anode and Pt, Co0.7-Mo0.3-P was used as 

the cathode, (d) durability test of Co0.7-Mo0.3-P using cyclic voltammetry, (e) long term 

stability for Co0.7-Mo0.3-P using chronopotentiometry at 10 mA cm-2 for 24 h.  
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variable Co to Mo ratios. For comparison, the HER performance of Co-P and platinum 

wire were also measured under the same test conditions. As shown in Figure 7.2a the best 

catalyst formulation, Co0.7-Mo0.3-P, showed a negligible, ~ 0 V, onset potential versus the 

reversible hydrogen electrode (RHE). This onset overpotential associated with Co0.7-Mo0.3-

P was smaller than that associated with Co-P, Co0.8-Mo0.2-P, Co0.6-Mo0.4-P, Co0.5-Mo0.5-P, 

and other alkaline HER catalysts reported to date. Additionally, Co0.7-Mo0.3-P exhibits the 

smallest overpotential (25 mV at a current density of 10 mA cm–2) and the value is similar 

to highly actively platinum based HER electrocatalysts (Figure 7.2a). The presence of Mo 

with Co and P results in an overpotential reduction of about ~100 mV relative to a Co-P 

film, emphasizing the synergy between Mo, Co, and P in the Mo-Co-P HER catalyst.  The 

Tafel slope associated with Co-Mo-P is 42 mV decade–1, which is slightly greater than that 

of platinum (35mV decade–1, Figure 7.2b). Figure 7.2c shows the polarization curve 

acquired for Co0.7-Mo0.3-P in a two-electrode configuration. In this configuration Co0.7-

Mo0.3-P was used as the reducing electrode (0.5 mg cm-2 mass loading) and the 

commercially available 20% Ir/C was used as the oxidizing electrode. As a control, a Pt/C 

electrode with the same catalyst loading (0.5 mg cm-2) was used. The results show that Co-

Mo-P catalyst shows a similar activity to Pt/C, where overall water splitting current of 10 

mA cm-2 was obtained at an overpotential of 290 mV. The majority of this 290 mV 

overpotential arises from the 20 % Ir/C catalyst, as Co-Mo-P shows a much smaller HER 

overpotential.  

 The stability of the Mo-Co-P catalyst was tested using long term electrocatalytic cycling 

with cyclic voltammetry (CV) at a scan rate of 50 mV s-1. Figure 7.2d shows the obtained 

polarization plots for Co0.7-Mo0.3-P after performing 1000 and 10000 CVs. The results 
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show a very small increase in overpotential (~ 7 mV) after 10000 cycles suggesting an 

excellent stability towards alkaline HER. Furthermore, the stability measurements were 

complemented by chronopotentiometry, where in this electrochemical mode a constant 

current of 10 mA cm-2 was passed through the catalyst electrode and the overpotential was 

measured as a function of time. Figure 7.2e shows the resulting chronopotentiometric curve 

for Co0.7-Mo0.3-P, showing that there was only a negligible increase in overpotential over 

a time of 24 hours. The selectivity of Co-Mo-P towards alkaline HER was evaluated by 

performing a faradaic efficiency measurement which resulted in a value of 99%. (Figure 

E6) For the faradaic efficiency calculation, controlled electrolysis was carried out using an 

air tight H-type cell at 30 mV overpotential and the evolved gas (H2) was verified with gas 

chromatography. 

Moreover, we carried out XPS, EDS and SEM investigations on Co0.7-Mo0.3-P catalyst 

after the HER stability test to determine whether there were any morphological and/or 

chemical changes. SEM micrographs obtained after the stability test showed no change 

relative to the as-prepared catalyst (Figure E7). However, EDS analysis showed minor 

decreases in Mo and P content with respect to cobalt (Table F2). Finally, XPS analysis 

verified that there was no change in the oxidation state of the constituent metals during 

HER catalysis (Figure E4). To shed light on the enhancement in catalytic activity upon 

introduction of Mo to the Co-P system we simulated two model amorphous structures of 

Co-Mo-P alloy and examined their catalytic activity towards alkaline HER within the 

framework of density functional theory (DFT). To generate these structures, we employed 

expanding lattice method31 in which we construct a crystalline supercell expanded by 50%, 

relax it internally leading to a low density nanoporous or disordered structure. We consider 
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two supercells with different compositions, (i) Co28Mo4P4 and (ii) Co12Mo2P2 (Figure E8). 

To quantify the catalytic performance of Co-Mo-P, we determined the strength of 

adsorption of H-atom, H2O molecule and OH at various surface sites (Figure E9, Table 

E3). Upon adsorption of an H2O molecule at a Mo-Co bridging site, we find that the water 

molecule splits into H* and OH*, where * denotes an adsorbed entity. The H* attaches to 

Co, which is what we find as the preferred site of adsorption of H, while OH binds to a 

neighbouring Mo-Co bridging site (Figure 7.3a). Thus, we identify the Mo-Co bridging 

site as the active site for splitting H2O to provide an adsorbed H* atom (Volmer step)11. 
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 We also find that the O-atom of both OH and H2O binds strongly to either a Mo or Co 

atomic site. To understand the role of phosphorus in O H adsorption, we compare OH 

adsorption on (A) Co14Mo2 and (B) Co14P2 (Figure E10). We find that the Gibbs free 

energies of OH adsorption (∆𝐺𝑎𝑑𝑠(𝑂𝐻)) and H2O adsorption (∆𝐺𝑎𝑑𝑠(𝐻2𝑂)) on Co14P2 are 

larger in magnitude than the respective adsorption energies on Co14Mo2 (Table E4).  Being 

Figure 7.3: (a) Splitting of H2O molecules upon adsorption at the Mo-Co bridging site 

of (1x1x2) Co28Mo4P4; (b) Energies of adsorption (Eads) of H, OH and H2O. Inset: A 

schematic showing the mechanism of how electronegative P-atom ionizes metal (M) and 

enhances -OH-binding; (c) PDOS of OH (left) and H2O (right) adsorbed on Co12Mo2P2, 

Co14Mo2, Co14P2 
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electronegative, P ionizes the metal atom in its vicinity inducing a positive charge (Figure 

7.3b). This electron deficient metal site is attractive for adsorption of an electron-rich 

species like OH and H2O (see Figure E11). As a result, |∆𝐺𝑎𝑑𝑠(𝑂𝐻)| and |∆𝐺𝑎𝑑𝑠(𝐻2𝑂)| are 

much higher for Co14P2 than Co14Mo2, and the strength of adsorption for OH and H2O have 

intermediate values on Co12Mo2P2 (Figure 7.3b). Thus, the phosphorus site is key for 

facilitating the Heyrovsky step. Analysis of the projected density of states (PDoS) of 

OH*Co12Mo2P2 and H2O*Co12Mo2P2 (see Figure 7.3c) shows that the highest 

occupied molecular orbitals (HOMO) of adsorbates (OH and H2O) are close to the bottom 

of the d-band of the catalyst. As the HOMO of OH is degenerate and partially occupied, 

charge transfers from the catalyst metal to OH. Also, the peak associated with its HOMO 

splits and broadens due to covalent interaction with orbitals of Mo and P, whose peaks are 

resonant with that of the HOMO of OH. The latter interaction is weak when there is no P 

in the system (e.g. Co14Mo2). As the HOMO of H2O is fully occupied and lower in energy 

relative to the frontier bands of the catalyst, their interaction is weaker, and associated 

HOMO peaks are sharper. In comparison with H-adsorption on Co12Mo2P2, H binds more 

strongly to Co14Mo2 and even more strongly to Co14P2 (see Figure 7.3b). Thus, Mo in the 

Co-Mo-P alloy weakens H-binding, facilitating the release of the H2 product molecule 

(Tafel step). The chemical synergy between Mo and P gives rise to the excellent catalytic 

activity of Co-Mo-P alloy in alkaline HER. As pointed out here, the alloy effectuates the 

steps of HER with each atom playing an important role. We note that our calculated trends 

in Gibbs free adsorption energy are consistent with the experiments though the magnitude 

of the energies are relatively high compared with crystalline systems.32 
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In summary, we have shown that the doping of Co-P with Mo is an effective strategy to 

tune the catalytic activity of Co-P. The best Mo-Co-P catalyst exhibited an overpotential 

for HER at a current density of 10 mA cm-2 that was 100 mV lower than Co- P. Combined 

DFT and experimental results show that the introduction of Mo to the Co-P system 

effectively tunes the energetics of both water dissociation and proton binding in alkaline 

HER leading to enhancement in the catalytic activity (i.e., lowering of the overpotential). 

Overall, the Mo doped Co-P catalyst is active (~ 25-30 mV overpotential at 10 mA cm-2), 

stable (retains activity for over 24 hours) and selective (99%, faradaic efficiency for H2) 

for alkaline electrocatalytic HER. Furthermore, the use of earth abundant metals and easy 

fabrication make Co-Mo-P a potential replacement for the precious platinum metal catalyst 

in commercial alkaline electrolyzers. 
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CHAPTER 8 

EFFECT OF INTERLAYER SPACING ON THE PSEUDOCAPACITANCE OF 

LAYERED MANGANESE OXIDE 

(Note: Content of this Chapter is adapted from the publication “Akila C. Thenuwara, 

Richard C. Remsing, Nuwan H. Attanayake, Samantha L. Shumlas, Farbod  

Alimohammadi, Michael L. Klein and Daniel R. Strongin, Effect of Interlayer Spacing on 

the Pseudocapacitance of Layered Manganese Oxide 2018, (in preparation). The molecular 

dynamics (MD) simulations calculations presented in this chapter were executed by Dr. 

Richard C. Remsing) 

ABSTRACT 

We present a combined experimental and molecular simulation study to demonstrate that 

pseudocapacitive charge storage in layered manganese oxide is a sensitive function of 

interlayer composition and distance. Exposure of Na-birnessite (triclinic) individually to 

Mg2+ or Ca+2 led to an ion exchange reaction where the interlayer Na+ was replaced with 

the divalent cation. Incorporation of either Mg2+ or Ca+2 into the interlayer region led to an 

expansion of the interlayer region from 7 to 10 Å.  This interlayer expanded layered 

manganese oxide exhibited an improved specific capacitance of 380 Fg-1, in comparison to 

synthetic Na-birnessite (specific capacitance of 200 F g-1). Dehydrated Na-birnessite (5 

Å spacing), produced by annealing to expel interlayer water, showed the lowest specific 

capacitance of 50 Fg-1. Experimental results showed that interlayer expanded manganese 

oxide (with intercalated Mg2+) was unstable if exposed to a solution containing only Na+ 

cation electrolyte. In this circumstance the interlayer distance decreased from the expanded 

http://pubs.acs.org/author/Thenuwara%2C+Akila+C
http://pubs.acs.org/author/Strongin%2C+Daniel+R
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10 Å value back to an interlayer distance of 7 Å and a specific capacitance of ~200 F g-1; 

values associated with synthetic Na-birnessite. Molecular dynamic (MD) simulations 

suggested that the increased capacitance of the interlayer expanded manganese oxide arises 

primarily because of the higher charge that can be placed in the interlayer region with 

divalent ions (compared to monovalent Na+). Our experimental findings suggest routes for 

controlling the pseudocapacitive performance of energy storage devices through 

modification of the physicochemical properties of the confined environment.   

8.1 Introduction 

 Among prevailing energy storage technologies, electrochemical capacitors (i.e., 

supercapacitors) have attracted significant attention due to their high-power delivery and 

uptake, and excellent cycle life.1,2 Generally, electrochemical capacitors can be classified 

into two main types based on their mechanism of charge storage: electrochemical double-

layer capacitors (EDLCs) and pseudocapacitors.2-5 In EDLCs, charge is stored through the 

reversible adsorption of electrolyte ions onto high surface area conductive materials, such 

as porous carbon.2-5 Upon charging, the ions from the electrolyte solution will be adsorbed 

to the electrode surface, and  desorbed upon discharging. Unlike EDLCs, charge storage in 

pseudocapacitors involves faradaic reactions, where the electrode surface undergoes fast 

and reversible redox reactions upon charging and discharging.2-5 Typical pseudocapacitors 

include redox active metal oxides (MnO2, RuO2, Fe3O4) and electronically conducting 

polymers.2-5 

 Recently, another subclass of pseudocapacitive charge storage has been introduced, 

termed “cation intercalation pseudocapacitance”, where charge storage occurs through 

both faradaic charge transfer and electrolyte ion intercalation into the bulk structure.3,6  
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This cation intercalation pseudocapacitance should not be mistaken with rechargeable 

batteries, as both scenarios show faradaic charge storage with cation 

intercalation/deintercalation into the bulk crystal structure. In batteries, however, the 

intercalation kinetics are diffusion controlled and a crystallographic phase change occurs 

upon charging and discharging. In contrast, for cation intercalation pseudocapacitors 

intercalation kinetics are not diffusion controlled and crystallographic phase changes are 

absent.3,4 To date, intercalation pseudocapacitance has being widely used in Li+ and Na+ 

ion based systems.6-8 With respect to ion intercalation, two-dimensional (2D) layered 

materials are ideal candidates, because the interlayer region provides a spatial region where 

rapid cation intercalation and deintercalation can potentially occur.  

 MnO2 has attracted significant attention as a promising pseudocapacitive material 

due to its redox activity, low cost, natural abundance, and its benign impact on the 

environment.2,4,9 In general, the charge storage mechanism of manganese oxides is 

attributed to surface redox mediated pseudocapacitance where redox changes between 

Mn(III) and Mn(IV) occur with charging and discharging.1011,12 A detailed study by 

Ghodbane et al. on manganese oxides with different crystallographic phases (e.g., α-, γ-, β, 

δ-MnO2 etc.) showed that tunnel size played a significant role in charge storage. Larger 

tunnel sizes exhibited increased capacitance in comparison to phases with narrow tunnel 

sizes.13 It also was demonstrated that the capacitance was proportional to the ionic 

conductivity.  

The birnessite or layered MnO2 is composed of 2D sheets of edge sharing MnO6 

octahedra with a ~7 Å interlayer spacing. This material has been the subject of numerous 

investigations for its use in a number of applications, including batteries, supercapacitors, 
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heterogenous catalysis and environmental remediation.14-18 Birnessite-type layered 

manganese oxide exists in two different archetypes, hexagonal and triclinic.19-21 The 

hexagonal phase, in general, is poorly crystalline, and turbostratic disorder in the stacked 

2D sheet is usually observed.19-21 In contrast, triclinic birnessite shows a greater degree of 

crystallinity. Furthermore, triclinic birnessite contains a significant amount of Mn3+ 

octahedra located in the 2D sheet, while in hexagonal phase, Mn3+ are located within the 

interlayer region via corner shared bridges.19-21 While attempts have been made to increase 

charge storage in hexagonal birnessite, pseudocapacitance in the triclinic phase has rarely 

been studied.22-25 

Among all the MnO2 polymorphs, triclinic layered manganese oxide provides a 

useful model system to investigate the effect of ion intercalation and interlayer distance on 

pseudocapacitance in a layered material. Triclinic layered manganese oxide with a 7.1 Å 

interlayer spacing (i.e., synthetic Na-birnessite, or 7.1 Å MnO2 (triclinic)) can be 

synthesized with wet chemical synthetic methods in which structural water (and charge 

balancing cations) gets trapped in the interlayer region.26 Annealing the material results in 

expulsion of interlayer water, reducing the interlayer spacing to 5.6 Å.27 Furthermore, Mg2+ 

or Ca2+ intercalation by ion exchange reactions can result in an interlayer expanded MnO2, 

in which a 10 Å interlayer spacing is observed.28 The current research effort exploits the 

experimentally accessible tunability of layered manganese oxide to study pseudocapacitive 

charge storage as a function of interlayer spacing (5.6 Å, 7 Å, and 10 Å) and intercalated 

cation (Na+ and Mg2+).  

 

8.2 Experimental Section 



 

148 

 

Synthesis of Hexagonal Birnessite (7.3 Å MnO2, hexagonal). Briefly, 250 mL of a 

solution of KMnO4 (0.200 M) was heated and stirred (360 rpm) at 80°C in a 400 mL beaker.  

HCl (50 mL, 3 M) was added dropwise at a rate of approximately 1 mL/min.  After all, 

HCl was added the solution was stirred for an additional 30 min at 80°C.  Then the solution 

was aged with stirring at a temperature of 50°C for 15 h.  Once completed the birnessite 

was vacuum filtered, washed with DI water and air dried. 

Synthesis of Triclinic Birnessite (7.1 Å MnO2, triclinic). All solution preparation was 

done using deionized, deoxygenated water that was purged with Argon at least one hour 

before adding solids. After salts were added, individual solutions were purged with N2 for 

an additional hour before they were mixed together. To begin the synthesis, 0.4 M MnCl2 

(250 mL) and 8 M NaOH (250 mL) that were cooled to 0 oC were mixed together with 

stirring and kept in an ice bath.  Upon mixing the resulting white suspension was purged 

with N2 for an additional 30 min.  After 30 mins, the solution was oxidized by vigorously 

bubbling oxygen for 5 h. During this time the solution changed from a white color to a dark 

brown color.  After 5 h of oxygen bubbling, the resulting suspension was aged at 90 oC for 

48 h with constant stirring. The resulting product was vacuum filtered and washed multiple 

times with deionized water.  The sample was then freeze-dried. 

Synthesis of interlayer expanded birnessite (10 Å MnO2). Interlayer expanded birnessite 

was synthesized using a simple ion exchange reaction. First, 25 mg of pre-synthesized 

triclinic birnessite was exposed to 1 M MgCl2 solution (250 mL) and stirred for 48 hours. 

The final product was collected after vacuum filtration with excess DI water and air drying.   
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Synthesis of dehydrated birnessite (5.6 Å MnO2). Annealing the pre-synthesized 

interlayer expanded birnessite at 220 oC for 2 hours in ambient conditions resulted 

dehydrated birnessite with 5.6 Å interlayer space. 

Materials characterizations. XRD measurements were carried out by using a Bruker D8 

X-ray diffractometer with Cu Kα radiation (λ = 0.15406 nm). SEM images were obtained  
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using a FEI Quanta 450 FEG microscope operated at 30 kV. Samples for SEM analysis 

were prepared by suspending the materials in DI water and sonicating for 5 min and drop 

 

 

 

 

 

Figure 8.1: Powder X-ray diffraction (PXRD) patterns of (a) interlayer expanded 

layered MnO2 (10 Å MnO2), (b) triclinic layered MnO2 (7.1 Å MnO2, triclinic), (c) 

dehydrated layered MnO2 (5.6 Å MnO2) and (d) hexagonal layered MnO2 (7.3 Å MnO2, 

hexagonal) before and after electrochemical charge-discharge cycles in Na+ and Mg2+ 

electrolyte.  
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casting on carbon tape. Energy dispersive spectroscopy (EDS) analysis was performed with 

an Oxford systems nano-analysis EDS system attached to a FEI Quanta 450 FEG-SEM 

microscope operating at 30 kV. 

8.3 Results and Discussion 

8.3.1 Structure and Morphology of Interlayer Engineered Layered Manganese Oxide.  

Triclinic layered manganese oxide or 7.1 Å MnO2 (triclinic) was prepared by 

oxidation of Mn+2 under alkaline solution conditions using molecular oxygen. Annealing 

the synthesized triclinic layered MnO2 resulted in dehydrated birnessite with a 5.6 Å 

interlayer spacing (5.6 Å MnO2). Carrying out an ion exchange reaction by exposing 7.1 

Å MnO2 (triclinic) to a 1 M Mg2+ solution for 24 hours resulted in interlayer expanded 

manganese oxide with a 10 Å interlayer spacing (10 Å MnO2). This expanded version of 

manganese oxide was likely similar to the buserite phase of layered manganese oxide. 

Hexagonal layered manganese oxide or 7.3 Å MnO2 (hexagonal) and α-MnO2 were 

synthesized and used as control materials in our study (see SI for details). Analysis of X-

ray diffraction (XRD) data for the (001) Bragg reflection of the different samples (Figure 

8.1) was used to determine the interlayer spacings. In the case of the dehydrated 5.6 Å 

MnO2, we mention that there is a minor contribution in the XRD data associated with a 7.1 

Å interlayer spacing, consistent with prior studies (i.e., complete dehydration did not 

occur).27 Scanning electron microscopy (SEM) exhibited in Figure F1 shows that 7.1 Å 

MnO2 (triclinic) has a 2D sheet-like morphology, contrary to the nano-flower morphology 

associated with 7.3 Å MnO2 (hexagonal). Interlayer expanded MnO2 (10 Å MnO2) and 

dehydrated layered manganese oxide (5.6 Å MnO2) showed no alteration from the original 

2D sheet-like morphology.  
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8.3.2 Electrochemical Performance 

 

 

 

 

 

Figure 8.2: Electrochemical analysis of manganese oxide based materials. (a) 

Comparison of specific capacitance of the tested samples in Mg2+ electrolyte. (b) 

Comparison of specific capacitance of the tested samples in Na+ electrolyte. (c) 

Galvanostatic charge-discharge curves of manganese based samples at 0.5 Ag-1 in Mg2+ 

electrolyte. (d) Galvanostatic charge-discharge curves of manganese based samples at 

0.5 Ag-1 in Na+ electrolyte. 
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To investigate the effect of interlayer spacing of layered MnO2 on 

pseudocapacitance, the different materials were subjected to galvanostatic 

charging/discharging (GCD) tests. Layered MnO2 undergoes an electrolyte ion 

adsorption/intercalation while charging and electrolyte ion desorption/deintercalation 

occurs upon discharging. Specific capacitances of the samples obtained at different current 

densities using 0.5 M MgSO4 and 0.5 M Na2SO4 are shown in Figure 8.2 In Mg2+ 

electrolyte, both 7.1 Å MnO2, (triclinic) and 10 Å MnO2 showed similar improved specific 

capacitance (at 0.5 A g-1 ~ 380 F g-1), while in Na+ electrolyte both samples showed a lower 

specific capacitance of about 200 F g-1 at 0.5 A g-1). However, α-MnO2, 5.6 Å MnO2 and 

7.3 Å MnO2 (hexagonal) showed similar specific capacitances in both electrolytes (at 0.5 

A g-1 ~160 F g-1, 200 F g-1, 50 F g-1 respectively). Furthermore, with increasing current 

density, a gradual decrease in specific capacitance was observed for all the samples studied. 

To shed light on structural changes in the samples that could explain capacitance 

changes in Na+ and Mg2+ electrolytes, ex-situ XRD was carried out for all the layered MnO2 

samples after 50 GCD cycles. As shown in Figure 8.1a, the 10 Å interlayer spacing of 

interlayer expanded MnO2 was preserved in Mg2+ electrolyte after many charge-discharge 

cycles, while the same charge-discharge cycling in Na+ electrolyte led to a decrease in the 

interlayer spacing to 7.1 Å. Also cycling of 7.1 Å MnO2 (triclinic), in Mg2+ electrolyte led 

to an interlayer spacing increase from 7.1 Å to 10 Å. Interestingly, the cycling of 7.1 Å 

MnO2 (triclinic)in Mg2+ turned out to be a much more rapid way of producing interlayer 

expansion manganese oxide than exposing 7.1 Å MnO2 (triclinic) to Mg2+ electrolyte under 

non-electrolytic conditions. The similarity of the capacitance values associated with 10 Å 

MnO2 and 7.1 Å MnO2 (triclinic) in Mg2+ electrolyte is then not surprising given their 
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similarity in interlayer spacing (i.e., 10 Å) and the presumed presence of Mg2+ in the 

interlayer region. Possible reasons for the importance of interlayer divalent ion for 

increased capacitance values is given below. The lower capacitance value of 10 Å MnO2 

when in Na+ electrolyte is likely due to the expulsion of Mg2+ from the interlayer region, 

considering that the interlayer distance decreases to 7.1 Å in this circumstance.  

 

A marked lowering of the specific capacitance (~50 Fg-1) is associated with 

dehydrated birnessite (5.6 Å MnO2), compared to layered manganese oxides with larger 

interlayer spacing. This relatively low specific capacitance does not depend on the 

 

 

 

 

 

Figure 8.3: Free energy, ∆G(d), as a function of the distance, d, between two MnO2 

sheets in 1 M (a) NaCl or (b) MgCl2 solutions. The inset in (b) shows a snapshot of a 

Mg2+ ion (green) between two MnO2 sheets at the free energy minimum. Oxygen atoms 

are colored red, manganese atoms are pink, and hydrogens are white; water molecules 

are drawn smaller for clarity. 

 

(a)

(b)
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electrolyte in solution, consistent with the XRD data that shows that the interlayer distance 

of this material does not change during exposure to mono- or divalent ion containing 

electrolyte.  

Interestingly, 7.3 Å MnO2 (hexagonal) did not show a layer expansion during 

charge-discharge cycles in Mg2+ (or Na+) electrolyte cations (Figure 8.1d). 7.3 Å MnO2 

(hexagonal) is characterized by interlayer Mn3+ (along with interlayer K+). We believe that 

the attractive interaction between interlayer Mn3+ and the sheets that confine it inhibit the 

layer expansion that is needed for the accommodation of additional interlayer water and 

solvated Mg2+ with its associated tightly held hydration shell.  Charging of the hexagonal 

birnessite may even increase the amount of interlayer Mn3+, due to the reduction of sheet 

Mn4+ and the relocation of resulting Mn3+ species to the interlayer region.  

 

8.3.3 Molecular Dynamics Simulations 

Molecular Dynamics (MD) simulation were carried out to lend insight into the 

dependence of the interlayer distance and capacitance of the layered manganese oxide 

materials on the nature of the intercalated mono- or divalent ion.  The expansion of the 

interlayer space when 7.1 Å MnO2 (triclinic) is exposed to Mg2+ electrolyte was addressed 

by computing the free energy as a function of the interlayer spacing, d (Figure 8.3) by 

following the procedure outlined in previous work.30 In Na+ electrolyte solution, we found 

the free energy minima to be near d=6 Å and d=10 Å (Figure 8.3a). In contrast, the free 

energy minimum in the presence of Mg2+ occurs near d=10 Å (Figure 8.3b), consistent with 

our experimental observations. At this distance, Mg2+ ions do not directly contact the MnO2 

sheets, as is the case for Cs+ electrolytes that stabilize a similar interlayer distance.30 
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Instead, the strongly bound hydration shell of Mg2+ remains intact, and MnO2 layers are 

bridged by the hydration shell, expanding the interlayer distance with respect to sheets 

assembled in Na+ solution, as illustrated by the inset of Figure 8.3b. 

A possible origin of the increased capacitance of the Mg2+ interlayer expanded 

MnO2 is an increase in intercalated charge. To examine this possibility, we performed MD 

simulations of the model layered MnO2-based capacitor composed of MnO2 sheets on 

graphite electrodes and in the presence of either a 0.5 M MgSO4 or a 0.5 M Na2SO4 

solution, as shown in Figure 8.4a, where the interlayer spacing is set to 10 Å and 7.1 Å, 

respectively. The MnO2 sheets are stacked perpendicular to the graphite electrodes to allow 

intercalation and de-intercalation of water and ions into the interlayer space. Simulations 

of the model capacitor were performed using LAMMPS31 at constant potential (∆Ψ) by 

allowing the charges of the carbon atoms comprising the graphitic electrodes to fluctuate, 

following previous work.32 

As an indicator of the intercalation contribution to the capacitance, we monitored 

the amount of ionic charge within the interlayer region of the negative electrode; for Na+, 

the total charge was equal to the number of cations in the interlayer space, while for Mg2+, 

this was equal to twice the number of cations in the interlayer region. The total ionic charge 

〈𝑄𝑖𝑜𝑛𝑠〉 is significantly larger in the expanded interlayer system, although the actual number 

of ions intercalated into the interlayer is smaller, as shown in Figure 8.4b. This 

circumstance is due to the divalent charge of the magnesium cation and suggests that 

increased amounts of intercalated charge contribute to the increased capacitance of the 

expanded interlayer system with respect to the 7.1 Å MnO2 (triclinic) system. This 

increased charge associated with 10 Å MnO2 would seem to more than compensate for the 
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increased interlayer distance, that would be expected to decrease the capacitance relative 

to a system having a similar charge density, but small interlayer distance. However, 

additional contributions are expected to be important, evidenced by the fact that the ratio 

of the intercalated charge in the Mg2+ system to that in the Na+ system (~1.2-1.3) is not 

equal to that between the experimentally determined capacitances of these systems (~1.9). 

We suspect that the redox conversion of Mn(IV) to Mn(III) contributes to the 

pseudocapacitance of the manganese oxide during charging cycles. Such a redox reaction 

 

 

 

 

 

Figure 8.4: (a) Snapshot of the model MnO2/graphite electrochemical cell for the Na+ 

electrolyte system. The Mg2+ electrolyte system is similar, except the MnO2 interlayer 

spacing is increased to 10 Å. A constant potential is maintained by allowing the charges 

on the carbon atoms of the graphite electrode (gray) to fluctuate in response to the 

environment. The atomic coloring scheme is indicated below the snapshot. (b) Average 

charge due to intercalated ions between the MnO2 layers as a function of the potential 

difference between the graphite electrodes. 
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places negative charge on the manganese oxide sheets and it is likely that the higher 

positive charge in the interlayer when Mg2+ is present allows more redox events (e.g., 

Mn(IV) to Mn(III)) to occur during charging due to better charge compensation. The 

relatively low pseudocapacitance of 5.6 Å MnO2 is likely due to the inability of this 

material to accommodate interlayer water and aqueous cation species (Na+ of Mg2+). 

 

 

 

 

Figure 8.5: Kinetic analysis of 10 Å manganese oxide in Mg2+ electrolyte. (a) Cyclic 

voltammograms from 0.5 to 10 mV/s scan rate. (b) Determination of b-value by fitting 

log (cathodic peak current) vs log (scan rate). (c) Separation of the capacitive and 

diffusion currents at 5 mV/s scan rate. (d) Contribution ratio of the capacitive and 

diffusion-controlled charge at various scan rates. 
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Hence, in this circumstance both non-faradaic and faradaic process are inhibited in the 

interlayer region, limiting the charge storage capability of this material.  

 

8.3.4 Electrochemical Kinetic Analysis 

 To understand the charge storage kinetics in these layered MnO2 systems in more 

detail cyclic voltammetry (CV) was employed.   The voltammetric response of any given 

charge storage system with various sweep rates can be summarized as, 

i = aνb 

where, current (i) at a fixed potential follows a power law relationship with the potential 

sweep rate (ν) (a and b are adjustable parameters). The b-value can be extracted from the 

slope of log(i) vs log(v). Typically, b = 0.5 indicates a total diffusion-controlled process, 

and b = 1 represents a capacitive process.5 For example, a b value for batteries is 0.5, as 

cation intercalation is a diffusion controlled process. For EDLC, the b value is 1 as the 

charge storage is completely governed by capacitive processes.5 However, an intermediate 

value between 0.5 and 1 indicates both capacitive and diffusion controlled charge storage 

taking place.5 Thus, this hybrid charge storage mechanism, and their current response (i) 

at a fixed potential (V) can be defined as the amalgamation of two separate mechanisms, 

i.e. capacitive (k1ν) and diffusion-controlled (k2ν
 1/2) as,  

i(V) = k1ν + k2ν
1/2 

By determining the constants k1 and k2, it is possible to differentiate the fraction of the 

current arising from each charge storage process at specific potentials.3,5,6 Figure 8.5b & 

F2 shows the obtained b values for 10 Å MnO2 and 7.1 Å MnO2, (triclinic) in Mg2+ (b = 

0.86 and b = 0.83, respectively). This result indicates that charge storage in these systems 
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is hybrid (capacitive and diffusion controlled), but the majority comes from capacitive 

charge storage. For example, for 10 Å MnO2 (in Mg2+ electrolyte) at 5 mV/s scan rate, ~ 

74.5% of the total charge is stored as capacitive charge (Figure 8.5c).  Similarly, when Na+ 

electrolyte was used, 10 Å MnO2 and 7.1 Å MnO2 (triclinic) were associated with b-values 

of 0.72 and 0.78, respectively (Figure F3 & F4). Interestingly, for 5.6 Å MnO2, a b-value 

of 0.99 resulted in both Na+ and Mg2+ electrolytes, indicating a total capacitive charge 

storage process (Figure F5 and F6). Furthermore, irrespective of scan rate, the total charge 

stored in 5.6 Å MnO2 is stored as capacitive charge (Figure F5 and F6). These results 

suggest that the interlayer spacing, and structural water plays a significant role in 

pseudocapacitive charge storage where larger interlayer space and structural water support 

intercalation pseudocapacitive charge storage. The loss of structural water or smaller 

interlayer spacing would assist charge storage as surface faradaic pseudocapacitance. 

 

8.4. Conclusion 

The pseudocapacitive energy storage of layered manganese oxide shows a strong 

dependence on interlayer spacing, structural water and chemical nature and charge of 

electrolyte. Particularly, Mg2+ electrolyte can stabilize larger interlayer spacing (10 Å) 

while exposure to Na+ electrolyte results an interlayer spacing of 7 Å in hydrous triclinic 

layered MnO2. The large interlayer spacing manganese oxide (in Mg2+ electrolyte) shows 

the highest specific capacitance (380 Fg-1). MD simulations suggest that the interlayer 

expanded manganese oxide, 10 Å MnO2, has more positive interlayer charge than 7.1 Å 

MnO2 (triclinic) with intercalated Na+. We believe that the increased charge in the 

interlayer allows a higher pseudocapacitance due to the increased amount of Mn(IV) 
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reduction that can occur during charging cycles. In short, the reduction of Mn(IV) in the 

manganese oxide sheet introduces a negative charge that must be compensated by 

interlayer cations. Dehydrated layered MnO2 with contracted interlayer spacing (5.6 Å) did 

not show any variation in the interlayer spacing with either electrolyte and showed the 

lowest specific capacity of 50 Fg-1 independent of the electrolyte. Our experimental and 

MD simulation results illustrate the importance of interlayer spacing and electrolyte ion 

charge density on pseudocapacitive charge storage in triclinic layered MnO2.  
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     CHAPTER 9 

BRIEF SUMMARY AND RESEARCH IMPACT 

 

 An over-arching theme of the dissertation research is to complement experimental 

observations with theory to understand the molecular controls that are associated with the 

reactivity of 2D layered metal oxides and metal double hydroxides. In general, the research 

showed that the interlayer region of the layered materials presents a unique chemical 

environment that can be chemically modified to facilitate particular chemical reactions and/ 

or electronic properties. With regard to the former, modification of the interlayer of layered 

materials with Cu, Ni, and Co was found to facilitate catalytic chemistry for OER. Copper 

intercalation increased the electrical conductivity between the layers making OER 

electrocatalysis more efficient (Chapter 3). While this is an interesting and novel result as 

it relates to the modification of layered MnO2 with Cu for OER, the essential phenomenon 

is not new and is similar to the intercalation of a layered material such as graphite with 

metals to increase its out of plane electrical conductivity. 1-2  

 Perhaps, a more transformative, paradigm-shifting result from this thesis research 

and one that should have a broad impact on 2D material catalysis is that active OER 

catalysts such as Ni and Co oxides can be made more active by confining them in the 

interlayer region of 2D layered materials. The likely caveat is that the interlayer spacing of 

the modified layered material should be ~0.7 – 1 nm so only a single layer of water can be 

present in the interlayer. In this circumstance, the resulting frustrated water (Chapter 4 and 
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5) undergoes enhanced redox chemistry. This novel result is expected to have a profound 

impact on OER electrocatalysis (and catalysis in general) when using layered materials.   

 In Chapter 6 we extend the strategy of redox active metal intercalation to highly 

OER active NiFe layered double hydroxide. In conjunction with cobalt intercalation, cobalt 

substitution into the 2D hydroxide sheets was employed and catalytic performance of 

cobalt doping through intercalation and substitution was studied. Cobalt insertion into the 

NiFe LDH through both substitution and intercalation led to enhancement in OER activity, 

(highest OER activity for cobalt intercalated NiFe LDH, η ~ 265 mV @ 10 mA cm-2) 

however higher degree of cobalt substitution led to decrease in OER activity. Density 

functional theory calculations on these cobalt modified systems suggested that cobalt 

insertion into the layered LDH structure can modify the electronic structure so that optimal 

binding of OER intermediates can be achieved. 

 Chapter 7 investigates tuning the interlayer spacing in layered manganese oxides 

towards energy conversion. Here it was demonstrated that the pseudocapactive energy 

storage is highly dependent on the interlayer distance of layered manganese oxide where 

larger interlayer spacing (~ 10 Å) resulted improved charge storage while interlayer 

contracted layered manganese oxide (~ 5.6 Å) showed a significant decrease in energy 

storage. Furthermore, the charge storage analysis using cyclic voltammetry suggests that 

larger interlayer spacing can result in intercalation of electrolyte ion when charge is stored 

which leads to intercalation pseudocapacitance while smaller interlayer spacing only 

showed surface redox pseudocapacitance. Chapter eight discuss a novel Co, Mo and P 

based amorphous electrocatalyst which shows remarkable hydrogen evolving capability 

(30 mV overpotential at 10 mA cm-2) in alkaline medium similar to the precious metal 
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platinum. The DFT calculations on this system suggest that the Co-Mo center act as the 

active water dissociation center which is responsible for enhanced hydrogen evolution 

reaction.    

 Through the research discussed in this dissertation, we have shown that apart from 

conventional material engineering techniques, such as hetero atom doping, anion/cation 

defect control and phase engineering, tuning of the interlayer region is a unique alternative 

route to control materials properties and thus control electrocatalytic and charge storage 

processes that occur in layered materials. The utilization of the interlayer space can be 

either performed by opening up through exfoliation which provides exposure of active sites 

on the 2D layers, or the interlayer region itself can be used as a special microenvironment 

to promote given catalytic reactions. Specifically, here we have shown that intercalation of 

guest metal atoms/ions into the interlayer region of layered materials tunes the material 

properties thus can be utilized as a tuning knob to improve electrochemical processes such 

as energy conversion and storage. 

 While not explored in this thesis research, the confinement of precious metals in 

the interlayer region of layered materials would be an interesting research direction. The 

hypothesis here would be that less precious metal (e.g., Ir which is a very active OER 

catalyst) could be confined in the 3D environment of the interlayer region. The expectation 

would be that the already electroactive Ir would be enhanced in this way, possibly allowing 

the use of smaller quantities of precious metal to conduct OER. The broader impact of this 

hypothesis, if verified, would be that such a chemical system containing interlayer confined 

precious metal would be more economical than using precious metal alone. 
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 Also, we believe that tailoring layered materials through interlayer engineering has 

a broader impact on energy conversion and could be utilized as a general strategy to tune 

not only by the OER, but also for other electrochemical processes (CO2 reduction reaction, 

nitrogen electroreduction to ammonia and the oxygen reduction reaction) that occur in 

layered materials. Another research direction that would be a next step would be to 

combine electronic structure calculations and transition state theory of chemical reactions 

to provide a complete description of interlayer mechanistic chemistry. Theoretical work in 

other laboratories is addressing chemistry in the 3D interlayer environment,3 the hypothesis 

in this type of theoretical investigation is that that the 3D environment will change the 

energetics of those reaction paths leading from reactant H2O to O2 product. Essentially, it 

is hypothesized that the intermediate species in the interlayer are influenced by both sheets 

of layered metal oxide that confine them. Hence, the possibility here is that the energetics 

may be quite different than if the intermediates are adsorbed on a planar surface and 

enhanced catalytic activity for particular reactions may be observable.  What these 

investigations are missing is a determination of the structure of the interlayer water that has 

been studied in this thesis research. Hence, a recommended research direction would to 

integrate the structure of the water structure as determined via MD approaches with 

structure/energy calculations for intermediate species in the interlayer environment. 

Interestingly, this type of research effort would be in the direction of satisfying a 

Department of Energy goal which is to design atomic-level, three-dimensional 

nonbiological catalysts. 
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APPENDIX A 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 3 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: STEM image and EDS mapping of Cu(I)-birnessite 
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Figure A2: XRD patterns of birnessite, Cu(II)-birnessite and Cu(II)-doped birnessite, 

which indicates there are no shifts in the Bragg reflections present. (XRD spectra are 

normalized at (001) reflection for clarity) 
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Figure A3: Raman spectra of copper intercalated MnO2 with different starting Cu(I) 

precursor showing the trend of increasing structural disorder. (Raman spectra are 

normalized at 650 cm-1 for clarity) 
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Figure A4: XPS of Mn 2p core level spectra for Cu(I)-birnessite, Cu(II)-birnessite and 

birnessite which illustrates that the average oxidation state of Mn is preserved after the 

intercalation. 
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Figure A5: Optimized geometry of the birnessite. Upper: top view; Bottom: side view. 

The Mn atoms are shown in purple and bridging oxygen atoms are depicted in red. 
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Figure A6: Optimized geometry of the birnessite after intercalating Cu. Upper: top view; 

Bottom: side view. The Mn atoms are shown in purple, the Cu atoms are shown in blue 

and bridging oxygen atoms are depicted in red.  
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Figure A7: Density of states (DOS) for birnessite calculated from Density Functional 

Theory. The spin up states are projected on different orbitals and atoms. (A) birnessite (B) 

Cu(I)-MnO2 
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Figure A8: Tafel plots obtained for birnessite before and after the copper intercalation. 
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Figure A9: Cu 2p XPS of Cu(I) before and after electrochemical catalytic deactivation. 

The spectra are fitted with three peaks corresponding to Cu0 (blue curve), CuO (green 

curve), and Cu(OH)2 (purple curve). The black curve corresponds to the raw data and red 

curve corresponds to simulated curve after the peak fitting process. 
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Figure A10: Equivalent circuit used to obtain charge transfer resistance of the OER catalysts  

Where, 

Rs - resistance of the electrolyte.  

Rf - resistance of the catalysts layer 

Cf - the capacitance of the catalyst layer. 

Cdl- double layer capacitance and 

Rct - the charge transfer resistance 

W-specific electrochemical element of diffusion 
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Figure A11: Nyquist plot obtained from EIS measurement at an applied potential of 0.65V 

(vs Ag/AgCl) for conductive carbon, pristine birnessite and Cu(I)-birnessite 
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Table A1: Geometries of the pristine birnessite and after the intercalation of Cu determined 

from DFT calculations. O2 is defined as the nearest O to Cu, and Mn2 are the first 

neighbors of O2. The remaining O and Mn are defined as Mn1 and O1 (See the top view 

of Figure A6). 
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APPENDIX B 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 4 

 

                               

Molecular Dynamics Simulations 

 To characterize the free energy landscape underlying electron transfer (ET) 

involving cations in the interlayer region or in bulk, we follow previous work.1 In 

particular, we use GROMACS52 with the CLAYFF3 force field to perform molecular 

dynamics (MD) simulations with varying charge states of a single ion. This enables 

umbrella sampling of the so-called energy gap, 

ΔE = H1 - H0,                               

where, H1 and H0 are the Hamiltonians of the oxidized and reduced states of the cation, 

respectively. The energy gap ∆E has been shown to be a good order parameter for 

describing ET.4-6 Note that unlike the previous work,1 we only consider the portion of the 

Hamiltonians regarding the cation undergoing ET, and, in the case of the birnessite system, 

we omit the energetic changes involving a manganese atom undergoing a concomitant 

reduction in charge. This allows us to better compare the free energetics in bulk and in 

birnessite. MD simulations involving nickel ions were performed using the CM model of 

Merz and coworkers.7 This model captures the salient features regarding hydration of Ni2+ 

ions, including the octahedral coordination structure. We additionally used this model to 

study the solvation structure of Ni2+ in hydrazine and water/hydrazine mixtures. 
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Solvation Structure of Ni2+ 

 

Here we compare the solvation structure of the Ni2+ ion in water and in hydrazine 

from molecular dynamics (MD) simulations. Water and Ni2+ are modeled with the SPC/E8 

and Merz CM potentials,3,9 respectively. Hydrazine is modeled with the potential of 

Maginn and coworkers.10 To obtain the solvation structure of Ni2+ in water and hydrazine, 

we simulated a single ion in 4142 molecules of SPC/E water and 343 molecules of 

hydrazine, with a neutralizing uniform background charge density to maintain the 

neutrality of the system. To study Ni2+ solvation in a water/hydrazine mixture, we 

simulated a system of 686 nickel ions, 343 hydrazine molecules (2:1 nickel: hydrazine), 

31744 water molecules, and 1372 chloride ions to maintain neutrality. Simulations were 

performed for 5 ns at a constant temperature11 and pressure12 of 300 K and 1 bar, 

respectively, after equilibrating the system at very high temperatures (1000 K) at constant 

volume to ensure adequate mixing. 

Figure B10a shows the radial distribution function g(r) and corresponding 

coordination number CN(r) for water oxygen atoms surrounding a single Ni2+ ion. The first 

hydration shell, corresponding to the first peak in g(r), is highly ordered and consists of 6 

water molecules tightly bound to the ion. This corresponds to the complex [Ni(H2O)6]
2+. 

The water molecules are organized octahedrally around the nickel ion, as shown in 

snapshot in Figure S10b. 

In contrast, only 4 hydrazine molecules are found in the first solvation shell of Ni2+, 

as indicated by the g(r) between the center of mass of hydrazine molecules and the nickel 
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ion and the corresponding coordination number shown in Figure B11a. As illustrated by 

the snapshot in Figure B11b, the nitrogen atoms of two hydrazine molecules in the 

coordination shell occupy octahedral sites, while the remaining two octahedral sites are 

occupied by the remaining two hydrazine molecules, mostly by the midpoint between the 

two nitrogen atoms, forming the complex [Ni(N2H4)4]
2+ in solution. Similar results for both 

water and hydrazine solvation are also obtained using a multi-site representation of Ni2+ 

with explicit octahedral site13. 

The above results demonstrate that both water and hydrazine bind octahedrally to 

Ni2+. Thus, in a mixture, water and hydrazine will compete for the six octahedral binding 

sites that are available, and we expect a distribution of coordination structure compositions 

in such mixtures. The probability distribution of coordination numbers around nickel ions 

in the simulations water/hydrazine mixture is shown in Figure B12a. Note that the 

hydrazine coordination number is defined here as the number of nitrogen atoms in the 

coordination shell in order to better examine the number of octahedral sites occupied 

around each ion. Additionally, Cl- ions are also found in the solvation shell of Ni2+, such 

that water and hydrazine are not the only coordinating species, but our main concern here 

are mixed water/hydrazine coordination structures. 

 The water distribution is bimodal, with peaks at 2 and 5 atoms. The hydrazine 

distribution is maximal at zero, but has non-zero probability at 1, 2, and 4 nitrogen atoms 

surrounding Ni2+, while 2 being the most probable non-zero number of coordinated 

nitrogen atoms. This means, as one may expect from the composition of the solution (2:1 

Ni2+: hydrazine), the cations are largely coordinated by one hydrazine, if at all. These 
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solvation structures are still octahedrally coordinated, but are now composed of both water 

and hydrazine molecules, see Figure S12b for a representative snapshot.  

The observed coordination structures may be important for understanding how Ni2+ 

ions are “shuttled” into the birnessite interlayer. The one or two hydrazine molecules in the 

coordination shell may dissociate from the nickel complex by undergoing a chemical 

reaction with the birnessite edges or through other means (like thermal fluctuations) when 

close to birnessite. Once these hydrazine molecules, which do not penetrate the interlayer, 

are removed from the coordination shell, the under coordinated Ni2+ ion could be driven 

into the negatively charged interlayer region through electrostatic interactions. However, 

further studies are needed to uncover the details of this mechanism. 

 

  

 

Catalytic parameter calculations 

The turnover frequency (TOF) value is calculated from the equation:  

 

𝑇𝑂𝐹 =
𝐽𝐴

4𝐹𝑛
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where, J is the measured current density (mA cm−2) at η = 0.40 V, A is the geometric area 

of the electrode, n is the number of moles catalyst loading, and F is the Faraday constant 

(96500 C mol−1 ). 

The mass activity was calculated from following equation:  

 

𝑚𝑎𝑠𝑠 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐽

𝑚
 

 

The mass activity (A g−1) was calculated on the basis of the catalyst loading m = 0.28 mg 

cm−2 and the measured current density j (mA cm−2) at η = 0.40 V. 
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Figure B1: Scanning Electron Microscopy images of Ni2+/birnessite: a) Ni2+/birnessite (Ni 

6.6%) and b) Ni2+/birnessite (Ni 7.7%). 

 

a) 

b) 
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(B) 

O Ni 

Mn 

Figure B2: a) STEM image of Ni2+/ Birnessite, b), c) and d) are EDS elemental maps of 

Mn, O and Ni respectively. These particular results suggest a homogeneous distribution of 

Ni in the birnessite structure. 

a b 

c d 
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Figure B3: Experimental XRD pattern for birnessite exposed to hydrazine with the 

standard diffraction of tetragonal Mn3O4 (JCPDS no. 24-0734). Results suggest that 

birnessite transforms into Mn3O4 when exposed to hydrazine. 
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Figure B4: Raman spectra of birnessite, birnessite exposed to hydrazine and 

Ni2+/birnessite. The Raman peaks are broadened by the disorder in the birnessite lattice 

induced by the presence of Ni2+ in the interlayer region.   
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Figure B5: XPS of Ni2+/birnessite: a) Ni 2p region b) O 1s region. The spectra suggest 

that nickel in the interlayer has nickel hydroxide character.    
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Figure B6: XPS spectrum of O 1s core level spectra for birnessite indicating the 

presence of the lattice oxygen peak and the absence of a hydroxide O 1s contribution. 
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Figure B7: a) Radial distribution function (g(r), black) and coordination number (CN(r), 

red) for water oxygen atoms around a nickel ion. b) Snapshot of a typical Ni2+ hydration 

shell, highlighting the octahedral arrangement of water molecules around the ion. Water 

oxygen and hydrogen atoms are colored red and white, respectively, while Ni2+ is colored 

tan. 
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Figure B8: a) Radial distribution function (g(r), black) and coordination number (CN(r), 

red) for the center of mass of hydrazine molecules around a nickel ion. b) Snapshot of a 

typical Ni2+ coordination shell, highlighting the octahedral-like arrangement of hydrazine 

around the ion. Hydrazine nitrogen and hydrogen atoms are colored blue and white, 

respectively, while Ni2+ is colored tan.   
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Figure B9: a) Probability of observing the coordination number (CN) of water oxygen 

atoms (red) and hydrazine nitrogen atoms (blue) around a Ni2+ ion. b) Snapshot of a typical 

Ni2+ coordination shell involving 4 water molecules and 1 hydrazine, highlighting the 

octahedral-like structure, whereby the hydrazine occupies two octahedral sites (one for 

each nitrogen). Oxygen, nitrogen, and hydrogen atoms are colored red, blue and white, 

respectively, while Ni2+ is colored tan.  
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Figure B10: Nyquist plot obtained from EIS measurement: a) Ni2+/birnessite after 100 

electrochemical cycles at an applied potential of 0.55V to 0.65V to (vs SCE) b) 

Ni2+/birnessite with increasing electrochemical cycles at 0.60 V (vs SCE). 
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Figure B11: Equivalent circuit used to obtain charge transfer resistance of the OER 

catalysts  

Where, 

RS - resistance of the electrolyte.  

RSEI - solid-electrolyte interphase resistance  

QSEI - solid-electrolyte interphase capacitance (capacitance replaced by constant phase 

element (CPE) in order to account for non-ideality) 

QDL- double layer capacitance (capacitance replaced by CPE in order to account for non-

ideality) 

RCT- charge transfer resistance 
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Catalyst Rs/Ω RSEI/Ω QSEI/µF Rct/Ω Qct/µF 

Ni2+/Birnessite 

at 0.55V after 

100 cycles 

9.0 15.0 128 102.0 553 

Ni2+/Birnessite 

at 0.60V after 

100 cycles 

9.0 15.0 127 48.0 757 

Ni2+/Birnessite 

at 0.65V after 

100 cycles 

9.0 15.0 130 27.0 951 

Ni2+/Birnessite 

at 0.60V after 

1st cycle 

9.0 14.0 128 95.0 648 

 

 

 

 

 

 

 

Table B1: Parameters for fitted EIS spectra. 
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Figure B12: O2 evolution from Ni2+/birnessite as a function of electrolysis time at constant 

current density 12 mA cm-2. Inset is the obtained detector response (from GC) for evolved 

oxygen.   
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Figure B13: Chronopotentiometry curves for birnessite and Ni2+/birnessite at 

current densities of 5 mA cm-2. 
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Figure B14: XRD spectra of β-nickel hydroxide. 
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Figure B15: TEM images of β-nickel hydroxide. 
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Figure B16: Raman spectra and TEM collected for catalyst ink. Raman spectra 

collected before and after electrochemical cycling of birnessite and Ni2+/birnessite. b) 

TEM micrograph of Ni2+/birnessite after electrochemical cycling. The Raman peaks are 

broadened in both birnessite and Ni2+/birnessite after electrochemical cycling, 

suggesting structural changes.  
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Figure B17: XPS of Ni2+/ birnessite before and after electrochemical cycling: a) O 1s 

region, b) Ni 2p region. XPS spectra suggests that intercalated nickel in the birnessite 

interlayer undergoes an electrochemically induced phase transformation from Ni-

hydroxide to Ni-oxide, which is based on the binding energy shift of the O 1s peak towards 

lower binding energy. 
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Table B2. Comparison of catalytic performance of Ni2+/MnO2 to reported metal oxides 

catalysts. 

 

 

Catalyst Overpotential    

(10 mA cm-2)   

Electrolyte Tafel 

slope(mV/de

c) 

Referenc

e 

CoOx 410 Phosphate buffer 60 14
 

Na2CoP2O7 560 Phosphate buffer 80 15
 

MnOx - Phosphate buffer 70 16
 

IrO2 470 0.1M KOH - 17
 

IrO2 427 1M KOH 50 18
 

IrO2 338 1M KOH 47 19
 

IrO2 355 1M KOH 79 20 

NiCo-Bulk 385 1M KOH 65 19
 

NiCo-

nanosheets 

334 1M KOH 41 19
 

LiCoO2 430 1M KOH 48 21
 

α-MnO2 480 0.1 KOH 77.5 22
 

Ni2+/MnO2 400 1M KOH 60 This 

work 
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Figure B18: The difference in current density ((Δj=ja-jc) at open circuit potential (OCP) 

plotted against scan rate fitted to a linear regression to estimate the ECSA of birnessite and 

Ni2+/Birnessite. The Ni2+/Birnessite shows a one order of magnitude higher ECSA than 

Birnessite suggesting Ni intercalation increases catalytic active sites for water oxidation. 
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Figure B19: Polarization curves obtained after a specified number of electrochemical 

cycles for Ni2+/Birnessite.  
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Figure B20: Microscopic picture of the Ni2+ ion intercalated birnessite used in MD 

simulations. Oxygen is colored in red, hydrogen is white, Mn is pink and Ni2+ is tan.  
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Figure B21: Snapshots of water and ions in Ni2+/birnessite highlighting the orientational 

ordering of water and the octahedral coordination of Ni2+ (4 waters and 2 birnessite 

oxygens). Oxygens are colored red, manganese is pink, hydrogen atoms are white, and 

nickel ions are colored tan. Atoms of MnO2 are rendered darker to highlight the ion 

hydration structure. 
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APPENDIX C 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 5 

 

   

Catalytic parameter calculations 

The turnover frequency (TOF) value is calculated from the equation:  

 

𝑇𝑂𝐹 =
𝐽𝐴

4𝐹𝑛
 

 

Where, J is the measured current density (mA cm−2) at η = 0.40 V, A is the geometric area 

of the electrode, n is the number of moles of catalyst, and F is the Faraday constant (96500 

C mol−1 ). 

The mass activity was calculated from following equation:  

 

𝑚𝑎𝑠𝑠 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐽

𝑚
 

 

The mass activity (A g−1) was calculated on the basis of the catalyst loading m = 0.28 mg 

cm−2 and the measured current density j (mA cm−2) at η = 0.40 V. 
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Figure C1:  Electron micrographs of Co2+/ birnessite: (a) TEM and (b) SEM. Micrographs 

of birnessite: (c) TEM and (d) SEM. Co-intercalation did not significantly alter the 

morphology of birnessite. 
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Figure C2: Inverted ABF image of pristine birnessite. (a) atomic resolution image of 

pristine birnessite, view from [010] direction; (b) atomic model of birnessite from its 

[010] direction, the black parallelogram indicates the primitive unit cell; (c) lower 

magnification image showing layered structure with good crystallinity, virtually with 

no defects. 
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Figure C3: Inverted ABF image of Co2+/birnessite. (a-c) High resolution images of the 

cross section of Co2+/birnessite, yellow circles indicate defects such as edge dislocations 

and grain boundaries. 
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 Figure C4: Experimental XRD pattern for birnessite exposed to hydrazine (without 

Co2+ ions) shown together with the diffraction peak positions associated with tetragonal 

Mn3O4 (JCPDS no. 24-0734). A comparison suggests that birnessite transforms into 

Mn3O4 when exposed to hydrazine. 
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Figure C5:  XRD spectra of birnessite and birnessite exposed to hydrazine. Inset is the 

enlarged (001) region that corresponds to the interlayer spacing. The spectra suggest 

that hydrazine does not alter interlayer spacing of birnessite (i.e., octahedral sheet) does 

not alter the interlayer spacing. 
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Figure C6: Top left panel is a STEM micrograph for Co2+/ Birnessite. Also included 

in the figure are energy dispersive spectroscopy (EDS) elemental maps for Mn, O and 

Co.  
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 Figure C7: Raman spectra of birnessite and Co2+/birnessite. We attribute the 

broadening of the Raman peaks to the disorder in the birnessite lattice induced by the 

presence of cobalt in the interlayer region.   
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Figure C8: K 2p XPS of birnessite and Co2+/birnessite. An evaluation of the spectra 

shows the loss of potassium ions from the birnessite interlayer as a consequence of the 

intercalation reaction. 
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Figure C9:  XRD diffractograms of birnessite and Co substituted birnessite. Inset is the 

enlarged (001) region that corresponds to the interlayer spacing. The spectra suggest 

that substitution of cobalt into the birnessite structure (i.e., octahedral sheet) does not 

alter the interlayer spacing. 
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 Figure C10: Polarizations curves for 12.2 atm. % Co2+/birnessite and 8.4 atm. % 

Co2+/birnessite in 1 M KOH. 
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 Figure C11: Polarization curves for Ir/C, Co2+/birnessite, Co-substituted birnessite, 

birnessite, and cobalt hydroxides collected in phosphate buffer (pH 7). 
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Figure C12: The difference in current density ((Δj=ja-jc) at open circuit potential (OCP) 

plotted against scan rate fitted to a linear regression to estimate the ECSA of birnessite, 

Co2+/Birnessite, α-Co(OH)2 and β-Co(OH)2.  
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 Figure C13: Polarization curves for birnessite and birnessite exposed to hydrazine in 

1 M KOH. The results suggest that reaction with hydrazine does not improve the 

catalytic performance of birnessite. 
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Figure C14: O2 evolution from Co2+/birnessite as a function of electrolysis time at a 

constant current of 7 mA. Inset shows an example of the detector response (from GC) 

for evolved oxygen.   
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Figure C15: Chronopotentiometry curves for Co2+/birnessite at a current density of 20 

mA cm-2 using CFP as the working electrode. Inset is the chronopotentiometry of 

birnessite performed at 10 mA cm-2. 
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Figure C16: Polarization curves for Co2+/birnessite with increasing electrochemical 

cycles. 
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Figure C17: Polarization curves for Ir/C, Co2+/birnessite, Co-substituted birnessite, 

birnessite, and cobalt hydroxides collected in 1 M KOH. 
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Figure C18: Mn 2p3/2 core level spectra of birnessite and Co2+/birnessite. Mn(IV) fits 

are shown in green, Mn(III) fits are shown in blue and Mn(II) fits are shown in orange. 

The spectral fitting suggests that average oxidation state of Mn has decreased in from 

3.74 to 3.57 after cobalt becomes intercalated in birnessite. 
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Figure C19: SAED patterns taken from Co-birnessite (left half) and pristine birnessite 

(right half) showing significant difference in crystallinity. Sharper rings and diffraction 

from more planes suggest better crystallinity in pristine birnessite. 

Co
2+

/Birnessite Pristine 
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Figure C20: Electron micrographs of α-Co(OH)2: (a) SEM and (b)TEM. Micrographs 

of Co3O4: (c) SEM and (d) TEM. 
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Figure C21:  TEM micrograph of β-Co(OH)2. 
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Figure C22:  XRD spectra of α-Co(OH)2, β-Co(OH)2, Co3O4, birnessite, and 

Co2+/birnessite. 
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Figure C23:  XRD diffractograms of birnessite and birnessite exposed to 1 M Co2+. 

Inset is the enlarged (001) region that corresponds to the interlayer spacing. The inset 

suggests surface adsorbed cobalt does not alter the interlayer spacing. 
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Figure C24:  FTIR spectra of birnessite. 
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Table C1: Summary of OER activities in phosphate buffer. 

Catalyst η (mV) at 

10 mA 

cm-2 

TOF (s-1) at 

η=0.50 V 

Mass activity 

(A g-1) at 

η=0.50V 

Tafel 

slope(mV 

dec-1) 

birnessite 920 0.0012 7 238±6 

Co2+/birnessite 618 0.0064 25 98±3 

Co-substituted 

birnessite 

725 0.0031 14 168±7 

β-Co(OH)2 725 0.0022 8.9 124±3 

α-Co(OH)2 632 0.0051 21 92±2 

Co3O4 740 0.0057 8.9 173±4 

20% Ir/C 480 0.23 100 60±3 
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Table C2: Experimental data for birnessite. 

 
 
a AOS, average oxidation state of manganese were determined via XPS (Figure C15). 

The K:Mn ratios determined by ICP-OES and EDS.  

Formula was determined using the XPS,ICP-OES and EDS.  
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APPENDIX D 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 6 

 

 

 

 

 

XAS Analyses 

XAS measurements were performed on beamline 12BM-B of the Advanced Photon Source 

at Argonne National Laboratory. Samples were analyzed at room temperature at the Fe-, 

Ni- and Co-K-edges (7112 eV, 7709 eV, and 8333 eV, respectively). Measurements at the 

Fe- and Ni K-edges were conducted in transmission mode, while measurements at the Co 

K-edge were performed in fluorescence mode with a Canberra 13-element solid state 

detector. Transmission spectra were also collected for α- and β-Co(OH)2 reference 

compounds, while the spectrum of CoOOH previously reported in Yin et al. 20151 was 

kindly provided by Dr. Fan Liu (Huazhong Agricultural University, China). Three to five 

scans were collected per sample to enhance signal:noise.  EXAFS data fitting was 

performed with WinXAS 3.12 in combination with ATOMS and FEFF7 3 using standard 

procedures.4 

 

Catalytic parameter calculations: 

The turnover frequency (TOF) value was calculated from the equation:  

 

𝑇𝑂𝐹 =
𝐽𝐴

4𝐹𝑛
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where J is the measured current density (mA cm−2) at η = 0.30 V, A is the geometric area 

of the electrode, n is the number of moles of catalyst, and F is the Faraday constant (96485 

C mol−1). 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure D1: (a) XRD of cobalt substituted NiFe LDH. (b) Enlarged (003) region that 

corresponds to the interlayer spacing. Analysis of diffractograms suggest 

cobalt incorporation by co-precipitation does not alter interlayer spacing of NiFe LDH. 
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Figure D2: Top left panel is a scanning-TEM micrograph for Co2+intercalated NiFe. 

Also included in the figure are energy dispersive spectroscopy (EDS) elemental maps 

for Ni, Fe and Co. The scale bar is 100 nm. 
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Figure D3: XPS spectra of pristine NiFe LDH, cobalt substituted NiFe LDH 

(Ni15Fe5Co2.5 LDH) and Co2+ intercalated NiFe LDH. (a) Ni 2p region and (b) Fe 2p 

region. 



 

243 

 

 
 

 

 

 

 

 
 

 

 

Ni K edge EXAFS results – raw and fitted k3-weighted CHI functions (panel a) and 

Fourier transforms (panel b). 

substituted 

substituted 

Figure D4: Co K edge EXAFS results – raw and fitted k3-weighted CHI functions 

(panel a) and Fourier transforms (panel b) 

 

Figure D5: Ni K edge EXAFS results – raw and fitted k3-weighted CHI functions 

(panel a) and Fourier transforms (panel b) 

 

substituted 

substituted 
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Figure D6: Fe K edge EXAFS results – raw and fitted k3-weighted CHI functions 

(panel a) and Fourier transforms (panel b) 

 

substituted 

substituted 
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Figure D7: The difference in current density (Δj=ja-jc) at open circuit potential (OCP) 

plotted against scan rate fitted to a linear regression to estimate the ECSA of NiFe LDH, 

Cobalt substituted NiFe LDH and Co2+ intercalated NiFe LDH.  
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Figure D8: O2 evolution from Co2+ intercalated NiFe LDH as a function of electrolysis 

time at a constant current of 10 mA. Inset shows the detector response from gas 

chromatograph for evolved O2.    
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Table D1. Atomic ratios of Ni:Fe:Co in the as-synthesized samples determined by EDS 

and ICP-OES. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

248 

 

 

 

 

Table D2. EXAFS fit results 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Co K-edge

N R(Å) σ2(Å2) N R(Å) σ2(Å2) N R(Å) σ2(Å2)

B-Co(OH)2 6.1 2.08 0.008 5.5 3.14 0.007

CoOOH 5.5 1.90 0.008 5.7 2.85 0.004

Doped 5.7 1.98 0.017 2.1 3.08 0.004

Intercalated 6.2 2.03 0.018 3.5 3.09 0.007

Ni K-edge

N R(Å) σ2(Å2) N R(Å) σ2(Å2)

Bulk 5.3 2.07 0.006 4.6 3.11 0.006

Doped 5.2 2.08 0.006 4.3 3.11 0.006

Intercalated 5.2 2.07 0.007 4.5 3.09 0.007

Fe K-edge

N R(Å) σ2(Å2) N R(Å) σ2(Å2)

Bulk 5.8 2.01 0.006 5.6 3.10 0.006

Doped 5.3 2.01 0.006 5.1 3.10 0.007

Intercalated 5.2 2.01 0.007 4.3 3.10 0.007

Fe-O Fe-Ni/Fe

Co-O Co-Ni/Fe Co-Co

Ni-O Ni-Ni/Fe
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Table D3. Comparison of catalytic performance of cobalt modified NiFe LDH with other 

active OER catalysts reported on in prior literature. 

 

 

Catalyst Overpotential 

(V) at 10 mA 

cm-2 

Tafel slope 

(mV dec-1) 

Reference 

NiFe LDH 348 65 5
 

Exfoliated NiFe LDH 300 42 5
 

CoMn LDH 324 43 6
 

NiCo LDH 334 44 5
 

IrO2 338 49 6
 

Au-NiCeOx 279 - 7
 

Ba0.5Sr0.5Co0.8Fe0.2 

O3-δ 

362 48 8
 

CoMnP 330 61 9
 

NiFe/NGF 337 45 10
 

CoSn(OH)6 274 - 11
 

G-FeCoW 191 - 12
 

Cobalt substituted 

NiFe 

290 52 This work 

Co2+ intercalated 

NiFe 

265 47 This work 
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APPENDIX E 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 7 

 

Table E1: Concentration of Co2+ and Mo5+ salt solutions used to prepare Co-Mo-P and 

Co-P catalysts 

 

 

 

 

Table E2: Atomic percentages of Co-Mo-P catalysts with before and after alkaline HER. 
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Figure E1: SEM micrograph Co0.7-Mo0.3-P catalyst on copper foil which shows near 

complete coverage of the rough film. 
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Figure E2: SEM-EDS elemental maps of Co0.7-Mo0.3-P.   

 

 

Figure E3: Experimental XRD pattern for Co0.7-Mo0.3-P catalyst. Results suggest the 

amorphous nature of the material. 
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Figure E4: Chemical state characterization of Co-Mo-P. XPS spectra of a) Co 2p, b) Mo 

3d and c) P 1s regions of Co0.7-Mo0.3-P before and after HER 

 

Figure E5: a) Scanning transmission electron microscopy (STEM) image of Co0.7-Mo0.3-

P and elemental maps for b) P, c) Mo, and d) Co. 

 

a) b) 

d) c) 
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Figure E6: H2 evolution from Co0.7-Mo0.3-P as a function of electrolysis time at a 

constant current of 11 mA (30 mV overpotential). Inset shows the detector response 

from gas chromatograph for evolved H2.    
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Figure E7: SEM image of Co0.7-Mo0.3-P catalyst after HER.  
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First-principles calculations 

Our first-principles calculations are based on density functional theory (DFT) as 

implemented in the Quantum ESPRESSO code [1] employing plane-wave basis and 

ultrasoft pseudopotentials [2] to represent the interaction between ionic cores and valence 

electrons. We adopt the exchange-correlation energy functional of Perdew-Burke-

Ernzerhof (PBE) [3] obtained within a generalised gradient approximation (GGA). We 

smear the occupation numbers of electronic states with Fermi–Dirac distribution and a 

smearing width (kBT) of 0.04 eV. An energy cutoff of 40 Ry is used to truncate the plane-

wave basis used in representation of Kohn-Sham wave functions, and 320 Ry to represent 

the charge density. Structures are determined through minimization of energy until the 

Hellmann-Feynman forces on each atom are smaller than 0.03 eV/Å in magnitude. We 

sampled Brillouin-zone integrations on uniform grids of 5x5x1 k-points for Co28Mo4P4 and 

3x3x3 k-points for Co12Mo2P2. The projected density of states for all the structures was 

obtained from a much denser (9x9x9) k-point mesh. 

Simulations of adsorption of H-atom, OH and H2O molecule on Co28Mo4P4 and Co12Mo2P2 

are carried out using the RPBE functional [4] while keeping all the other parameters same. 

To calculate adsorption energies, we use the following expression: 

 

∆𝑬𝒂𝒅𝒔 =  𝑬𝒔𝒚𝒔𝒕𝒆𝒎+𝒂𝒅𝒔𝒐𝒓𝒃𝒂𝒕𝒆 −  (𝑬𝒔𝒚𝒔𝒕𝒆𝒎 +  𝑬𝒂𝒅𝒔𝒐𝒓𝒃𝒂𝒕𝒆) 

where, Eads is the adsorption energy and Esystem+adsorbate, Esystem, and Eadsorbate are the total 

energies of Co-Mo-P+adsorbate complex, Co-Mo-P system, and isolated adsorbate species 
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(H-atom, OH or H2O molecule respectively). For energy of H-atom, we take 1
2⁄ 𝐸𝐻2

, 

where 𝐸𝐻2
 is the energy of an isolated H2 molecule. Energy of OH-molecule is taken as: 

𝑬𝑶𝑯 =  𝑬𝑯𝟐𝑶 −  𝟏
𝟐⁄ 𝑬𝑯𝟐

 

Gibbs free energy of adsorption (∆𝑮𝒂𝒅𝒔) is computed using the following expression: 

∆𝑮𝒂𝒅𝒔 =  ∆𝑬𝒂𝒅𝒔 − 𝑻∆𝑺𝒂𝒅𝒔𝒐𝒓𝒃𝒂𝒕𝒆 +  𝑬𝒁𝑷𝑬
𝒂𝒅𝒔𝒐𝒓𝒃𝒂𝒕𝒆 

where, ∆𝐸𝑎𝑑𝑠is the adsorption energy, ∆𝑆𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 =  𝑆𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒
° , where 𝑆𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒

°  is the 

standard molar entropy of adsorbate atom/molecule and 𝐸𝑍𝑃𝐸
𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 is the zero-point energy 

of isolated adsorbate specie calculated from computed phonon frequencies. We take T as 

room temperature, i.e., 298 K. For H-atom, ∆𝑆𝐻 =  1
2⁄ 𝑆𝐻2

° and 𝐸𝑍𝑃𝐸
𝐻 =  1

2⁄ 𝐸𝑍𝑃𝐸
𝐻2 , and for 

OH-molecule, 

 ∆𝑆𝑂𝐻 = 𝑆𝐻2𝑂
° −  1

2⁄ 𝑆𝐻2

° and 𝐸𝑍𝑃𝐸
𝑂𝐻 =  𝐸𝑍𝑃𝐸

𝐻2𝑂
−  1

2⁄ 𝐸𝑍𝑃𝐸
𝐻2 . 

 

  



 

259 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E8: (2x2x1) Model amorphous structures of a) Co28Mo4P4 and b) Co12Mo2P2 

obtained using the technique of expanded supercell and relaxation. Cobalt, Molybdenum 

and Phosphorus atoms are denoted as blue, purple and yellow spheres respectively. 

(a) 

(b) 
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Figure E9: The sites of adsorption on a) Co28Mo4P4 and b) Co12Mo2P2. Cobalt, 

Molybdenum and Phosphorus atoms are denoted as blue, purple and yellow spheres 

respectively. 

Table E3: Gibbs free energies of adsorption of H, OH and H2O molecule at various 

adsorption sites shown in Figure E7. 

Adsorption 

Site 

∆𝑮𝒂𝒅𝒔(𝐞𝐕) 

Co28Mo4P4 Co12Mo2P2 

H OH H2O H OH H2O 

1 -3.06 -2.63 -2.82 -0.1 -2.38 -1.52 

2 -1.06 -2.5 -1.83 -1.74 -1.68 -0.8 

3 -3.06 -1.8 -2.27 -0.6 -1.06 -2 

4 -2.16 -1.68 -1.92 - - - 

 

 

(b) (a) 
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Figure E10: Model structures of a) Co14Mo2 and b) Co14P4 obtained with 2x2x1 supercell. 

Cobalt, Molybdenum and Phosphorus atoms are represented with blue, purple and yellow 

spheres respectively. 

 

 

 

(a) 

(b) 
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Table E4: Gibbs free energies of adsorption of H, OH and H2O molecule at the 

adsorption site 1 of Co14Mo2, Co12Mo2P2 and Co14P2. 

Adsorbate ∆𝑮𝒂𝒅𝒔(𝐞𝐕) 

Co14Mo2 Co12Mo2P2 Co14P2 

H -0.56 -0.1 -3.9 

OH +0.02 -2.38 -3.56 

H2O -0.02 -1.52 -3.42 
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Figure E11: Iso-surfaces of wave functions depicting the interacting orbitals (HOMO) for 

OH*Co12Mo2P2 (2x1x1) and H2O*Co12Mo2P2 (2x1x1). Red and blue colors represent 

positive and negative iso-surfaces respectively. Co, Mo, P, O and H atoms are represented 

with blue, purple, yellow, red and cyan spheres respectively. 
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APPENDIX F 

 

SUPPLEMENTAL FIGURES FOR CHAPTER 8 

 

 

 

 

 

 

 

 
 

Figure F1:  SEM images of (a) interlayer expanded layered MnO2 (10 Å MnO2), (b) 

triclinic layered MnO2 (7.1 Å MnO2, triclinic), (c) dehydrated layered MnO2 (5.6 Å 

MnO2) and (d) hexagonal layered MnO2 (7.3 Å MnO2, hexagonal). 
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Figure F2: Kinetic analysis of triclinic birnessite in Mg2+ electrolyte. (a) Cyclic 

voltammograms from 0.5 to 10 mV/s scan rate. (b) Determination of b-value by fitting log 

(cathodic peak current) vs log (scan rate). (c) Separation of the capacitive and diffusion 

currents at 5 mV/s scan rate. (d) Contribution ratio of the capacitive and diffusion-

controlled charge at various scan rates. 
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Figure F3: Kinetic analysis of 10 Å manganese oxide in Na+ electrolyte. (a) Cyclic 

voltammograms from 0.5 to 10 mV/s scan rate. (b) Determination of b-value by fitting log 

(cathodic peak current) vs log (scan rate). (c) Separation of the capacitive and diffusion 

currents at 5 mV/s scan rate. (d) Contribution ratio of the capacitive and diffusion-

controlled charge at various scan rates. 
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Figure F4: Kinetic analysis of triclinic birnessite in Na+ electrolyte. (a) Cyclic 

voltammograms from 0.5 to 10 mV/s scan rate. (b) Determination of b-value by fitting log 

(cathodic peak current) vs log (scan rate). (c) Separation of the capacitive and diffusion 

currents at 5 mV/s scan rate. (d) Contribution ratio of the capacitive and diffusion-

controlled charge at various scan rates. 
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Figure F5: Kinetic analysis of dehydrated birnessite in Na+ electrolyte. (a) Cyclic 

voltammograms from 0.5 to 10 mV/s scan rate. (b) Determination of b-value by fitting log 

(cathodic peak current) vs log (scan rate). (c) Separation of the capacitive and diffusion 

currents at 5 mV/s scan rate. (d) Contribution ratio of the capacitive and diffusion-

controlled charge at various scan rates. 
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Figure F6: Kinetic analysis of dehydrated birnessite in Mg2+ electrolyte. (a) Cyclic 

voltammograms from 0.5 to 10 mV/s scan rate. (b) Determination of b-value by fitting log 

(cathodic peak current) vs log (scan rate). (c) Separation of the capacitive and diffusion 

currents at 5 mV/s scan rate. (d) Contribution ratio of the capacitive and diffusion-

controlled charge at various scan rates. 

 

 

 

 

 

 

 

 



 

271 

 

APPENDIX G 

 
LIST OF PUBLICATIONS 

 

1) Copper-Intercalated Birnessite as a Water Oxidation Catalyst*,  

Akila C. Thenuwara, Samantha L. Shumlas, Nuwan H. Attanayake, Elizabeth B. Cerkez, 

Ian G. McKendry, Laszlo Frazer, Eric Borguet, Qing Kang, Michael J. Zdilla, Jianwei Sun, 

and Daniel R. Strongin, Langmuir 2015, 31, 12807-12813.  

DOI: 10.1021/acs.langmuir.5b02936 

Based on Chapter 3 of this thesis. 

 

2) Nickel Confined in the Interlayer Region of Birnessite: An Active Electrocatalyst for 

Water Oxidation, 

Akila C. Thenuwara, Elizabeth B. Cerkez, Samantha L. Shumlas, Nuwan H.    Attanayake, 

Ian G. McKendry, Laszlo Frazer, Eric Borguet, Qing Kang, Richard C. Remsing, Michael 

L. Klein, Michael J. Zdilla and Daniel R. Strongin, Angew. Chem. Int. Ed. 2016, 55, 

10381-10385,   

DOI: 10.1002/anie.201601935 

Based on Chapter 4 of this thesis. 

 

3) Intercalation of Cobalt into the Interlayer of Birnessite Improves Oxygen Evolution 

Catalysis,   

Akila C. Thenuwara, Samantha L. Shumlas, Nuwan H. Attanayake, Yaroslav V. Aulin, 

Ian G. McKendry, Qiao Qiao, Yimei Zhu, Eric Borguet, Michael J. Zdilla, and Daniel R. 

Strongin, ACS Catal. 2016, 6, 7739-7743,  

DOI: 10.1021/acscatal.6b01980 

Based on Chapter 5 of this thesis. 

 

 

4) Cobalt Intercalated Layered NiFe Double Hydroxides for the Oxygen Evolution 

Reaction,  

Akila C. Thenuwara, Nuwan H. Attanayake, Jie Yu, John P. Perdew, Evert J. Elzinga, 

Qimin Yan and Daniel R. Strongin,  

J. Phys. Chem. B, 2018,122 ,847–854 

DOI: 10.1021/acs.jpcb.7b06935 

Based on Chapter 6 of this thesis. 

 

5) Co-Mo-P based earth abundant catalyst alloy for superior alkaline hydrogen 

evolution,  

Akila C. Thenuwara, Lakshay Dheer, Nuwan H. Attanayake, Umesh V. 

Waghmare and Daniel R. Strongin,  

2018, (submitted) 

Based on Chapter 7 of this thesis. 

 

http://pubs.acs.org/author/Thenuwara%2C+Akila+C
http://pubs.acs.org/author/Strongin%2C+Daniel+R


 

272 

 

6) Effect of Interlayer Spacing on the Pseudocapacitance of Layered Manganese 

Oxide,  

Akila C. Thenuwara, Richard C. Remsing, Nuwan H. Attanayake, Samantha L. 

Shumlas, Farbod Alimohammadi, Michael L. Klein and Daniel R. Strongin,  

2018, (in preparation) 
Based on Chapter 8 of this thesis. 

 

 

 

 

 

 

 

 

http://pubs.acs.org/author/Thenuwara%2C+Akila+C
http://pubs.acs.org/author/Strongin%2C+Daniel+R

