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ABSTRACT 

 

THE SYNTHESIS AND MODIFICATION OF 2D MATERIALS FOR 

APPLICATION IN WATER OXIDATION CATALYSIS 

Ian G. McKendry 

Professor Michael J. Zdilla 

 

 The unifying goal of this work is the design of a heterogeneous catalyst that can 

facilitate the energy intensive oxygen evolution reaction (OER) in water splitting, 

considered one of the ‘holy grails’ in catalytic science. In order for this process to be 

industrially feasible, an efficient catalyst composed of first row transition metal based 

materials must be used. To accomplish this, existing systems must be studied in order to 

determine which properties are important and subsequent creation and modification of 

new systems based on lessons learned must be employed.  

 Birnessite, a 2D layered manganese dioxide, comprises the majority of the effort. 

In the studies leading to this work, this material was primarily studied by mineralogists 

with the majority focusing on structural characterization. However, the material’s 

moderate activity toward performing the OER has revived interest. In this work, we look 

to determine important species, the role dopants play in activity, and the function of the 

interlayer and surface chemistry. From these findings, an enhanced, earth abundant OER 

catalyst will be designed.  
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 We determine that Mn
3+

 in the system plays and important role in producing a 

catalytic species with large oxygen production capabilities. By increasing the amount of 

Mn
3+

 in the system via a simple comproportionation  reaction by exposing the Mn
4+

 to 

Mn
2+

 ion, we increase the total turnover of birnessite 50-fold. Additionally, the addition 

of dopants to the system , both within and between the sheets, has a positive effect on the 

activity of birnessite. In particular, incorporation of cobalt into the lattice of birnessite 

brings the activity level on par to that of precious metal oxide catalysts due to the cobalt 

offering a deeper electron acceptor than in birnessite alone. 

 In conjunction with these studies, the role of the interlayer species and catalyst 

confinement has demonstrated the ability to greatly enhance a catalyst’s ability to 

perform the OER by ordering and orienting the water around the active confined catalyst. 

Combining confinement effects with the cobalt-doped birnessite sheets resulted in further 

enhancement in the material’s OER capabilities. This system mimics that of an enzyme 

where the cobalt-doped birnessite sheets facilitate greater electron-hole transfer to the 

interlayer active site, where the confinement effects enhance electron transfer kinetics 

and water organization for O-O bond formation. 

 Additionally, metal chalcogenide OER catalysts were explored with mattagamite 

phase cobalt pertelluride. Through the work, we determine the formation of a Te-Co-O 

heterostructure as the catalytically active phase, where the metallic nature of the cobalt 

pertelluride facilitates charge mobility between the electrode and catalyst’s cobalt oxide 

surface functioning as the active OER species.  
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CHAPTER 1 

INTRODUCTION 
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1.1 Significance 

Energy will continue to play an important role in the development and advancement 

of modern society as its production and consumption power the technology that drives 

everyday life. Current power generation technologies are heavily based in fossil fuel 

energy systems, which are unsuitable for long term implementation. As such, new, non-

fossil fuel based energy sources must be investigated.  The production of solar hydrogen 

from the splitting of water is one of the ‘holy grails’ of chemistry as it would provide a 

clean, efficient way of storing the energy captured from solar radiation for later harvest.
1-

3
  

While execution of this technology sounds simple in principle, the practical 

implementation still remains underdeveloped as suitable catalysts for both the hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER) must be discovered. 

While the HER produces the desired fuel, the OER side product remains the largest 

hurdle of the process as the four electron oxidation of water to molecular oxygen is the 

more kinetically hindered of the two processes (Equation 1.1).
4-5

  

2H2O(l)  O2(g) + 4H
+

(aq) + 4e
-
  E

o
red= -1.23 V   (1.1) 

1.2 Identifying catalytic candidates of interest 

A viable catalyst must be applicable on an industrial scale. As such, the catalyst must 

be easily synthesized from readily available and abundant materials and operate at mild 

conditions. Through billions of years of evolution, nature in photosynthetic bacteria and 

plants has developed the CaMn4O5 oxygen evolving complex (OEC) to perform the water 

splitting reaction (Figure 1.1).
6-7

 The tetramanganese cluster undergoes a four step 
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photooxidation, known as the Kok cycle, in which the cluster builds up oxidizing 

equivalents before oxidizing two water molecules to molecular oxygen and four protons.
8
 

This process facilitates the water splitting reaction capable of supporting photosynthetic 

life with a turnover number greater than >100,000 and rate constants of 400 s
-1

.
9,10

 This 

cluster remains the only known water splitting system in biology, despite all of the 

potential evolutionary avenues through which to develop other candidates.
 11-13

 However, 

due to the important role the protein environment plays in the catalytic process and the 

need for biological repair of the OEC, this is not a viable candidate for industrial 

application. Therefore, the development of an industrially stable catalytic equivalent to 

the OEC must be designed. 

 

Figure 1.1 The OEC in PSII, a CaMn4O5 cluster. 

Since catalyst robustness stands at the forefront of requirements, metal oxide 

materials have encompassed the vast majority of water oxidation research efforts. Until 

recently, the most efficient OER catalysts were composed mainly of precious metal 

oxides, namely iridium and ruthenium and have shown the ability to efficiently facilitate 
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the OER.
14,15

 These precious metal oxide systems oxidize water at low overpotentials of 

390 mV allowing for improvement in both expense and efficiency. While these numbers 

are respectable, the rarity and cost of the material largely excludes precious metal oxides 

from large scale application. As such, catalysts based on affordable first row transition 

metal oxide catalysts with activity numbers equal to or better than those of precious metal 

oxides represent the majority of researched catalysts.
16

  

To this end, a vast undertaking in the field of water splitting research has commenced 

with a wide array of materials being explored from metal oxides, metal (oxy)hydroxides, 

metal chalcogenides, and metal phosphides.
17-20

 

1.3 Birnessite 

When designing a catalyst, it is important to start with cheap materials with moderate 

functionality to drive the desired reaction. From this starting point, the material’s 

functionally important states and characteristics can be determined and modified to 

improve the system. As stated previously, the system must be efficient, cheap, and 

composed of abundant elements. With these requirements in mind, the mineral birnessite 

was chosen as a promising starting point for catalyst design, modification, and 

development due to its affordability and structural similarities to nature’s OEC
21,22

. 

Birnessite ([M
+

x ][Mn
3+

xMn
4+

1-xO2]) is a manganese dioxide mineral in which the 

manganese is ligated by oxide octahedrally in 2D sheets. Due to manganese and oxygen 

defects which give the sheets a net negative charge, cations and water are found in the 

interlayer that holds the structure together through coulombic attractions.
23,24 
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Figure 1.2. Structure of triclinic (left) and hexagonal (right) birnessite. Mn(IV) ,  

Mn(III) , and interstitial cation . 

Birnessite exists in two main phases (Figure 1.2): the triclinic phase, where all Mn
3+

 

sites are included into the sheets of the lattice, and the hexagonal phase, where Mn
3+

 

defects rest out of the plane of the sheet and  are proposed to be the active site for water 

oxidation.
25

 The more crystalline triclinic phase displays negligible OER activity,
26

 while 

the hexagonal phase can facilitate the OER at high overpotential > 700 mV (v. NHE).
27

 

With further study into the identification of the important active sites, modification of the 

electronic properties of the sheet structure itself, and elucidation of the unique interlayer 

environment not observed most 2D materials, birnessite is an ideal system for the study 

and optimization of a implementable water splitting system. 

1.4 Transition metal chalcogenides 

Transition metal dichalogenides, MX2, are a class of materials that have been building 

momentum in the materials field in recent years.
28

 These layered 2D materials, such as 

MoS2and WSe2, are similar to birnessite with the major difference being the sheets are 

neutrally charged and are thus held together via van der Waals forces.
29-31

  

IV IV IV III IV 

IV III IV IV IV 

+ 

IV IV IV IV IV 

IV IV IV IV IV 

III 

III

V 

+ 
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Though these materials have been historically unstudied for catalysis, recent reports 

have explored a wide range of potential catalytic application. Of particular interest in this 

thesis, application in photoelectrochemical water splitting has been explored. Due to the 

milder potentials needed to drive the reaction, most of the literature has focused on the 

HER half of the water splitting reaction.
32-36

 Recently, a new paradigm shift has emerged 

with unexpected reports of these materials driving the OER as well.
37-40

  

1.5 Summary 

The primary goal of this thesis is to present 2D catalysts, birnessite and cobalt 

pertelluride, in order to understand the important structural and chemical features that 

facilitate the water splitting half reactions. While most heterogeneous catalysts are 

limited to surface interactions, layered materials offer an additional property of the 

unique chemical environment of the materials’ interlayer region, in addition to the 

properties of the materials themselves. 

Chapter 2 examines the role of the manganese oxidation states in birnessite and the 

importance of defect manganese species for water oxidation. With careful synthetic 

control, a range of average oxidation state birnessites were synthesized and activity 

studies were performed in an effort to determine important catalytic characteristics for the 

birnessite material. 

Chapter 3 examines modification to the birnessite material through the use of 

dopants, particularly cobalt, in the 2D sheets of the birnessite. The incorporation of cobalt 

gives a more active catalyst with minimal structural distortion. The ideal cobalt 

incorporation ratio is determined to be 1:2 Co:Mn as it saturates the Co concentration in 
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the sheet and provides interstitial Co species which aid in catalysis without destroying the 

layered structure of the material. 

Chapter 4 builds on the previous two in conjunction with work from collaborators. 

Collaborators in the Energy Research Frontiers Center: Center for the Computation 

Design of Layered Materials (CCDM) have determined that the interlayer environment 

plays a unique role for facilitating the OER in these systems. We build on this by 

intercalating active Fe species into the interlayer region of the cobalt-doped birnessite 

material. This interalation provides an enhanced active site within a material better suited 

to deliver oxidizing equivalents than standard birnessite.   

Chapter 5 examines mattagamite phase cobalt pertelluride as a pre-catalyst. We 

determine an initial surface oxidation event responsible for creating a cobalt oxide active 

phase. The metallic nature of the cobalt pertelluride provides a support to facilitate charge 

shuttling from the active surface to the electrode. This system yields a highly active water 

oxidation catalyst. 
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CHAPTER 2 

 

DECORATION OF BIRNESSITE WITH MN(III) LEADS 

TO 50-FOLD IMPROVEMENT IN WATER 

OXIDATION CATALYSIS 
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2.1 Introduction 

As a material comprised of cheap and abundant elements, birnessite is an excellent 

candidate to pursue as a water oxidation catalyst. Being composed of manganese +3 and 

+4 octahedra, oxygen, s-block cations, and possessing the ability to perform the OER, 

structural and functional similarities between the OEC and birnessite can be drawn.
1,2

 

Additionally, it has been shown that a 2D structure appears as the active phase for other 

manganese based OER pre-catalysts.
3,4,5

 While 2D MnOx appears to be an active phase, 

bulk birnessite remains a poor catalyst.
5,6,7

 Thus, determining the identity of the active 

sites and other important catalytic defect species plays an important role in unlocking the 

potential of this catalyst. 

A central first step in identifying these important species is the determination of key 

manganese oxidation states. A few works in the literature have attempted to answer the 

role of Mn oxidation state on birnessite’s OER capabilities. Takashima and co-workers 

investigated the role of manganese oxidation states at electrocatalytic surfaces and the 

effect of pH during birnessite’s OER turnover process. They found Mn
 
adsorbed to the 

electrode surface is an important precursor to the electrooxidation reaction. At pH values 

less than 9, they found rapid consumption of these Mn
3+

 species due to a surface 

disproportionation, which resulted in high overpotential OER. At pH values over 9, Mn
3+

 

forms as a results of comproportionation of surface Mn
2+/4+

.
8
  Stabilization of the Mn

3+
 

relative to the charge disproportionation rates result in a lowering of the overpotential.
9
 

These findings suggest the stabilization of Mn
3+

 plays an important role as active sites in 

surface electrochemical systems.  
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Dismukes and co-workers investigated a series of manganese oxide polymorphs, 

which included a variety of basic MnO6 octahedral bonding motifs, including birnessite. 

While birnessite was found to be inactive via photooxidation, Mn2O3 and Mn3O4 were 

active. These phases possessed Mn
3+

 edge and corner-sites and Jahn-Teller distorted 

Mn
4+

-O bonds. When the catalysts’ turnover frequencies (TOF) were compared versus 

the Mn-Mn bond distance, a clear trend was observed where the greater Mn-Mn bond 

distance equated to enhanced TOF. Attributing the Mn-Mn distance increase to a 

weakening in the Mn-O bond, they concluded Mn
3+

-O surface corner-sites enabled 

greater activity due to the presence of weaker Mn-O bonds.
10

 Similar results by Zaharieva 

and co-workers determined higher activity thin film MnOx catalysts contained a higher 

concentration of mono-μ-oxo bridged or corner-shared MnO6 octahedra and fewer edge-

shared di-μ-oxo bridged octahedra.
11

 Both studies suggest a key role in creating active 

sites through the destabilized environment caused from the presence of the Mn
3+

 in the 

system.  

Finally, Kurz and coworkers investigated the role interlayer s-block cations play in 

the activity of birnessite. Calcium and strontium were found to be the most efficient 

among the Lewis acidic cations investigated, a feature found in the OEC as well. Our 

inspection of the reported data also revealed the possible correlation between lower 

oxidation state birnessite and OER activity.
12 

   This chapter seeks to establish the role Mn
3+

 plays in the water oxidation activity of 

birnessite. A series of birnessites was synthesized whose primary difference is the 

average oxidation state of the manganese atoms. This chapter reports the importance of 
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low oxidation state manganese and the enhancement of catalytic activity through the 

increase in Mn
3+

 concentration and defect sites.
13 

2.2 Results and discussion 

The central goal of this study was to correlate manganese oxidation state to the OER 

activity of birnessite. To accomplish this task, a series of birnessites was synthesized 

whose principal distinguishing characteristic was the average oxidation state of the 

manganese in the system. This produced six birnessite samples of varying average 

oxidation states (AOS), which will be referenced through the rest of the chapter as: B1 

(AOS- 3.45), B2 (AOS- 3.46), B3 (AOS- 3.50), B4 (AOS- 3.51), B5 (AOS- 3.77), B5 

(AOS- 3.78), and B* (AOS- 3.49) or comproportionated birnessite. Morphology and 

phase were confirmed via powder X-ray diffraction (PXRD), transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), and Brunauer-Emmett-Teller 

surface analysis (BET).  

PXRD confirmed the successful synthesis of the 2D layered birnessite structure 

(Figure 2.1). Four peaks were identified and present in all birnessite samples: 001 at 5.4 

2θ, 002 at 10.7 2θ, 11-1 at 16.5 2θ, and 311 at 28.8 2θ.
14

 The 001 and 002 peaks are of 

particular interest as they identify the basal plane of the sheet and interlayer region of the 

layered structure. To further ascertain the particle morphology and confirm no side 

products were formed, SEM was utilized. Upon drying, birnessite was shown to 

aggregate and form the flower-pod-like particles typically seen for this material. As seen 

in Figure 2.2, all of our birnessite samples shared this flower pod morphology. 
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Figure 2.1.  Powder X-ray diffraction pattern of birnessite samples, : 3.45(B1) : 3.46 (B2)  

: 3.50(B3) : 3.51(B4) : 3.77(B5) : 3.78(B6) : 3.49 (B5*) 

 (a)      

Figure 2.2. SEM of birnessite samples: (a) B1- Mn(3.45); (b) B2- Mn(3.46); (c) B3- 

Mn(3.50); (d)B4- Mn(3.51); (e) B5- Mn(3.77); (f.) B6- Mn(3.78). 

 

10 μm 1 μm 
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 (b)       

(c)       

(d)     

Figure 2.2. SEM of birnessite samples: (a) B1- Mn(3.45); (b) B2- Mn(3.46); (c) B3- 

Mn(3.50); (d)B4- Mn(3.51); (e) B5- Mn(3.77); (f.) B6- Mn(3.78). 

  

10 μm 5 μm 

10 μm 5 μm 

10 μm 1 μm 
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 (e)      

 (f)     

Figure 2.2. SEM of birnessite samples: (a) B1- Mn(3.45); (b) B2- Mn(3.46); (c) B3- 

Mn(3.50); (d)B4- Mn(3.51); (e) B5- Mn(3.77); (f.) B6- Mn(3.78). 

 To characterize the elemental composition, we turned to ion chromatography (IC), 

inductively coupled plasma optical emission spectroscopy (ICP-OES), and x-ray 

photoelectron spectroscopy (XPS). IC was utilized to ascertain the potassium to 

manganese ratios of each birnessite species, while ICP was utilized to determine the 

manganese content of each sample. These concentrations are summarized in Table 2.1. 

XPS was utilized to ascertain the concentration of O
2-

 lattice oxygen, O
2-

 defects, and 

OH
-
 defects in the system with fitting the O1s region to two peaks. The prominent lower 

10 μm 1 μm 

10 μm 1 μm 
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energy peak at 528.5eV was assigned as metal-oxo O
2-

 and the higher energy peak at 

~531eV was assigned to be the O
2-

 defects.
15

 This ratio was then set to the stoichiometric 

MnO2 found in birnessite. The final stoichiometric assignments resulted in an average of 

K0.40Mn(O
2-

1.67)(O
2- defect

0.33), which is typical of birnessite (Table 2.2).  

Table 2.1. Manganese content for bulk birnessite sample determined by ICP-OES. 

 Birnessite 

Digested (mg) 

ICP 

Conentration 

(mg/L) 

Mn content 

(mg) 

Mn content (mg 

Mn/ mg birnessite) 

B1 50.5 0.872 21.8 0.431 

B2 23.4 0.696 8.70 0.371 

B3 50.9 0.901 22.5 0.442 

B4 30.5 0.407 10.1 0.333 

B5 50.0 0.872 21.8 0.436 

B6 50.1 0.916 21.8 0.457 

B5*
, a 

7.4
a 

11.6
a
 2.9

a
 0.375 

B3-PC 47.8 0.803 20.0 0.418 

B6-PC 30.4 0.552 13.8 0.453 
a 
For B5* sample, second dilution (1.0mL to 100mL dilution) was not performed. Sample 

was digested in 20mL hydroxylamine hydrochloride and diluted to 250.0mL and run 

through the ICP-OES. 

*- Represents birnessite sample after comproportionation reaction 

PC- Represents post-catalysis sample 
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Table 2.2. Birnessite stoichiometries determined by ICP-OES, IC, and XPS. 

 Simplified Complete 

B1 K0.20MnO2 K0.20Mn(IV0.50,III0.44,II0.06)(O1.79)(O0.21) 

B2 K0.31MnO2 K0.31Mn(IV0.54,III0.40,II0.06)(O1.70)(O0.30) 

B3 K0.61MnO2 K0.61Mn(IV0.57,III0.37,II0.06)(O1.79)(O0.21) 

B4 K0.90MnO2 K0.90Mn(IV0.55,III0.41,II0.04)(O1.65)(O0.35) 

B5 K0.22MnO2 K0.22Mn(IV0.78,III0.22,II0.00)(O1.70)(O0.30) 

B6 K0.18MnO2 K0.18Mn(IV0.78,III0.22,II0.00)(O1.43)(O0.57) 

B5* K0.20MnO2 K0.20Mn(IV0.61,III0.28,II0.11)(O1.43)(O0.57) 

B3-SS K0.010MnO2 K0.01Mn(IV0.74,III0.22,II0.04)(O1.16)(O0.84) 

B6-SS K0.021MnO2 K0.02Mn(IV0.70,III0.29,II0.01)(O1.22)(O0.76) 

B5*-SS K0.018MnO2 K0.018Mn(IV0.59,III0.26,II0.13)(O1.66)(O0.54) 

B3-PC K0.0020MnO2 K0.02Mn(IV0.67,III0.24,II0.09)(O1.06)(O0.94) 

B6-PC K0.0060MnO2 K0.20Mn(IV0.68,III0.13,II0.19)(O1.06)(O0.94) 

B5*-PC K0.012MnO2 K0.012Mn(IV0.68,III0.10,II0.22)(O1.34)(O0.66) 

*- Represents birnessite sample after comproportionation reaction 

SS- Represents sample after 2 minutes of catalysis when catalyst has reached steady state 

region 

PC- Represents post-catalysis sample 

 XPS was utilized to determine the oxidation state of the birnessite samples 

(Figure 2.3). To precisely determine the average oxidation state (AOS) of the samples, 

fittings as outlined by Nesbitt were implemented.
16-18

 Through these fittings, we were 

able to assigned four of the birnessite samples as “low AOS” samples (B1, B2, B3, B4) 

and two as “high AOS” samples, which are summarized in Table 2.3. In summary, the 

samples and their AOS are as follows: B1- 3.45, B2- 3.46, B3- 3.50, B4- 3.51, B5- 3.77, 

and B6- 3.78. BET surface area measurements were additionally taken and can also be 

found in Table 2.3. As expected from the judicious measures taken to control synthetic 

conditions, all birnessite surface areas were measured between 14 to 20 m
2
/g.  
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(a)   (b)  

 (c)   

Figure 2.3. XPS of (a) B1 Mn 2p; (b) B1 O 1s; (c) B1 K2p; (d) B2 Mn 2p; (e) B2 O 1s; 

(f) B2 K 2p; (g) B3 Mn 2p; (h) B3 O 1s; (i) B3 K 2p; (j) B4 Mn 2p; (k) B4 O 1s; (l) B4 K 

2p; (m) B5 Mn 2p; (n) B5 O 1s; (o) B5 K 2p; (p) B6 Mn 2p; (q) B6 O 1s; (r) K 2p. For 

Mn 2p3/2 spectra- Mn(IV) , Mn(III) , and Mn(II) .
18

. For O 1s spectra, metal oxo 

O
2-

  defect O
2-

 , and OH
-
 .

15
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(d)  (e)  

(f)   

Figure 2.3. XPS of (a) B1 Mn 2p; (b) B1 O 1s; (c) B1 K2p; (d) B2 Mn 2p; (e) B2 O 1s; 

(f) B2 K 2p; (g) B3 Mn 2p; (h) B3 O 1s; (i) B3 K 2p; (j) B4 Mn 2p; (k) B4 O 1s; (l) B4 K 

2p; (m) B5 Mn 2p; (n) B5 O 1s; (o) B5 K 2p; (p) B6 Mn 2p; (q) B6 O 1s; (r) K 2p. For 

Mn 2p3/2 spectra- Mn(IV) , Mn(III) , and Mn(II) .
18

. For O 1s spectra, metal oxo 

O
2-

  defect O
2-

 , and OH
-
 .

15 
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(g)  (h)  

(i)   

Figure 2.3. XPS of (a) B1 Mn 2p; (b) B1 O 1s; (c) B1 K2p; (d) B2 Mn 2p; (e) B2 O 1s; 

(f) B2 K 2p; (g) B3 Mn 2p; (h) B3 O 1s; (i) B3 K 2p; (j) B4 Mn 2p; (k) B4 O 1s; (l) B4 K 

2p; (m) B5 Mn 2p; (n) B5 O 1s; (o) B5 K 2p; (p) B6 Mn 2p; (q) B6 O 1s; (r) K 2p. For 

Mn 2p3/2 spectra- Mn(IV) , Mn(III) , and Mn(II) .
18

. For O 1s spectra, metal oxo 

O
2-

  defect O
2-

 , and OH
-
 .

15
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(j)   (k)  

(l)   

Figure 2.3. XPS of (a) B1 Mn 2p; (b) B1 O 1s; (c) B1 K2p; (d) B2 Mn 2p; (e) B2 O 1s; 

(f) B2 K 2p; (g) B3 Mn 2p; (h) B3 O 1s; (i) B3 K 2p; (j) B4 Mn 2p; (k) B4 O 1s; (l) B4 K 

2p; (m) B5 Mn 2p; (n) B5 O 1s; (o) B5 K 2p; (p) B6 Mn 2p; (q) B6 O 1s; (r) K 2p. For 

Mn 2p3/2 spectra- Mn(IV) , Mn(III) , and Mn(II) .
18

. For O 1s spectra, metal oxo 

O
2-

  defect O
2-

 , and OH
-
 .

15
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(m)  (n)  

(o)   

Figure 2.3. XPS of (a) B1 Mn 2p; (b) B1 O 1s; (c) B1 K2p; (d) B2 Mn 2p; (e) B2 O 1s; 

(f) B2 K 2p; (g) B3 Mn 2p; (h) B3 O 1s; (i) B3 K 2p; (j) B4 Mn 2p; (k) B4 O 1s; (l) B4 K 

2p; (m) B5 Mn 2p; (n) B5 O 1s; (o) B5 K 2p; (p) B6 Mn 2p; (q) B6 O 1s; (r) K 2p. For 

Mn 2p3/2 spectra- Mn(IV) , Mn(III) , and Mn(II) .
18

. For O 1s spectra, metal oxo 

O
2-

  defect O
2-

 , and OH
-
 .

15
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(p)   (q)  

(r)   

Figure 2.3. XPS of (a) B1 Mn 2p; (b) B1 O 1s; (c) B1 K2p; (d) B2 Mn 2p; (e) B2 O 1s; 

(f) B2 K 2p; (g) B3 Mn 2p; (h) B3 O 1s; (i) B3 K 2p; (j) B4 Mn 2p; (k) B4 O 1s; (l) B4 K 

2p; (m) B5 Mn 2p; (n) B5 O 1s; (o) B5 K 2p; (p) B6 Mn 2p; (q) B6 O 1s; (r) K 2p. For 

Mn 2p3/2 spectra- Mn(IV) , Mn(III) , and Mn(II) .
18

. For O 1s spectra, metal oxo 

O
2-

  defect O
2-

 , and OH
-
 .

15 
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(s)  (t)  

(u)  

Figure 2.3. XPS of (a) B1 Mn 2p; (b) B1 O 1s; (c) B1 K2p; (d) B2 Mn 2p; (e) B2 O 1s; 

(f) B2 K 2p; (g) B3 Mn 2p; (h) B3 O 1s; (i) B3 K 2p; (j) B4 Mn 2p; (k) B4 O 1s; (l) B4 K 

2p; (m) B5 Mn 2p; (n) B5 O 1s; (o) B5 K 2p; (p) B6 Mn 2p; (q) B6 O 1s; (r) K 2p. For 

Mn 2p3/2 spectra- Mn(IV) , Mn(III) , and Mn(II) .
18

. For O 1s spectra, metal oxo 

O
2-

  defect O
2-

 , and OH
-
 .

15 
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Table 2.3. XPS and BET surface area data for birnessite samples. 

Sample 

Name 

AOS
a 

Mn(IV) 

(%) 

Mn(III) 

(%) 

Mn(II) 

(%) 

O
2-

 (%) OH
-
 (%) Surface 

Area 

(m
2
/g)

b 

B1 3.45 50.71 43.63 5.69 89.57 10.43 20.48 

B2 3.46 53.62 39.67 6.94 85.20 14.80 14.56 

B3 3.50 57.07 36.82 6.12 89.57 10.43 15.41 

B4 3.51 55.21 40.88 3.92 82.68 16.32 16.47 

B5 3.77 77.92 22.02 0.06 85.43 14.57 19.24 

B6 3.78 78.57 21.92 0.00 71.61 29.39 19.37 

B3-SS
c
 3.71 74.81 22.01 3.19 58.13 41.87 15.41 

B6-SS 3.70 70.65 29.30 0.08 61.85 38.15 19.37 

B3-PC
d 

3.57 66.67 24.50 8.83 53.85 46.06 15.41 

B6-PC 3.48 67.73 13.47 18.80 53.94 46.06 19.37 

B5*
e 

3.49 

3.04
f 

60.86 

4.37
f 

28.00 

94.62
f 

11.14 

1.46
f 

71.81 

51.56
f 

28.19 

48.44
f 

33.47 

97.30
f
 

B5*-SS 3.44 59.93 26.37 13.70 83.41 16.59 33.74 

B5*-PC 3.44 68.53 9.45 21.92 66.86 33.14 33.74 
a 
AOS, manganese oxidation state percentages, and oxygen species were determined via XPS 

b 
Surface area was determined by BET measurements. 

 

 After confirmation that Mn AOS represented the primary difference between the 

birnessite samples, and that the morphology and surface areas were well controlled, the 

prospective water oxidation activity was tested using a chemical oxidant, ceric 

ammonium nitrate (Ce(NH4)(NO3)5, CAN). The results of the oxygen evolution 

experiments can be seen in Figure 2.5. Here we note two regions of particular interest: 

the initial induction period and linear region where the active catalyst has reached a 

steady state concentration. The first region of interest is the initial 5s. When we compare 

our sets of birnessite catalysts, we see a trend between the catalyst’s AOS and initial 

activity. In our low AOS birnessites, oxygen evolves almost immediately and generally 

results in a higher yield. In contrast, the high AOS birnessites produce no oxygen in the 

first 5s. Instead, some initial activation step is undergone in these high AOS catalysts. 
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After this initial induction period, the high AOS sample hits a turnover rate similar to that 

of the low AOS. At about 15s, both sets of birnessites reach a linear region until the 

catalysts deactivation occurs. 

    

(a)  

(b)  

Figure 2.4. Water oxidation activity of catalysts as analyzed (a) electrochemically and 

(b) ceric oxidation of B1 , B2 , B3 , B4 , B5 , B6 , and B5* . 
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Table 2.4. Turnover numbers (TON) and turnover frequencies (TOF) of birnessite samples with 

esd.  

 TON 

(mmol O2/ 

mol surface 

Mn) 

TOF 

(mmol O2/ mol 

surface Mn*s) 

TON 

(mmol O2/ m
-2

) 

TOF 

(mmol O2/ m
-2

*s) 

TON 

(mmol O2/ mol 

Mn) 

TOF  

(mmol O2/ 

mol Mn*s) 

B1 145 ± 3 2.2 ± 0.5 (3.26 ± 0.06)x10
-3

 (4.9 ± 1)x10
-5

 8.6 ± 0.2 0.13 ± 0.03 

B2 535 ± 6 3.1 ± 1 (1.20 ± 0.01)x10
-2

 (4.9 ± 2)x10
-5

 9.6 ± 0.3 0.15 ± 0.06 

B3 225 ±- 2  4.6 ± 2 (5.1 ± 0.46)x10
-3

 (1.0 ± 0.3)x10
-4

 9.0 ± 0.9
 

0.20 ± 0.07
 

B4 454 ± 4 1.9 ± 1 (1.01 ± 0.01)x10
-2

 (4.2 ± 2.7) x10
-5

 10.0 ± 0.3 0.12 ± 0.07 

B5 178 ± 2 1.3 ± 0.9 (4.00 ± 0.06)x10
-3

 (3.0 ± 2)x10
-5

 9.8 ± 0.1 0.05 ± 0.05 

B6 115 ± 5 1.7 ± 1 (2.57 ± 0.11)x10
-3

 (3.9 ± 3)x10
-5

 6.0 ± 0.3
 

0.09 ± 0.07
 

B5* 5800  ± 200  4.7 ± 3 0.130 ± 0.004 

 

(1.0 ± 0.7) x 10
-4

 640 ± 20
 

0.50 ± 0.04 

 

These studies suggest a strong correlation between the concentration of low oxidation 

state manganese and initial activity. To further investigate this phenomenon, high AOS 

samples were exposed to Mn
2+ 

in solution to perform a comproportionation reaction in 

which the Mn
2+

 and Mn
4+

 resulted in an increase of Mn
3+

 content in the material. After 

initial characterization (Table 2.3), we observed a material with a 3x increase in surface 

area and reduced AOS of 3.04 as measured from XPS. As this change in the material’s 

properties appeared extreme, we turned to TEM (Figure 2.6) to confirm maintenance of 

morphology. We observed the presence of an unidentified nanoparticulate side product 

phase. With further washing of the material by both vacuum filtration and low speed 

(1000rpm) centrifugation, the isolated material showed no presence of the side product 

phase by TEM. Additionally, a reasonable surface area increase of 33 m
2
/g from the 

original 19 m
2
/g value and reduction in AOS from 3.77 to 3.49 by XPS (Figure 2.3g, 

Table 2.3) was observed. This material will be further referred to as comproportionated 

birnessite or B*. 
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(a)  (b)   

(c)  (d)   
Figure 2.5. TEM of (a) birnessite ; (b) unwashed post-comproportionation sample; (c) Mn(III) 

nanoparticle side products; (d) pure comproportionated sample. 

The washed material was further characterized using XRD (Figure 2.1), SEM (Figure 

2.2j), and ICP-OES (Table 2.1, 2.2), where no change in the particle morphology was 

observed between the high AOS birnessite and its comproportionated birnessite. The new 

comproportionated birnessites were then tested for their OER activity, where a loss of the 

induction period was expected if Mn
3+

 represents the initial active catalyst. As seen in 

Figure 2.5, not only was this induction period lost but a high activity species continued to 

evolve oxygen at the initial rate past where the steady state period concluded in the non-

comproportionated sampled. This increased activity resulted in a 50-fold increase in total 

turnovers in the system compared to its high AOS starting material. 
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In an attempt to understand the reaction processes and reason for catalytic 

improvement, we analyzed one low AOS sample, B3, and one high AOS sample, B6, by 

XPS, BET, and SEM. Samples were isolated, washed, and dried after 5min and at the end 

of the catalytic process. BET and SEM analysis confirmed no changes to the particle with 

the surface area (Table 2.3) and flower pod morphology (Figure 2.7) remaining before, 

during, and after catalysis. Analysis of the XPS data identified three interesting features 

(Table 2.3, Figure 2.8). The first is the oxidation state of the manganese. Looking at the 

Mn 2p3/2 region and applying the same fittings as before, we see a noteworthy trend. For 

both the high and low AOS birnessites, each catalyst reached an AOS of 3.7 during the 

linear region suggesting the presence of a high oxidation state manganese intermediate 

during the catalytic process. This suggests the steady state species is an oxidized Mn and 

the rate limiting step may be the actual O-O bond formation step. After the reaction 

ceases, the analysis of the post-catalysis birnessites show a manganese AOS of 3.5. This 

follows what is seen in the Kok cycle where manganese oxidative power increases as it is 

hit with a photon and increases the oxidation states of the manganese in OEC. After 

release of oxygen in the S4 state, the system is reduced and regenerated.  

When comparing these steady state results to those of the comproportionated samples, 

we observe the nature of the manganese AOS during the linear region. Analysis of the B* 

steady state by XPS (Figure 2.3g, Table 2.3) shows the manganese AOS of 3.44 is 

maintained during the linear period. This suggests the comproportionation process 

enriches and stabilizes the sample with Mn
3+

 defect surface and interlayer sites, which 

enables the Mn
3+

 decorated birnessite to maintain the high TOF through its lifetime and 

evolve an order 50-fold more oxygen.  
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(a)    

 (b)    

(c)         

Figure 2.6. SEM images of birnessite samples: (a) B3 post-catalysis (B3 PC- 3.71);  (b) 

B6 post-catalysis (B6PC- 3.70); (c) B6* comproportionated. 

10 μm 1 μm 

10 μm 1 μm 

1 μm 10 μm 
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(a)  (b)  

(c)  (d)  

(e) (f) 

Figure 2.7.  XPS of (a) B3-SS Mn 2p; (b) B3-SS O 1s; (c) B6-SS Mn 2p; (d) B6-SS O 1s; (e) 

B6*-SS Mn 2p; (f) B6*-SS O 1s; (g) B3-PC Mn 2p (h) B3-PC O 1s; (i) B3-PC K 2p; (j) B3-PC 

Ce 3d; (k) B6-PC Mn 2p (l) B6-PC O 1s; (m) B6-PC K 2p; (n) B6-PC Ce 3d; (o) B6*-PC 

Mn 2p (p) B6*-PC O 1s; (q) B6*-PC K 2p; (r) B6*-PC Ce 3d. For Mn 2p3/2 spectra- Mn(IV) 

, Mn(III) , and Mn(II) .
18

 For O 1s spectra, metal oxo O
2-

  defect O
2-

 , and OH
-
 

.
15

 For Ce 3d spectra- Ce
3+

  and Ce
4+

 .
21
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 (g)
 

(h)  

(i) (j)  

Figure 2.7.  XPS of (a) B3-SS Mn 2p; (b) B3-SS O 1s; (c) B6-SS Mn 2p; (d) B6-SS O 1s; (e) 

B6*-SS Mn 2p; (f) B6*-SS O 1s; (g) B3-PC Mn 2p (h) B3-PC O 1s; (i) B3-PC K 2p; (j) B3-PC 

Ce 3d; (k) B6-PC Mn 2p (l) B6-PC O 1s; (m) B6-PC K 2p; (n) B6-PC Ce 3d; (o) B6*-PC 

Mn 2p (p) B6*-PC O 1s; (q) B6*-PC K 2p; (r) B6*-PC Ce 3d. For Mn 2p3/2 spectra- Mn(IV) 

, Mn(III) , and Mn(II) .
18

 For O 1s spectra, metal oxo O
2-

  defect O
2-

 , and OH
-
 

.
15

 For Ce 3d spectra- Ce
3+

  and Ce
4+

 .
21
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(k)  (l)  

(m)  (n)  

Figure 2.7.  XPS of (a) B3-SS Mn 2p; (b) B3-SS O 1s; (c) B6-SS Mn 2p; (d) B6-SS O 1s; (e) 

B6*-SS Mn 2p; (f) B6*-SS O 1s; (g) B3-PC Mn 2p (h) B3-PC O 1s; (i) B3-PC K 2p; (j) B3-PC 

Ce 3d; (k) B6-PC Mn 2p (l) B6-PC O 1s; (m) B6-PC K 2p; (n) B6-PC Ce 3d; (o) B6*-PC 

Mn 2p (p) B6*-PC O 1s; (q) B6*-PC K 2p; (r) B6*-PC Ce 3d. For Mn 2p3/2 spectra- Mn(IV) 

, Mn(III) , and Mn(II) .
18

 For O 1s spectra, metal oxo O
2-

  defect O
2-

 , and OH
-
 

.
15

 For Ce 3d spectra- Ce
3+

  and Ce
4+

 .
21
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(o)   (p)  

(q)   (r)  

Figure 2.7.  XPS of (a) B3-SS Mn 2p; (b) B3-SS O 1s; (c) B6-SS Mn 2p; (d) B6-SS O 1s; (e) 

B6*-SS Mn 2p; (f) B6*-SS O 1s; (g) B3-PC Mn 2p (h) B3-PC O 1s; (i) B3-PC K 2p; (j) B3-PC 

Ce 3d; (k) B6-PC Mn 2p (l) B6-PC O 1s; (m) B6-PC K 2p; (n) B6-PC Ce 3d; (o) B6*-PC 

Mn 2p (p) B6*-PC O 1s; (q) B6*-PC K 2p; (r) B6*-PC Ce 3d. For Mn 2p3/2 spectra- Mn(IV) 

, Mn(III) , and Mn(II) .
18

 For O 1s spectra, metal oxo O
2-

  defect O
2-

 , and OH
-
 

.
15

 For Ce 3d spectra- Ce
3+

  and Ce
4+

 .
21 

A possible cause of the catalytic deactivation can also be ascertained using the XPS, 

where we see the growth of two sets of peaks in the Ce 3d region corresponding to Ce
3+

 

and Ce
4+

(Figure 2.8).While the presence of neither is surprising, it does suggest the 

trapping of these ions at the active surface sites or interlayer. The presence of these Ce 

ions in the interlayer can be additionally confirmed by examination of pre- and post-

catalysis PXRD (Figure 2.9), where we observe an increase in the interlayer spacing post-
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catalysis associated with the shift to lower angles in the 001 and 002 peak. Additionally, 

the multiple 002 peaks in the B6PC sample suggest a variety of trapped interlayer 

species. The PXRD and XPS data of the pre- and post-catalysis samples suggests that 

interlayer activity may play an important role in facilitating the OER, which will be 

discussed further in Chapter 3 and 4. The loss of the K 2p peak confirms the replacement 

of K
+
 with Ce

3+/4+
 as catalysis proceeds. The presence and trapping of the Ce species 

suggests diffusion of Ce
4+ 

into the interlayer to provide oxidizing equivalents to the active 

sites. The presence of interlayer Ce
3+

 may then be difficult to exchange and is one 

possible explanation catalyst deactivation. Additionally, the decrease in the Mn AOS for 

the PC samples coupled with the variety of 002 peaks seen in the B6PC sample supports 

dissociation of Mn
2+

 as a possible cause of catalyst deactivation.  Finally, in the O 1s 

region we observe the functionalization of the manganese oxide surface with the increase 

in O
2-

 defect type oxygen from 10% and 29% for B3 and B6, respectively, to 46% for 

both species in the post-catalysis sample. This suggests the importance of forming defect 

sites for the OER process. As the formation of O
2-

 defects is not surprising given catalytic 

condictions that create active sites, reactive oxygen species, and orphaned electrons due 

to the lack of HER co-catalyst present, an oversaturation of defects could result in 

significant structural distortion, resulting in another potential avenue of catalyst 

deactivation. 
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Figure 2.8. PXRD of B2 , B2PC , B6 , and B6PC . 

 

2.3 Conclusions 

In summary, the importance of low AOS manganese in a birnessite water oxidation 

catalyst was experimentally determined.  When comparing sets of birnessites whose 

major distinguishing feature was the AOS of the manganese, high AOS birnessite 

displayed an initial activation delay, which was not seen in the low AOS samples. To 

confirm the important role this low oxidation state manganese defects played, the 

manganese in the high AOS birnessite samples was reduced using a comproportionation 

reaction which decorated the birnessite with Mn
3+

. These comproportionated samples 

showed a loss of the induction period and 50-fold increase in total turnovers. This is 

attributed to the stabilization of low oxidation state manganese throughout the catalytic 

process through introduction of active surface corner-sites or interlayer defect sites. 
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2.4 Experimental 

General. Reagents were mixed by adding HCl solution to KMnO4 via a New Era-1000 

programmable syringe pump. X-ray powder patterns were acquired on a Bruker Kappa 

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

a TRIUMPH monochromator. X-ray photoelectron spectra (XPS) of the dry samples 

were collected with a Scienta ESCA-300 at Lehigh University or a Thermo Scientific K-

alpha+ at the University of Delaware. BET surface area was determined via a 

Micrometrics ASAP 202 Surface Area and Porosity Analyzer. For some depictions of the 

data, O2 yield is compared with surface Mn density instead of surface area. Density of 

surface Mn atoms was calculated from the surface density of manganese atoms on the 

001 face of birnessite (the most stable face) from the structure of crystalline birnessite. 

There are two Mn per rectangular C-face. The face has dimensions a and b = 5.149 Å   

and 2.843 Å respectively,
7
 giving a surface density of two atoms per 14.63 Å

2
 or 1 atom / 

7.32 x 10
-20

 m
2
. Converting to moles, this is 44,090 mol/m

2 
which is used as a conversion 

factor to convert from BET area to mol surface Mn. TEM samples were prepared by 

depositing one drop of sonicated birnessite sample in water (100 mg/L) on a lacey carbon 

copper mesh TEM grid (400 mesh, Ted Pella) and allowed to air dry.  Images were 

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

prepared by depositing sample on carbon conductive tape mounted on aluminum stubs. 

Images were acquired on an Agilent 8500 FE-SEM operating at 1 kV. Elemental analysis 

was performed using a Thermo Scientific iCAP 7000 Series ICP-OES. Evolved oxygen 

was measured and recorded via a HACH LD101 Optical Dissolved Oxygen Probe. 



41 
 

Synthesis of high oxidation state birnessite.
19

 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 
o
C, 360 rpm) 

solution of potassium permanganate (0.200 M, 250 mL) in a 400 mL beaker. Heating 

continued at 80 
o
C for an additional 0.5h after addition was completed. The resulting 300 

mL solution was then covered to prevent excessive evaporation overnight and aged for 15 

h at 50 
o
C before being washed via vacuum filtration with a fine frit five times to give 

B1, B5, and B6. These exact conditions were carried out for all samples in order to best 

control for consistent morphology, surface area and oxidation state. As seen in Table 1, 

synthesis of conditions yielded consistent surface areas for all three and similar oxidation 

states for B5 and B6. The difference between B1 and B5 and B6 is indicative of the 

chaotic nature the nucleation of the particles of this reaction as the same chloride 

concentrations does not necessarily correspond to the same oxidation state. Despite the 

extreme measures to ensure consistency, oxidation state can only be approximated. 

However, the use of the controlled, syringe pump addition improves both surface area 

and AOS consistency. 

Synthesis of low oxidation state birnessite.
19

 Hydrochloric acid (2 M, 50.0 mL) was 

added drop wise via a syringe pump at 1 mL/min to a heated and stirred (80
o
C, 360 rpm) 

solution of potassium permanganate (0.200 M, 250 mL) in a 400 mL beaker. Heating 

continued at 80 
o
C for an additional 0.5h after addition was completed. The resulting 300 

mL solution was then covered to prevent excessive evaporation overnight and aged for 15 

h at 50 
o
C before being washed via vacuum filtration with a fine frit five times to give 

B2, B3, and B4. These exact conditions were carried out for all samples in order to best 

control for consistent surface area and oxidation state.  
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Comproportionation of birnessite for enriching surface with Mn(III). B5, Mn(3.77), 

birnessite (0.1818 g) was stirred in a suspension of manganese(II) chloride (0.3264 g, 

1.650 mmol) in 50 mL of water for 20 h. In addition to the birnessite, the centrifuged 

product contained a new phase of catalytically inactive Mn(III) nanoparticles based on 

TEM (Fig. S4a,c) and BET (surface area = 97.7 m
2
/g). Vacuum filtration and washing of 

an aqueous suspension of this material removed the nanoparticles based upon TEM (Fig. 

d) and BET (33.4 m
2
/g) to give product B5. Removal of the nanoparticle phase increased 

catalytic activity (TON) from 2506 to 5790 mmol O2/mol surface Mn indicating the 

nanoparticle phase is not the active catalyst.  

Oxygen evolution experiments. In general, 50 mg birnessite was stirred in an 

unbuffered 15mL suspension of deionized water (purged with argon for at least 3h) in a 

25mL filter flask under a nitrogen blanket. In trials with B2 and B4, 5 mg was used. 5mL 

of argon purged ammonium cerium(IV) nitrate (CAN, 0.4M, 2mmol) was added to the 

suspension via a 10mL syringe, which resulted in a pH = 2 solution during catalysis, 

which decreased to a pH of 1 at the time of catalyst deactivation. OER induction period 

measurements were recorded every second over a two minute period at which point the 

steady state was reached. Total lifetime and oxygen production measurements were taken 

in minute intervals over the course of 2.5h. All trails were performed in triplicate and 

data points were normalized by sample surface area, manganese content, and zeroed to an 

initial minimum oxygen concentration value of zero. Comproportionated sample (B5) 

loading was decreased by a factor of five and normalized in order to keep the oxygen 

production within the range of the probe (max detection limit = 20.00 mg/mL; max 

observed = 9.02 mg/mL). Each experiment was repeated in triplicate and averaged 
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between trials. For some of the high AOS samples with low catalytic activities, a slight 

drop in O2 concentration was observed upon injection of CAN. This is attributed to 

dilution of baseline oxygen in the birnessite suspension by the more recently-sparged 

CAN. This dip is not observed in the more active low AOS samples due to the immediate 

formation of O2 upon mixing. TON is calculated as mmol O2/amount of catalyst. TOF is 

calculated as the initial rate (Fig.S6)/amount of catalyst. (amount of catalyst quantity: 

mmol surface Mn, surface area (m
2
) or mmol bulk Mn) 

 

Figure 2.9. A dissolved oxygen probe monitors a stirred suspension of birnessite before 

and after injection of N2-sparged ceric ammonium nitrate via syringe. The apparatus is 

protected from air-O2 by flowing nitrogen into the side-arm of the flask, which exits 

through the top. 

X-ray photoelectron spectroscopy 

X-ray photoelectron spectra (XPS) of the dry samples were collected using 

monochromatic Al Kα X-rays (148.7 eV) generated from a rotating anode were used with 

a high resolution, 300 mm mean radius hemispherical electrostatic analyzer. The base 

pressure of the analysis chamber was maintained at 1x10
-9

 Torr. Survey scans were 
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collected using fixed pass energy of 300 eV and narrow scans were collected using a 

fixed pass energy of 150 eV. Data collected for the Mn 2p3/2 and O 1s spectral regions 

were peak fitted using Casa XPS software. To fit the Mn 2p3/2 region the procedure used 

by Nesbit and Banerjee was employed that takes into account the multiplet structure 

resulting from the presence of unpaired valence electrons in the 3d orbitals of manganese 

in the birnessite sample.
16-18

 This fitting procedure relies on the theoretical calculations 

by Gupta of the expected XPS spectra from the free Mn(IV), Mn(III), and Mn(II) ions. 

The prior work showed that the calculated XPS spectra for the free ions (each containing 

5 multiplet peaks) allowed the accurate fitting of experimental XPS Mn 2p3/2 data for 

birnessite.
16-18

 The contributions of the Mn(IV) to the XPS data were fitted with peaks at 

642.15, 643.19, 644.0, 645.05, and 646.06 eV using a relative peak area ratio of 

1:0.63:0.32:0.10:0.06. Mn(III) contributions to the XPS data were fitted with peaks at 

640.83, 641.53, 642.34, 643.36, and 644.73 eV with a relative peak area ratio of 

1.0:0.71:0.42:0.30:0.30. Peak area ratios for each Mn-species were not changed during 

the fitting procedure. Peaks with a 50:50 Gaussian:Lorentzian contribution were used in 

the procedure and the full width half maximum for each peak was 1.15 eV. Using these 

parameters the spectral data was fitted by varying the relative contribution of individual 

set of multiplet peaks. 

Determination of Mn content 

To determine total Mn content, 0.50g of birnessite was dissolved in hydroxylamine 

hydrochloride (0.25M, 20mL) and diluted to 250mL. Mn content was then determined by 

analysis of an aliquot of the diluted solution by ICP-OES. 
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Average oxidation state of Mn 

An oxalic acid-permangante back-titration
20

 was used to determine the bulk AOS. First, 

Mn content was determined using the previous stated method. Second, a 0.50g sample of 

birnessite was completely dissolved in 5mL of 0.48M oxalic acid and 10.00mL H2SO4 to 

reduce all Mn species to Mn
2+

. The excess oxalate was determined by back-titration at 

70
o
C with a KMnO4 (0.025M) solution. AOS was calculated according to both the 

titration result and the total Mn amount.  
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CHAPTER 3 

 

THE ROLE OF DOPANTS INCORPORATED INTO THE 

BIRNESSITE LATTICE: A STUDY OF COBALT 

DOPANT’S ROLE ON THE WATER OXIDATION 

ACTIVITY 
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3.1 Introduction 

 In the previous chapter, the importance of Mn
3+

 defects were investigated. Not 

surprisingly, the introduction of foreign structural species in the form of surface and 

interlayer Mn
3+

 into the MnO2 resulted in structural and chemical property changes of the 

birnessite material, which gave rise to enhanced OER capabilities. The natural 

proceeding question is: what further structural additions yield similar catalytic 

enhancement?  

 Dopants, foreign atoms incorporated into a material’s structure, have often been 

used to modify structural and electronic properties of materials.
1-3

 For photoanode 

application, some of the earliest reports involve doping TiO2.
4,5

 In these cases, inclusion 

of other first row transition metals such as iron were found to raise the valence band 

maximum (VBM) through the creation of surface states and cation vacancies caused by 

the inclusion of the iron species in the structure.
4
 Similar reports show the addition of 

metal dopants into the lattice of ternary titanium oxides, MTiO3, produce materials with a 

wide array of band gaps that are correlated with the electronegativity of the metallic 

dopant.
5
  

Titanate perovskites have displayed photocatalytic water splitting capabilities 

with differing alkali, alkaline earth, and lanthanide dopants substituted into the structure. 

Depending on whether the dopants rested in the perovskite (A
+2

B
+4

X
-2

3) structure’s A-

site, interlayer, or combination of the two resulted in a range of functionalities in the 

structure and thus a range of water splitting activities.
6
 A more recent study of this 

material found that incorporation of iron interstitial species in LaTiO2N in 
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CoOx/LaTiO2N nanostructure creates an empty mid-gap state which serves to tune the 

band alignments of these co-catalyst systems.
7 

 Likewise, a new effort in the exploration of dopants in hematite, α-Fe2O3, have 

been explored due to the material’s 2 eV band gap, ability to absorb 40% of the solar 

spectrum, and low cost, abundant elemental makeup.
8
 Incorporation of N-type dopants 

were found to increase conductivity by increasing the carrier concentration in the 

material.
9-12

 Theoretical work by Liao and co-workers, which was later supported 

experimentally, predicted cobalt and nickel dopants into the structure decreased the 

energy needed for water binding and stabilized O-based anions relative to standard 

hematite.
8,13

 Work by Hu and co-workers found that modifying the surface of Ti-doped 

hematite shifted the band edges so the VBM fell below the OER potential and raised the 

CBM to above the potential needed for the HER.
14  

Finally, work by Dunn and co-

workers found doping tin into the hematite material increased the rate of hole transfer, 

which serves to reduce charge-hole recombination during the kinetically slow OER.
15 

 As demonstrated in the above examples, dopants play an important role in the 

properties of materials and chemistry they can promote. As such, this chapter investigates 

the role dopants play in facilitating the OER in layered birnessite. Doping birnessite with 

other abundant metals is not a new concept with past examples focusing primarily on the 

effect of cobalt and nickel dopants.
16-20

 Birnessite has been particularly popular in the 

field of environmental detoxification of harmful metal ions due to its large surface area, 

vacancy sites, and redox properties, which benefit metal adsorption to the material.
21-24 
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  Previous studies showed that exposure of Co
2+

 to the birnessite structure resulted 

in oxidation and migration of the Co
3+

 into octahedral vacancy sites, where they were 

found to replace Mn
4+

.
25-27 

In naturally formed birnessite, Co is found to reside in the 

interlayer region, whereas synthesized cobalt birnessites find Co
3+

(O)(OH) mainly 

located in the sheets.
19,28,29 

While reports are varied between substitution of Mn
4+

 or Mn
3+

 

in the structure, all reports support an efficient incorporation of Co
3+

 into the birnessite 

structure due to its similar ionic radius to Mn
3+/4+

.
16,17,19 

These new structural features 

lead to properties for battery performance and application. The change in the stacking 

structure and order of birnessites results in a high specific capacity, decrease in charge 

transfer resistance, and improved stability relative to undoped birnessite.
18

  

 Ni
2+

 is adsorbed and stabilized above or below Mn vacancy sites. As such, the 

nature of Ni incorporation is dependent on the phase with Ni
2+

 substituting at Mn
3+

 sites 

in hexagonal birnessite and at edge sites in triclinic birnessite.
17,20,30-34

 A large degree of 

disorder in the out-of-plane stacking direction is observed when increased Ni 

concentrations are incorporated into the structure.
17,20

 The Ni, Co, and Ni/Co doped 

birnessite cases were all found to increase vacancy sites and disorder of the birnessite 

samples.
17,19,20

 These new, unique structural features proved useful in facilitating 

enhanced adsorption and removal of Pb
2+

 and As
3+

 species.
17,20

  

 From these studies, we know dopants have a profound effect on the structure and 

properties of materials. In birnessite, dopants were found to maintain structural order 

while increasing the number of defect and destabilized bond character in the structure. 

These particular characteristics play an important role in catalysis as they increase the 

number of potential active sites in the material. 



52 
 

 In this chapter, a wide range of doped birnessites are screened including: Cu-, Ni-, 

Fe-, V-, and Co-doped birnessite. Of these, Co was further explored and investigated as 

to ascertain the structural characteristics that resulted in high catalytic function for the 

OER. 

3.2 Results and discussion 

3.2.1 Determination of candidates 

 As previously stated, OER candidates must be robust, efficient, and comprised of 

cheap and earth abundant materials. Thus, cheap, first row transition metals were chosen 

as dopant candidates. Previous reports demonstrated the ability of Ni and Co to be at least 

moderately incorporated into the birnessite lattice. V, Cr, Fe, and Cu were additionally 

chosen as dopant candidates due to their abundance, accessibility, and similar sized 

atomic radius to Mn. The doped birnessites were synthesized through the reduction of 

KMnO4 with HCl and the appropriate MCl2 solution at about 10% M:Mn. The dried 

samples were analyzed via PXRD to confirm maintenance of the birnessite phase (Figure 

3.1) and morphology was confirmed using TEM (Figure 3.2).  
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.  

Figure 3.1 PXRD (λ=0.71) patterns of (a.) V-doped birnessite  (b.) Fe-doped birnessite 

 (c.) Cr-doped birnessite  (d.) Co-doped birnessite  (e.) Ni-doped birnessite  and 

(e.) Cu-doped birnessite .  

     (a)     (b)   

Figure 3.2 TEM of doped birnessite (a) V-doped birnessite; (b) Cr-doped birnessite; (c) 

Fe-doped birnessite; (d) Co-doped birnessite; (e.) Cu-doped birnessite. 

200 nm 100 nm 
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(c)    (d)   

(e)   

Figure 3.2 TEM of doped birnessite (a) V-doped birnessite; (b) Cr-doped birnessite; (c) 

Fe-doped birnessite; (d) Co-doped birnessite; (e.) Cu-doped birnessite. 

 

 ICP-OES was utilized to confirm and quantify the presence of the dopant in the 

birnessite material (Table 3.1). The presence of the dopant was observed in all samples 

though the total incorporation percentage varied between the samples and from the initial 

10% stoichiometric dopant incorporation used during the synthetic process. 

  

200 nm 200 nm 

200 nm 
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Table 3.1 Concentration of dopant species in birnessite material by ICP-OES. 

Sample Mn Concentration 

(mM) 

Dopant 

Concentration 

(mM) 

Mn:Dopant 

V-doped birnessite 0.375 0.039 9.6 

Cr-doped birnessite 0.710 0.005 142 

Fe-doped birnessite 0.526 0.081 6.5 

Co-doped birnessite 0.263 0.133 1.9 

Cu-doped birnessite 0.734 0.278 2.6 

 

 OER activity was determined by electrochemistry with overpotentials measured at 

10 mA/cm
-2 

(Figure 3.3, Table 3.2). Of the candidates, Co-doped birnessite was 

determined to be the most efficient dopant for the birnessite OER system with an 

overpotential of 0.497 V and further studies were conducted as to ascertain the function 

the Co dopant played in the material. 

 

Figure 3.3. Electrochemical polarization curves of doped birnessites. V-doped birnessite: 
, Cr-doped birnessite: , Fe-doped birnessite:, Co-doped birnessite:, Ni-doped 

birnessite:, and Cu-doped birnessite: . 
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Table 3.2. Overpotential values of doped birnessites 

Sample Overpotential (V) 

@10mA 

V-doped birnessite < 1 V 

Cr-doped birnessite Negligible 

Fe-doped birnessite 0.726 

Co-doped birnessite 0.497 

Ni-doped birnessite 0.575 

Cu-doped birnessite 0.657 

3.2.2 Systematic doping of cobalt into the birnessite sheets for OER 

 With the determination of cobalt as the best dopant candidate, we sought to 

discover the ideal cobalt concentration and underlying cause of catalytic enhancement. 

Thus, a series of Co-doped birnessites was synthesized. A stoichiometric concentration of 

cobalt to manganese of almost 1:1 was able to be incorporated into the system, enabling 

us to prepare 12% Co-doped, 20% Co-doped, 22% Co-doped, 31% Co-doped, 34% Co-

doped, 43% Co-doped, and 45% Co-doped. These will be referred to from this point 

forward as K/Co0.12Mn0.88O2, K/Co0.20Mn0.80O2, K/Co0.22Mn0.78O2, K/Co0.31Mn0.69O2, 

K/Co0.34Mn0.66O2, K/Co0.43Mn0.57O2, and K/Co0.45Mn0.55O2/, respectively. Incorporation 

over 45% was unachievable even in the presence of excess cobalt. ICP-OES was utilized 

to confirm the Co:Mn ratios (Table 3.3). 

Table 3.3. ICP-OES concentrations of Co-doped birnessites 

Sample Co concentration 

(mM) 

Mn 

concentration 

(mM) 

Co:Mn Surface 

Area 

m
2
/g 

K/Co0.12Mn0.88O2 0.834 0.110 0.12 8.7 

K/Co0.20Mn0.80O2 0.370 0.098 0.20 3.0 

K/Co0.22Mn0.78O2 0.411 0.110 0.22 4.9 

K/Co0.31Mn0.69O2 1.91 0.865 0.31 28.1 

K/Co0.34Mn0.66O2 1.61 0.865 0.34 13.6 

K/Co0.42Mn0.58O2 1.38 1.04 0.43 4.9 

K/Co0.45Mn0.55O2 1.11 0.928 0.45 10.0 

 



57 
 

 PXRD, TEM, and SEM were utilized to confirm the 2D birnessite structure and 

morphology was maintained throughout cobalt incorporation. PXRD (λ= 1.54 Å) shows 

the structure is maintained throughout incorporation. However, >40%, a significant 

stacking disorder is observed through the loss in the 001 and 002 peaks, which 

correspond to the sheet and interlayer structure features. The presence of peaks with no l 

components (110) confirm the structure of the sheets themselves are maintained but are 

not stacked efficiently in the c-direction. The birnessite morphology is confirmed in the 

TEM images (Figure 3.5) which show bulk sheet structures and the birnessite flower pod 

morphology in the SEM images (Figure 3.6). BET indicates surface areas of the particles 

to be slightly lower than that seen in standard birnessite (Table 3.3). 

 

Figure 3.4. PXRD (λ=1.54 Å) spectra of standard birnessite , K/Co0.12Mn0.88O2, 

K/Co0.20Mn0.74O2 , K/Co0.22Mn0.76O2 , K/Co0.31Mn0.69O2 , K/Co0.34Mn0.66O2 , 

K/Co0.42Mn0.58O2 , and KCo0.45Mn0.55O2 . 
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(a)  (b)   

(c)   (d)   

Figure 3.5. TEM of (a) standard birnessite; (b) K/Co0.12Mn0.88O2; (c) K/Co0.20Mn0.76O2; 

(d) K/Co0.22Mn0.74O2; (e) K/Co0.31Mn0.69O2; (f;) K/Co0.34Mn0.66O2; (g) K/Co0.42Mn0.58O2; 

(h) K/Co0.45Mn0.55O2. 

  

200 nm 
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(e)  (f)   

(g)  (h)  

Figure 3.5. TEM of (a) standard birnessite; (b) K/Co0.12Mn0.88O2; (c) K/Co0.20Mn0.76O2; 

(d) K/Co0.22Mn0.74O2; (e) K/Co0.31Mn0.69O2; (f;) K/Co0.34Mn0.66O2; (g) K/Co0.42Mn0.58O2; 

(h) K/Co0.45Mn0.55O2. 
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(a)  (b)  

  (c)   (d)   

(e)   (f)   

Figure 3.6. SEM of (a) standard birnessite; (b) K/Co0.12Mn0.88O2; (c) 

K/Co0.20Mn0.76O2; (d) K/Co0.22Mn0.74O2, (e) K/Co0.31Mn0.69O2, (f) K/Co0.34Mn0.66O2; 

(g) K/Co0.42Mn0.58O2; (h) K/Co0.45Mn0.55O2. 

10 μm 10 μm 

10 μm 10 μm 

5 μm 100 μm 
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(g.)  (h.)   

Figure 3.6. SEM of (a) standard birnessite; (b) K/Co0.12Mn0.88O2; (c) 

K/Co0.20Mn0.76O2; (d) K/Co0.22Mn0.74O2, (e) K/Co0.31Mn0.69O2, (f) K/Co0.34Mn0.66O2; 

(g) K/Co0.42Mn0.58O2; (h) K/Co0.45Mn0.55O2. 

 

 With confirmation that the birnessite structure is maintained, the next question is: 

what is the nature and location of the cobalt in the birnessite structure? XPS is utilized to 

identify the oxidation states of the manganese and cobalt species in the material. Analysis 

of exfoliated monolayer nanosheets with TEM-EDS and ICP-OES and bulk analysis with 

magnetometry were employed to determine the type of cobalt present in the sheet. Raman 

spectroscopy was employed to identify the apparent stacking disorder that arises from 

large Co concentrations.  

The XPS (Figure 3.7) shows Mn AOS similar to that seen in low AOS birnessite. 

However, with increasing Co incorporation, Mn
3+

 occupancy decreases with large Mn
4+

 

concentrations observed. This loss of Mn
3+

 features suggests Co systematically replaces 

Mn
3+

 in the system.
35,36

 On the other hand, Co in all doped systems are found to be 

exclusively Co
3+

.  

10 μm 10 μm 
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(a)  (b)  

(c)  (d)  

(e)  (f)  

Figure 3.7. XPS of Mn2p and Co2p of (a) K/Co0.12Mn0.88O2 Mn 2p; (b) K/Co0.12Mn0.88O2 

Co 2p; (c) K/Co0.31Mn0.69O2 Mn 2p; (d) K/Co0.31Mn0.69O2 Co 2p; (e) K/Co0.45Mn0.55O2 

Mn 2p; (f) K/Co0.45Mn0.55O2 Co 2p. Mn 2p3/2 region is fit with Mn
4+

:, Mn
3+

:, and 

Mn
2+

 : peaks. Negligible Mn
3+

 contribution are observed in higher Co concentration 

samples. 
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Solid state magnetometry of the bulk birnessite, K/Co0.12Mn0.88O2, 

K/Co0.34Mn0.66O2, and K/Co0.45Mn0.55O2 was measured to help determine the type of 

cobalt in the structure (Figure 3.8). Examination of the Currie-Weiss plots gave 

additional insight into Co
3+

 present in the system based on the linear deviation in the low 

temperature region (Figure 3.8b). The presence of a large angle deviation at low 

temperature for the birnessite and K[Co0.12Mn0.88O2] samples is indicative of anti-

ferromagnetically coupled manganese atoms. The incorporation of Co into the system 

separates the effective coupling between manganese atoms and produces lower angle 

deviation in the low temperature region. The presence of Co
2+

 in the system would not 

affect spacing of the Mn atoms located in the sheet and therefore the coupling constant, 

therefore the low temperature deviation in the Curie-Weiss constant at low coupled with 

the XPS confirm the presence of Co
3+

. 

(a.)  

Figure 3.8. (a.) Magnetic susceptibility and (b.) Curie-Weiss plot of birnessite , 

K/Co0.12Mn0.88O2 , K/Co0.34Mn0.66O2 , and K/Co0.45Mn0.55O2 . 
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(b.)  

Figure 3.8. (a.) Magnetic susceptibility and (b.) Curie-Weiss plot of birnessite , 

K/Co0.12Mn0.88O2 , K/Co0.34Mn0.66O2 , and K/Co0.45Mn0.55O2 . 

As the material is composed of 2D sheets, they can be exfoliated to individual 

monolayers in the presence of bulk molecular cations (tetrabutylammonium hydroxide). 

These individual sheets can then be analyzed for cobalt and manganese content to 

determine if the cobalt is present in the sheet. Analysis of the individual monolayers of 

the K/Co0.31Mn0.69O2 sample with TEM-EDS (Figure 3.9) confirmed the presence of 

cobalt and manganese in the sheets. ICP-OES analysis of the K/Co0.31Mn0.69O2 sample 

revealed a 0.3:0.7 Co:Mn ratio, similar to the bulk material. 

(a.)  (b.)  

Figure 3.9. (a.) TEM image of exfoliated K/Co0.31Mn0.69O2 with (b.) EDS spectra. 

100 nm 
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Table 3.4. ICP-OES of K/Co0.31Mn0.69O2 monolayers suspension 

Sample Co concentration 

(mM) 

Mn concentration 

(mM) 

Co:Mn 

K/Co0.31Mn0.69O2 

nanosheets 

0.030 0.070 0.30 

 

The appearance of the out-of-plane stacking disorder suggests the additional 

presence of the cobalt in the interlayer. In standard birnessite, Mn
3+

 is present in the 

system at about 25-33%. Thus, if Co
3+

 replaces Mn
3+

 in the system, we should expect a 

similar maximum incorporation in the sheet. Above this saturation point, excess cobalt 

would be expected to be trapped in the interlayer or remain in solution. The trapping of 

excess cobalt would explain the appearance of the stacking disorder at the point where a 

maximum incorporation would occur as well as explain why a maximum of 45% cobalt 

can be incorporated into the system, despite the presence of a large excess during the 

synthesis. To investigate the possibility of interlayer cobalt trapping, we turned to Raman 

spectroscopy (Figure 3.10). Previous studies have identified the ~575 cm
-1

 and ~640 cm
-1

 

stretches as the in-plane and out-of-plane stretches, repectively.
18,37

 The decreased 

intensity ratio between the ~575 and ~640 cm
-1

 peak as Co is introduced to the system 

and is greatest in the K/Co0.42Mn0.58O2, and K/Co0.45Mn0.55O2 samples, which matches the 

trend of the 001 and 002 peaks in the PXRD. The same peak broadening in the Raman 

spectra of birnessite in the presence of intercalants was additionally seen in previous 

work where nickel is intercalated into the birnessite interlayer.
38

 As such, we conclude 

after maximum incorporation of Co
3+

 into the sheets, excess cobalt is trapped in the 

interlayer region giving rise to the observed stacking disorder for high cobalt 

concentration samples. 
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Figure 3.10. Raman spectra of standard birnessite , K/Co0.12Mn0.88O2 , 

K/Co0.22Mn0.74O2 , K/Co0.31Mn0.69O2 , K/Co0.34Mn0.66O2 , K/Co0.42Mn0.58O2 , and 

K/Co0.45Mn0.55O2 . 

After characterization, the cobalt-doped birnessite materials were tested for water 

oxidation activity both electrochemically and in the presence of a chemical oxidant, ceric 

ammonium nitrate (Figure 3.11, Table 3.4). An increase in cobalt concentration correlates 

with an improvement of water oxidation activity. At 10 mA/cm
2
 and pH 14, the 

overpotential and Tafel slope were reduced from η= 780 mV to 420 mV and b= 250 

mV/dec to 81 mV/dec for standard birnessite for K/Co0.34Mn0.66O2, the best cobalt-doped 

catalyst, respectively. To test the catalyst in acidic medium and collect turnover number 

(TON) and turnover frequency (TOF) data, the catalysts were tested with a chemical 

oxidant, ceric ammonium nitrate. These activity studies yielded similar results with 

improvement correlated to increasing cobalt content and K/Co0.34Mn0.66O2 as the best 

catalyst with TON of 70 mmol O2/ mol metal, compared to 9 mmol/mol metal for 

standard birnessite. These activity values result in a 60% reduction in the overpotential, 

70% reduction in the Tafel slope, and 8-fold increase in the TON.  
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(a)  

(b)  

Figure 3.11 Water oxidation activity of catalysts as analyzed (a.) electrochemically and 

(b.) ceric oxidation of standard birnessite , K/Co0.12Mn0.88O2 , K/Co0.20Mn0.76O2 , 

K/Co0.22Mn0.74O2 , K/Co0.31Mn0.69O2 , K/Co0.34Mn0.66O2 , K/Co0.42Mn0.58O2 , and 

K/Co0.45Mn0.55O2 . 
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Table 3.5 Summary of catalyst activity of cobalt-doped birnessite by electrochemistry 

and chemical oxidation 

Sample Overpotential 

(mV) 

Tafel Slope 

(mV/dec) 

TON 

(mmol O2/mol 

TM) 

Birnessite 780 240 8.8 

K[Co0.12Mn0.88O2] 750 231 9.2 

K[Co0.20Mn0.76O2] 600 184 13 

K[Co0.22Mn0.74O2] 525 101 16 

K[Co0.31Mn0.69O2] 475 92 53 

K[Co0.34Mn0.66O2] 425 81 70 

K[Co0.42Mn0.58O2] 450 110 38 

K[Co0.45Mn0.55O2] 470 113 46 
  a

 pH = 14, LSV 

 

 If the amount of Co incorporation was the primary factor for enhancing OER 

activity, one would predict the K/Co0.45Mn0.55O2 sample to possess the highest activity. 

However, the appearance of the out-of-plane stacking disorder with the decreasing 

activity would suggest a correlation between importance of the birnessite’s layered 

structure and water oxidation activity. This dependence is given further evidence upon 

examination of the samples bulk conductivity (Figure 3.13) where a sharp decrease 

around 25% Co incorporation is observed, which matches that seen in the Raman and 

PXRD.  
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Figure 3.12. Bulk conductivity data of standard birnessite , K/Co0.12Mn0.88O2 , 

K/Co0.20Mn0.76O2 , K/Co0.22Mn0.74O2 , K/Co0.31Mn0.69O2 , K/Co0.34Mn0.66O2 , 

K/Co0.42Mn0.58O2 , and K/Co0.45Mn0.55O2 . 

 

 While these findings point to important structural features of layered materials in 

catalysis, they do not explain the role incorporating structural cobalt has on the physical 

properties of the materials. For this, we turned to Density Functional Theory (DFT) 

calculations for a representation of the band structure in the system (Figure 3.13). 

Through these calculated band structures, we see that the inclusion of cobalt atoms add to 

the VBM edge. Previous work has shown the VBM of birnessite to lie significantly 

below the theoretical water oxidation potential.
39

 Similarly to how Mn
3+

 alters the band 

structure for catalysis by raising the VBM, Co
3+

 likewise raises the VBM closer to the 

needed theoretical water oxidation potential, which reduces the required applied 

overpotential needed for turnover. However, unlike Mn
3+

where the states are localized to 
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the Mn
3+

 polaron state, these Co states lead to a more dispersive band edge.
40

 As a result, 

formed holes possess a lower effective mass and higher charge mobility.
 

 

Figure 3.13. Density of states from DFT calculations illustrating the addition of valence 

band states with increasing Co concentration. (a) Pure birnessite. (b) birnessite with 

Mn(III) defect, (c) 12% -Co doped, (d) 25%-Co doped. The energy axis is referenced to 

the predominantly manganese-based bottom of the conduction band.  

 

 Overall, the enhanced water oxidation activity cannot be attributed to one factor 

but rather a collection of structural and physical properties present in the material, namely 

interlayer activity through the enhancement of geometric frustration effects (discussed 

below), the inclusion of Co defect sites in the material and confinement of active 
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Co(O)(OH) species that are supported by sheets, which shuttle holes to the active sites in 

a more conducive manner than standard birnessite.  

 The importance of the sheet by raising the VBM and facilitating charge transfer 

has been stated earlier in this chapter. Insertion of the cobalt into the sheet has a two-fold 

purpose in the system: 1) supporting the active site by better facilitating hole transport to 

active sites and lowering the activation barrier by increasing the VBM of the system and 

2) the role of the interlayer is important to generate a more dynamical interlayer for 

enhanced reaction rate. Previous work investigating the role of the interlayer region 

found trapping a Lewis-Acidic species enhances water oxidation through exploiting 

geometrically frustrated water molecules to improve electron transfer, thus increasing the 

rate of catalysis.
41

 By confining a redox active catalyst a unique chemical environment is 

created for the catalyst to undergo and improve OER activity.
42,43

 

 After full incorporation of Co within the sheets, it is reasonable to assume excess 

Co
3+

 becomes trapped in the interlayer region. The trapped Co
3+

 species can then act as a 

confined active site in these systems. The K/Co0.34Mn0.66O2 catalyst is the best system 

with the balance of confined, active Co sites and Co-doped MnO2 sheets with minimal 

disruption of stacking order and interlayer communication. This type of system then 

contains a large number of active sites, while still maintaining the 3D structure. This 

structure allows for the unique interlayer environment to be supported by the Co-doped 

MnO2 sheets, which raises the VBM and shuttles holes to the active sites. Lower 

concentration Co systems have less interlayer Co sites, while higher concentration 

systems lose the confinement effects due to the stacking disorder in the c-direction. 
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Table 3.6 Summary of oxygen evolution electrocatalysts  

Sample Overpotential 

(mV) 

Birnessite 780 

K/Co0.34Mn0.66O2 420 

RuOx
44 

390 

IrOx
45 

380 

Co3O4
46 

370 

NiOx
45 

420 

CoNi LDH
47 

367 

ZnCo LDH
47 

470 

NiFe LDH
45 

350 
    a

 pH = 14 

 

3.3 Conclusion 

 In this chapter, a variety of dopants were incorporated into birnessite and tested 

for their OER activity. Of these doped materials, Co-doped birnessite split water at the 

lowest overpotential. A series of Co-doped birnessites were then synthesized and tested 

with K/Co0.34Mn0.66O2 being the most efficient by reducing the overpotential by 0.360 V 

and increasing the TON 8x. The 0.420 V overpotential of the Co-doped birnessite with 

minor trapped interlayer Co
3+

  results in OER catalyst with activity numbers similar to 

that of the precious metal oxide benchmarks and other state of the art metal oxide 

catalysts (Table3.6). This significant catalytic enhancement in the K/Co0.34Mn0.66O2 

material is attributed to a unique active site environment in which an active Co
3+ 

OER 

species is confined between Co-doped MnO2 sheets. The Co-dopants increase the VBM 

and facilitate hole transfer to the interlayer species.  
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3.4 Experimental 

Materials and methods 

 All chemicals were purchased from chemical vendors and used without further 

purification. X-ray diffraction (XRD) was performed on a Bruker Kappa APEX II DUO 

diffractometer using Mo Kα (0.71Å) radiation from a sealed molybdenum tube with a 

TRIUMPH monochromator for the V, Cr, Fe, Co, Ni, and Cu-doped samples and Bruker 

D8 ADVANCE diffractometer using copper Kα radiation from a sealed tube for the Co-

doped samples. The XRD data was processed using DIFFRACEVA software packages. 

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) 

images were collected as previously stated in Chapter 2 Section 2.4. X-ray Photoelectron 

Spectroscopy was performed using a Thermo Fisher K-Alpha+ with an Al-Kα 

monochromatic X-ray source. Data was processed using CasaXPS 2.3.17dev6.4d. 

Electrochemical measurements were performed with a CHI 660E electrochemical 

apparatus. Electrochemical studies were done in 1 M KOH on a glassy carbon working 

electrode with values reported versus the standard hydrogen electrode (SHE). Inductively 

Coupled Plasma Optical Emission Spectroscopy samples were digested in 0.5M 

hydroxylamine hydrochloride and analyzed to quantify elemental compositions using a 

Thermo Scientific iCAP 7000 Series ICP-OES. Raman spectra of pelletized samples were 

collected using LabRAM HR Evolution spectrometer with laser excitation wavelength 

532 nm and 1800 g/mm diffraction grating providing spectral resolution of ~ 1 cm
-1

. 

Laser light was focused on ~ 1 μm spot with Olympus MPlan N 100x objective. 

Excitation intensity was maintined below damage threshold. Spectra were collected for at 

least 3 spots per sample to check homogeneity of samples. Conductivity measurements 
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on pelletized were obtained on a Keithley 2400 SourceMeter SMU Instrument. 

magnetometry measurements were taken using a Qauntum Design PPMS. 

Synthesis of doped birnessites was achieved via the same procedure as reported for 

birnessite above by addition of an additional 50 mL of VCl3
 
(10 mmol) V-doped 

birnessite. This procedure was repeated with each of the doped birnessite with 50 mL 

0.2M of CrCl2, CoCl2, FeCl2, NiCl2, or CuCl2 for each appropriate doped sample. 

Synthesis of cobalt doped birnessite was achieved via the same procedure as reported 

for birnessite above by addition of an additional 50 mL of CoCl2
 
(5 mmol) to give 

K/Co0.12Mn0.88O2. This procedure was repeated with 10mmol Co for K/Co0.20Mn0.76O2, 

10mmol Co for K/Co0.22Mn0.74O2, 29mmol Co for K/Co0.31Mn0.69O2, 55mmol Co for 

K/Co0.34Mn0.66O2, 40mmol Co for K/Co0.42Mn0.58O2, and 40mmol Co:20mmol Mn for  

K/Co0.45Mn0.55O2 each in 50 mL of water. 

Electrochemical Characterization 

Electrocatalytic studies were conducted in alkaline medium (1 M KOH, pH 14) at 

ambient temperature using a CHI 660E potentiostat operating in a standard three-

electrode configuration with a glassy carbon working electrode (3 mm diameter), 

standard calomel reference electrode (CH instruments), and Pt wire counter electrode. 

The working electrode was prepped by drop casting a 5 μL catalyst ink, which was 

prepared by suspending via sonication for 1 h in 1 mL isopropanol: 5 mg of catalyst, 5 

mg of carbon, and 35 μL of nafion solution (5% in alcohol). All polarization curves were 

recorded at 10 mV/s scan rate. 

Chemical Oxidation Trials 
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20 mg of catalyst was suspended in 50 mL deionized water (purged with Ar for at least 3 

h) and sealed under a N2 atmosphere with a N2 blanket over top. To this stirring 

suspension, 5 mL of argon purged ammonium cerium(IV) nitrate (CAN, 0.4M, 2 mmol) 

was added to the suspension via a 10 mL syringe. Dissolved oxygen concentration was 

measured with a HACH HQ30d portable meter kit with a LDO101 optical dissolved 

oxygen probe. Initial TOF measurements were taken every second over a two minute 

period. Total lifetime and oxygen production was measured every minute for 2 h. All data 

points were normalized by surface area, transition metal content, and zeroed to an initial 

minimum oxygen concentration value of zero.  

Determination of metal content 

To determine total metal content, 0.12g of doped birnessite was dissolved in 

hydroxylamine hydrochloride (0.25M, 20mL) and diluted to 50mL. A 3 mL aliquot was 

then diluted to 10 mL for final analysis. Metal content was then determined by analysis of 

an aliquot of the diluted solution by ICP-OES. 
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CHAPTER 4 

 

INCORPORATION OF ACTIVE IRON SPECIES INTO 

THE COBALT-DOPED BIRNESSITE CATALYST: THE 

ROLE OF CONFINEMENT ON ACTIVITY 
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4.1 Introduction 

 In the previous chapter, the importance of interlayer confinement effects was 

introduced. Building on our previous findings and the work of theorists in our DOE-

EFRC, the Center for Computational Design of Functional Layered Materials (CCDM), 

we set out to take advantage of the unique chemical environment present in the interlayer 

to develop a more efficient water oxidation catalyst.  

 In birnessite, the interlayer region is composed of water and cations such as K
+
 

and Ca
2+

.
1 
Functionally, these interstitial species are merely a byproduct of the synthetic 

process and inherent Mn
3+

 defects present in the MnO2 sheets, serving to charge balance 

the negatively charged sheets and form the neutral layered structure.
2,3 

As exploration 

into the material’s possible application has progressed, the unique role these interstitial 

species has been sparingly explored through ion exchange experiements to generate 

birnessite with differing interlayer cations.
4-8

  

Due to its structural similarities to the OEC, Kurz and co-workers investigated the 

effect of substituting interstitial cations, specifically K
+
, Ca

2+
, Sr

2+
, and Mg

2+
. In OER 

studies, they found an activity trend of Ca
2+

 > Sr
2+

 > Mg
2+

, which additionally 

corresponds to the same activity trend seen in the OEC.
9-13

 Proposed explanations of the 

role played by the Ca
2+

 vary from an active surface Mn-Ca site that best facilitates O-O 

bond formation to the creation a low energy surface which weakly binds water ideally for 

catalysis.
9,14

 

 Computational work by Lucht and Mendoza-Cortez show these cations to have a 

profound effect on the structural and physical make-up of the birnessite material. 
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Incorporation of cations and thus Mn
3+

 through injection of an electron induces a local 

Jahn-Teller distortion and elongates Mn
3+

-O axial bonds. As a consequence, the shift 

from stable d
3
 state to unstable high-spin d

4
 is observed.

15
 The creation of this unstable 

eg
1
 state supports two paradigms in heterogeneous water oxidation catalysis: the 

important role of weaker Mn
3+

-O bonds and the importance of a singly occupied eg as an 

OER candidate identifier.
16-18

 The presence of larger or harder interlayer ions can 

increase this Jahn-Teller effect as the birnessite structure attempts to relieve the structural 

strain in the system.
15 

 Work from the CCDM also supports that the interlayer region plays a larger role 

than a charge balancing spectator byproduct of the synthetic process. The confinement of 

interlayer species creates an unique chemical environment for the substrate water 

molecules and cations alike.
19-23

 Investigation of the cation hydration shell reveals several 

unique features of the birnessite interlayer. Unlike a traditional hydrated ion in bulk water 

that has six waters arranged octahedrally saturated around the cation hydration shell, the 

axial waters are replaced by the negatively charged MnO2 sheet (Figure 4.1). This leads 

to strong ordering of the interlayer water through unique ionic environment of the 

positively charged interstitial cations and negatively charged MnO2 sheets. This unique 

environment results in the water molecule pointing toward the cation and hydrogens of 

the water molecule pointed toward the sheets. Additionally, according to crystallographic 

data and overall stoichiometry, too few water molecules reside in the interlayer to fully 

fill the cation’s remaining hydration shell, resulting in shared hydration shells and 

frustrated water molecules. This frustration effect results in a range of water orientations 
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around the cations, leading to enhanced fluctuations and enhanced electron transfer 

between interlayer species and the MnO2 sheets as compared to the unfrustrated system.
19

  

 

Figure 4.1. (left) Interlayer water results in enhanced ordering around interlayer cation 

ion and anionic sheets. (right) Unfilled hydration shell of cations lead to frustrated water 

due to shared hydration shell. 

As such, this specific frustrated dynamical behavior plays an important role in 

catalysis. Earlier work by Kurz and co-workers investigated the role of interlayer Ca
2+

 

concentration, synthesis ripening time, and birnessite tempering temperature on OER 

activity. Of these factors, the tempering temperature had the largest effect with the 400
o
C 

tempered sample producing 1.5x more oxygen then samples tempered at higher and 

lower temperatures and 2.5x improvement over the best interlayer Ca
2+

 concentration and 

ripened birnessite samples. This effect is attributed to better hole migration via better 

contact between the particle domains from water loss.
24

 An alternative explanation is the 

loss of excess water leading to a contraction of the sheets and increase of interlayer 

frustration effects.  

Building off of the role of frustration on catalysis, the effect of confinement of 

redox active interlayer cations (Ni
2+

 and Co
2+

) on frustration and activity was 

explored.
21,22

 Confining these active species between the sheets not only enhances the 

frustration effect by increasing the fluctuations between neighboring cation hydration 

shells, thus promoting electron transfer, but also creates a unique chemical environment 
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that reduces the oxidation potentials (Ni
2+ 

to Ni
3+

 oxidation potential reduced 0.07 V) and 

the water oxidation catalytic overpotential by 0.380 V). Additionally, these interlayer 

active sites change the rate-limiting kinetics from substrate water migration and binding 

to O-O bond formation.
21

 The results of these interlayer effects yield a water oxidation 

catalyst with activity on par or better than bulk IrO2 and RuO2.
25,26

  

In this chapter, we continue exploration into the role of catalyst confinement by 

confining Fe
2+

 between Co-doped birnessite sheets. Here we find activity values of 

Fe/Co-Birnessite > Fe/Birnessite > K/Co-Birnessited > K/Birnessite. This evidences the 

unique environment of interlayer species that plays an important role in activity for these 

2D bulk systems. We can design a cheap and effiecient water oxidation catalyst by 

coupling Co-doped birnessite sheets, which better facilitate hole migration, with catalyst 

confinement, which enhances charge transfer and orders substrate for catalysis. 

4.2 Results and discussion 

 The goal of this chapter was to demonstrate the effectiveness of confinement on 

redox active iron catalysts between Co-doped birnessite sheets. As established in Chapter 

3, incorporation of Co above the saturation point of 25-33% results in the aggregation of 

Co between the sheets. As the presence of trapped interlayer Co would hinder Fe 

intercalation and provide false positives in terms of OER activity, a 16% cobalt-doped 

birnessite (K/Co0.16Mn0.84O2) was synthesized and characterized using TEM (Figure 

4.2a,b), XRD (Figure 4.4), and ICP-OES (Table 4.1). Fe intercalation was performed via 

a Fe-hydrazine complex to transport Fe
2+

 into the interlayer as previously reported in the 

case of Ni
2+

.
21

 Analysis of the material by TEM (Figure 4.1b) reveals the presence of 
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side, sheet-like particulate matter, even after washing. The presence of the side 

contaminant sheets can also be observed on the surface of the K/Co0.16Mn0.84O2 particles 

in the SEM images (Figure 4.3a) as the flower-pod particles seen in birnessite and bulk 

2D materials is observed, though less defined and with additional particulate matter 

adhered to the particle’s surface.  

(a)  (b)  

(c)  (d)   

Figure 4.2. TEM of (a-b) K[Co0.16Mn0.84O2]; (c-f) Fe-hydrzaine-K/Co0.16Mn0.84O2). 

 

200 nm 200 nm 

200 nm 200 nm 
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(e)  (f)  

Figure 4.2. TEM of (a-b) K[Co0.16Mn0.84O2];  (c-f) Fe-hydrzaine-K/Co0.16Mn0.84O2). 

(a.) (b.)

(c.)  

Figure 4.3. SEM of (a.) K/Co0.16Mn0.88O2 (b.) Fe-hydrazine-K/Co0.16Mn0.84O2] and (c.) 

thoroughly washed Fe/Co0.16Mn0.84O2]. 

200 nm 200 nm 

5 μm 

5 μm 

2 μm 
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 PXRD (Figure 4.4b) and XPS (Figure 4.5) were utilized to identify the side 

product phase. The PXRD data identifies a mixture of iron oxyhydroxide-based structural 

phases comprised mainly of magnetite (Fe3O4) and lepidocrocite (γ-FeOOH) phase 

material.
24-26

 The prominent loss of the 200 peak for lepidocrocite is attributed to the 

observation of the monolayer 2D sheets in the TEM and SEM images (Figure 4.2c-f, 

4.3b) and lack of crystallinity due to the wide assortment of oxygen species (Figure 4.5e) 

and potential Co and Mn dopants present (Figure 4.5). XRD peaks best fit magnetite due 

in large part to the intensity of the 222 peak at 37
o 

and loss of the 200 lepidocrocite peak 

at 14
o
. Fitting the Fe 2p3/2 XPS peak (Figure 4.5a,b) to magnetite and lepidocrocite finds 

a best fit to the lepidocrocite phase.
27

  The broad O 1s peak (Figure 4.5e), due to the array 

of oxygen species, is consistent with other observed layered transition metal 

oxyhydroxide and support the major species composition of the lepidocrocite phase.
28

   

(a)  

Figure 4.4. (a) PXRD pattern of birnessite , K/Co0.16Mn0.84O2] , Fe-hydrazine-

K/Co0.16Mn0.84O2 filtrate , and thoroughly washed Fe/Co0.16Mn0.84O2] . (b.) PXRD 

pattern of side product with peaks identified as magnetite (    ) and lepidocrocite (    ). 
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(b.)  

Figure 4.4. (a) PXRD pattern of birnessite , K/Co0.16Mn0.84O2] , Fe-hydrazine-

K/Co0.16Mn0.84O2 filtrate , and thoroughly washed Fe/Co0.16Mn0.84O2] . (b.) PXRD 

pattern of side product with peaks identified as magnetite (    ) and lepidocrocite (    ). 

 

(a)   (b)  

Figure 4.5. XPS of (a.) Fe 2p spectra fit to lepidocrocite; (b.) Fe 2p spectra fit to 

magnetite; (c) Mn 2p (d) Co 2p; (f) O 1s. Mn 2p spectra fit to birnessite-Mn(IV) 

Mn(III) Mn(II). O 1s spectra fit to metal-oxo O
2-
 defect O

2-
 OH

-
. 
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(c)   (d)  

(e)  

Figure 4.5. XPS of (a.) Fe 2p spectra fit to lepidocrocite; (b.) Fe 2p spectra fit to 

magnetite; (c) Mn 2p (d) Co 2p; (f) O 1s. Mn 2p spectra fit to birnessite-Mn(IV) 

Mn(III) Mn(II). O 1s spectra fit to metal-oxo O
2-
 defect O

2-
 OH

-
. 
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(a)  

(b)  

Figure 4.6. (a.) TEM image of side lepidocrocite and magnetite phase with (b.) elemental 

analysis showing Mn and Co incorporation by EDX. 

 

The formation of these side product phases is hypothesized to be a result of the Fe 

and hydrazine species in solution. This is a result of the reduction of Fe
2+

 to Fe
0
 via 

hydrazine followed by the immediate oxidation to Fe3O4 and γ-Fe(O)(OH) in the oxic 

aqueous solution in which the reaction occurs.
32-33

 Additionally, minor degradation of the 

birnessite surface from excess hydrazine has been observed previously with this 

50 nm 
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intercalation process,
22

 which provides accessibility to Mn and Co ions for possible 

incorporation into the structure. The solution phase ions or sheet fragments could react 

with solution phase Fe anywhere along the process to stabilize and form these Fe(O)(OH) 

final products. This is supported through the formation of lepidocrocite phase sheets with 

Mn and Co impurities (Figure 4.6) XPS analysis suggest the presence of Mn and Co 

species different from that seen in standard Co-doped birnessite with a Mn 2p3/2 no 

longer fitting birnessite with a higher Mn
3+

 concentration (Figure 4.5.c., d.). Images of 

the residual bulk Co-birnessite species show bulk material of smaller lateral 

dimensionality and thinner layers (Figure 4.8). 

Initial inspection of impure Fe(O)(OH)/Co-birnessite material’s OER activity 

(Figure 4.7) produces an overpotential of 0.37 V, which decays after the first cycle to 

0.40 V. A similar trend is observed when the same Fe-hydrazine complex is reacted with 

standard birnessite, where a similar initial overpotential of 0.37 V followed by rapid 

increase to 1.06 V is observed after 10 cycles. The presence of this initial active sweep 

followed by a decomposition step before setting on a lower activity material suggests the 

Fe(O)(OH) based material, which is highly reactive, is present on the surface and 

dissociates after the first sweep leaving the less active (Co-)birnessite material. This 

report marks the first ternary MnxCoyFe1-x-y(O)(OH) system known. While the activity is 

not necessarily surprising as γ-Co(O)(OH), γ-Mn(O)(OH), and a variety of trinary 

Fe(O)(OH) have demonstrated efficient OER and HER activity
34-39

, this initial report of 

2D γ-Fe(O)(OH) and MnxCoyFe1-x-y(O)(OH) offers a future avenue in which to explore 

confinement chemistry for both halves of the water splitting reaction.
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Figure 4.7. Electrochemical water oxidation activity of: the first cycle Fe-hydrazine-

Co0.16Mn0.84O2 ; tenth cycle Fe-hydrazine-Co0.16Mn0.84O2 ; first cycle Fe-hydrazine 

birnessite ; tenth cycle Fe-hydrazine birnessite ; K/Co0.16Mn0.84O2 ; standard 

birnessite . 

 

The Fe-hydrazine-Co0.16Mn0.84O2 samples were further washed by vacuum 

filtration and centrifugation (20 times) at 4000 rpms to separate the larger Co-birnessite 

material from the lighter Fe(O)(OH) sheets. TEM (Figure 4.8) confirms presence of a 

purified sample possessing predominantly birnessite morphology. From these images, 

there are two important features to note. Firstly, even with excessive washing, some 

residual side particulate is observed (Figure 4.8). This is seen in the ICP-OES (Table 4.1 

and 4.2), where after thorough washing the concentration of iron is significantly 

decreased. Secondly, the bulk Co-birnessites layers have been significantly lessened and 

are thin enough to pass the TEM beam through, which indicates the total number of 

layers in the sheet have been significantly decreased. This supports the systematic 
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reduction and dissociation of surface sheets by hydrazine and/or low oxidation state Fe. 

The lessening of layer number is confirmed through XRD (Figure 4.4), where minimal 

signal over the background is observed for the thoroughly washed samples. The ICP-OES 

(Table 4.1 and 4. 2) additionally confirm Co and Mn remain in the sample at similar 

ratios to the original K/Co0.16Mn0.84O2 sample. 

Table 4.1. ICP-OES concentrations 

 Co 

concentration 

(mM) 

Mn 

concentration 

(mM) 

Fe 

concentration 

(mM) 

K/Co0.16Mn0.84O2 368.2 1956.1 - 

Pre-washing Fe-

intercalated sample 

190.0 926.7 2007.4 

Post-washing Fe-

intercalated sample 

61.5 220.4 663.9 

 

Table 4.2. Metal ion percentages based on ICP-OES 

 Co% Mn% Fe% 

K/Co0.16Mn0.84O2 15.8 84.1 0 

Pre-washing Fe-

intercalated 

sample 

6.1 29.6 64.3% 

Post-washing 

Fe-intercalated 

sample 

6.5 23.3 70.2 
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(a)  (b)   

(c)  (d)   

Figure 4.8. TEM images of (a-d) thoroughly washed Fe-hydrzaine/Co0.16Mn0.84O2]. 

 

XPS was used to further characterize the washed Fe-hydrazine Co-birnessite 

sample (Figure 4.9). We observe changes to all present species relative to the thoroughly 

washed sample and initial unclean Fe-hydrazine K/Co0.16Mn0.84O2 sample. Firstly, the Fe 

2p shows a slight shift to lower binding energies and subsequent worsening of the 

lepidocrocite and magnetite fittings with regards to an increase in low oxidation state iron 

present in the sample. When refit with a simple two parameter fitting to represent the 

concentration of Fe(II/III), we see an increase in the Fe(II) peak parameter from 25% to 

100 nm 200 nm 

200 nm 100 nm 
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40%. This suggests possible incorporation of Fe(II) into the interlayer region during the 

initial Fe incorporation process. Secondly, analysis of the Mn 2p3/2 region (Figure 4.8e) 

indicates a reduction in the Mn from Mn
4+

 seen in standard Co-birnessite samples to 

Mn
3+

, possessing an AOS of 3.3. The lowering of the AOS coupled with the less dense 

images seen in the TEM (Figure 4.8) is consistent with reduction of Co-birnessite surface 

species, as discussed previously. Reduction of surface species, particularly Mn, is further 

supported by ICP-OES (Table 4.2), where the Co/Mn percentage increased from 16% to 

27%. Thirdly, Co 2p spectrum coalesces to a singular Co
3+

 species at 780.3 eV, similar to 

what is observed in standard Co-birnessite. Finally, the O 1s peak at 529.7 eV reveals a 

metal-oxo bond as the best descriptor of the oxygen present in the material. 

(a)  (b)

Figure 4.9. XPS of (a) washed Fe-hydrazine birnessite Fe 2p spectra fit to lepidocrocite 

(b) washed Fe-hydrazine birnessite Fe 2p spectra fit to magnetite; (c) washed Fe-

hydrazine birnessite Fe 2p spectra fit with two peaks (d) washed Fe-hydrazine birnessite 

Fe 2p spectra fit with two peaks; (e.) Mn 2p spectra fit to birnessite-Mn(IV) Mn(III) 

Mn(II) (f.) Co 2p spectra and (g.) O 1s spectra-metal-oxo O
2-
 defect O

2-
 OH

-
. 
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(c)  (e)  

 (e)  (f)  

(g)  

Figure 4.9. XPS of (a) washed Fe-hydrazine birnessite Fe 2p spectra fit to lepidocrocite 

(b) washed Fe-hydrazine birnessite Fe 2p spectra fit to magnetite; (c) washed Fe-

hydrazine birnessite Fe 2p spectra fit with two peaks (d) washed Fe-hydrazine birnessite 

Fe 2p spectra fit with two peaks; (e.) Mn 2p spectra fit to birnessite-Mn(IV) Mn(III) 

Mn(II) (f.) Co 2p spectra and (g.) O 1s spectra-metal-oxo O
2-
 defect O

2-
 OH

-
. 

 With the thoroughly washed material characterized, we can classify the major 

species as a few layer Co-doped birnessite with partial Fe
2+

 intercalation, 

Fe/Co0.27Mn0.73O2, with a minor Fe(O)(OH) based side contaminant. The electrochemical 

OER activity was tested (Figure 4.10). On the first sweep, the highest activity numbers 
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are observed with an overpotential of 0.379 V, attributed to residual surface Fe(O)(OH) 

based contaminant. Upon decomposition or dissociation of these surface species, a 

relatively stable overpotential of 0.410 V is obtained for the Fe/Co0.27Mn0.73O2. These 

values mark a 0.590 V improvement over the parent K/Co0.16Mn0.84O2 (1.00 V) material. 

The Fe/Co0.27Mn0.73O2 species slowly decomposes over 50 cycles, which is attributed to 

the lack of stability of the few layer sheets as compared to bulk Co-birnessite.  

 

Figure 4.10. Electrochemical water oxidation activity of FeCo0.27Mn0.73O2 (first sweep) 

, Fe/Co0.27Mn0.73O2] (tenth sweep) , Fe/Co0.27Mn0.73O2 (fiftieth sweep) , 

K/Co0.16Mn0.84O2 , and birnessite . 

 

 Due to the presence of Fe(O)(OH) based side contaminants, the role of catalyst 

confinement between Co-birnessite sheets was further tested through the layer-by-layer 

assembly to control cation placement and material composition. Co-birnessite nanosheets 

(NS) were prepared from the exfoliation of sample K/Co0.31Mn0.69O2 with bulky, cationic 
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tertrabutylammonium. The NS suspension was washed to remove surfactant. 

Co0.31Mn0.69O2 NS were characterized by TEM-EDS (Figure 4.11) and ICP-OES (Table 

4.3). The TEM of tissue paper-like sheets confirm the formation of nanosheets. EDS and 

ICP-OES support a 1:2 Co:Mn ratio was maintained after the exfoliation process.  

(a)  (b)  

  (c.)  

Figure 4.11. (a) TEM image of exfoliated K/Co0.31Mn0.69O2 with (b) EDX 

spectra. 

  

100 nm 100 nm 



99 
 

Table 4.3. ICP-OES of K[Co0.31Mn0.69O2] monolayers suspension and assembled 

electrodes. 

Sample Co concentration 

(mM) 

Mn concentration 

(mM) 

Fe concentration  

(mM) 

K/Co0.31Mn0.69O2 NS 0.030 0.070 - 

MnO2 NS - 12.6 - 

K/MnO2 - 0.62 - 

Fe/MnO2 - 1.3 4.4 

K/Co0.16Mn0.84O2 1.9 5.3 - 

Fe/Co0.16Mn0.84O2 0.8 2.1 13.7 

 

 Four samples were prepared on fluorinated tin oxide glass substrate: K/MnO2, 

Fe/MnO2, K/CoMnO2, and Fe/CoMnO2. Controlled assembly was obtained through 

alternating exposure to the negatively charged Co0.3Mn0.7O2 suspension and Fe
2+

 solution 

(Figure 4.12, Figure 4.13). The optical absorption spectrum (Figure 4.12) displays a 

similar band edge for the K,Fe/MnO2 and K,Fe/Co0.3Mn0.7O2 samples suggesting clean 

assembly of the 2D layers. To confirm multilayer assembly, the newly formed material 

was analyzed by TEM (Figure 4.13), where the layered structure was observed for all 

samples. ICP-OES (Table 4.3) was used to confirm the presence of Mn, Co, and Fe in the 

respective prepared electrodes 

 

Figure 4.12. Scheme of assembly of M
+
/(Co)MnO2 
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Figure 4.13. Picture of prepared electrodes 

 

 

Figure 4.14. UV-Visible spectrum of Fe/MnO2 , K/Co0.3Mn0.7O2 , and 

Fe/Co0.3Mn0.7O2   prepared electrodes. 

K/Co0.3Mn0.7O2 Fe/Co0.3Mn0.7O2 Fe/Mn0O2 
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(a)  (b)           

(c)  (d)  

Figure 4.15. TEM images of assembled (a-d) K/MnO2; (e-h) Fe/MnO2; (i-l) 

K/Co0.3Mn0.7O2; (m-p) Fe/Co0.3Mn0.7O2. 

 

200 nm 200 nm                                                                                                                                                                                                                                              

50 nm 100 nm 
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(e)  (f)   

(g)  (h)  

Figure 4.15. TEM images of assembled (a-d) K/MnO2; (e-h) Fe/MnO2; (i-l) 

K/Co0.3Mn0.7O2; (m-p) Fe/Co0.3Mn0.7O2. 

  

100 nm 
100 nm 

100 nm 50 nm 
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(i)  (j)   

(k)  (l)   

Figure 4.15. TEM images of assembled (a-d) K/MnO2; (e-h) Fe/MnO2; (i-l) 

K/Co0.3Mn0.7O2; (m-p) Fe/Co0.3Mn0.7O2. 

 

50 nm 50 nm 

50 nm 100 nm 
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(m)  (n)   

(o)  (p)   

Figure 4.15. TEM images of assembled (a-d) K/MnO2; (e-h) Fe/MnO2; (i-l) 

K/Co0.3Mn0.7O2; (m-p) Fe/Co0.3Mn0.7O2. 

 

 Electrochemical water oxidation (Figure 4.14) was tested to directly compare the 

effects of confined redox active species, modified sheets, and the combination of the two 

had on facilitating the OER. We observe a progressive improvement in activity with 

K/MnO2 < K/Co0.3Mn0.7O2 < Fe/MnO2 < Fe/Co0.3Mn0.7O2 (Table 4.4). The most active 

Fe/Co0.3Mn0.7O2
 
(η= 0.562 V) and progressive decrease in the overpotential supports the 

importance of redox active species for OER catalysis. We speculate the higher 

50 nm 

200 nm 
100 nm 

100 nm 
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overpotential for the Fe/Co0.3Mn0.7O2 as compared to the Fe-hydrazine complex method 

is a result of removal of catalytic active defects by the stacking process as well as loss of 

possible interlayer Co
3+

. 

 

Figure 4.16. Electrochemical water oxidation of K/MnO2 , Fe/MnO2 , 

K/Co0.3Mn0.7O2 , and Fe/Co0.3Mn0.7O2  . 

 

Table 4.4. Electrochemical water oxidation activity of layer assembled catalysts 

Sample Overpotential (V) 

K/MnO2 1.095 

Fe/MnO2 0.662 

K/Co0.3Mn0.7O2 0.716 

Fe/Co0.3Mn0.7O2 0.562 

   pH= 14, overpotential measured at 10mA/cm
2
 

These results highlight three important features of birnessite-like water oxidation 

catalysts. Firstly, addition of cobalt to the sheets facilitates enhanced activity relative to 
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the standard MnO2 system by improving the activity of the sheets through rising of the 

VBM as explained in the previous chapter. Secondly, confinement of a redox active 

species enhances catalytic activity by: 1) providing an interlayer active site to take 

advantage of the unique interlayer environment present in the catalytic layered materials, 

and 2) confining the active interlayer species between Co-birnessite sheets where 

confinement effects around the active site facilitates electron-hole mobility through the 

system to the interlayer active site.
19

 These effects creates an biomimetic heterogeneous 

catalyst similar to an enzyme where the 2D sheets act in analogy to the supportive protein 

environment, which shuttles substrate in and orients it around the active site, shuttles 

electron-holes to and from the active site, and finally shuttles the resulting oxygen, 

protons, and electrons away from the active site in preparation for the next turnover 

cycles.  

Table 4.5 Summary of oxygen evolution electrocatalysts 

Sample Overpotential 

(mV) 

Birnessite 780 

K/Co0.34Mn0.66O2 420 

Fe/Co0.16Mn0.84O2 410 

MnxCoyFe1-x-y(O)(OH) 370 

RuOx
40 

390 

IrOx
41 

380 

Co3O4
42 

370 

NiOx
41 

420 

CoNi LDH
43 

367 

ZnCo LDH
43 

470 

NiFe LDH
41 

350 
    a

 pH = 14 
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4.3 Conclusion 

 To our knowledge, this work represents the first ternary MnxCoyFe1-x-y(O)(OH), 

which efficiently facilitates the OER. Both the MnxCoyFe1-x-y(O)(OH) and 

Fe/Co0.16Mn0.84O2 materials are on par with the state of the art OER catalysts reported in 

the literature (Table 4.5).
40-34

 More importantly, this chapter further strengthens the 

important role the interlayer plays in OER catalysis for layered systems through 

intercalation of iron in bulk Co-doped birnessite materials and controlled layer-by-layer 

assembly. The improvement of the Fe/MnO2 system over standard K/MnO2 and 

K/CoMnO2 demonstrates that the presence of these interlayer species plays a larger role 

in catalysis for these systems compared solely to direct modifications to the sheets. 

Furthermore, coupling the enhanced Co-birnessite sheets with confined redox active Fe 

species yields the most active catalyst. 

4.4 Experimental 

Materials and methods 

All chemicals were purchased from chemical vendors and used without further 

purification. X-ray diffraction (XRD) was performed on a Bruker D8 ADVANCE 

diffractometer using copper Kα radiation. The XRD data was processed using 

DIFFRACEVA software packages. Transmission Electron Microscopy (TEM) and 

Scanning Electron Microscopy (SEM) images were collected as previously outlined in 

Chapter 2 Section 2.4 X-ray Photoelectron Spectroscopy was performed using a Thermo 

Fisher K-Alpha+ with an Al-Kα monochromatic X-ray source. Data was processed using 

CasaXPS 2.3.17dev6.4d. Electrochemical measurements were performed as previously 
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outlined. Inductively Coupled Plasma Optical Emission Spectroscopy samples were 

prepared and collected as previously outlined. UV-visible absorption spectroscopy was 

performed using a Shimadzu 2550 spectrophotometer with an IRS-2200 diffuse 

reflectance stage. 

Synthesis of Nanosheets Exfoliation of birnessite material was performed by stirring an 

aqueous solution of tetra-n-butylammonium hydroxide (TBAOH) at room temperature 

for 2 days. The resulting suspension was centrifuged at 1400 rpm for 30 min to separate 

TBAOH from bulk and NS. The resulting pellet was resuspended in water and 

centrifuged at 1400rpm for 30 min to wash residual TBAOH surfactant. The resulting 

pellet was resuspended in water and centrifuged at 6000 rpm for 10 min to give the 

suspended NS. 

Assembly of NS to layered catalysts on electrode The layered catalysts were prepared 

on a 1 cm x 1 cm FTO substrate. The FTO was precoated with aqueous polyethylenimine 

(PEI) (2.6 mg/mL). After rinsing with deionized water and drying, the PEI-primed FTO 

was dipped in the NS solution for 1.5 min, removed, rinsed with deionized water, and 

dried. The substrate was then dipped in a 5 mM solution of the appropriate metal chloride 

for 1.5 min, removed, rinsed with deionized water, and dried. The process was then 

repeated with alternating immersion in NS and metal chloride solution until a total of 10 

NS layers was reached. 
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CHAPTER 5 

 

COBALT OXIDE SUPPORTED ON COBALT 

PERTELLURIDE YIELDS AN EFFECTIVE WATER 

OXIDATION CATALYST 
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5.1 Introduction 

Metal chalcogenides are a class of materials of growing interest and study. 

Composed of a metal cation with chalcogen (sulfur, selenium, or tellurium) anion, these 

materials offer a wide array of properties for potential applications in fields as wide and 

varied as electronics, optics, catalysis, thermoelectrics, magnetic materials, and biology.
1-

3
 Interest in these materials has peaked as a subclass of the material can be synthesized in 

atomically thin layers with properties similar to graphene, and ability to tune the physical 

properties of the materials based on thickness. The ability to change physical and 

electronic properties, such as band gap, as a result of layer number has led to much 

research in pursuit of the realization of the wide-ranging possibilities of the materials.
4-9

  

Recently, these materials have been investigated for energy applications. While 

the layered nature of certain transition metal chalcogendies makes them conducive for 

energy storage and battery technology, and their implementation as catalysts are of 

particular relevance to this work with focus on the HER and OER.
10-11

  

NiS2 and MoS2 have been explored as a HER catalyst with MoS2 being a 

benchmark.
12-13

 MoS2 has been pursued as a possible replacement for platinum as the 

HER cathode for the water splitting cell. Due to the high crystallinity resulting from the 

use of the chemical vapor deposition (CVD) techniques commonly utilized to produce 

these films, it has been traditionally assumed that edges were the site of activity, while 

the basal plane remained inert for the HER.
14

 This behavior follows convention of the 

weaker bonds facilitating catalytic activity as the edge sulfur sites are less stable than the 

ones composing the 111 surface. As such, new strategies have been explored to increase 
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the amount of weaker bonds and thus active sites including: increasing edge sides and use 

of edge rich pyramid plates, 2H to 1T phase transformations, decreasing layer thickness 

and increasing sulfur vacancies.
16-23

  

Due to the 2-electron reduction and modest potentials needed to reduce protons, it 

is relatively unsurprising these metal chalocenides can facilitate the HER (0.0 V vs 

RHE).
23

 Additionally, more difficult reduction process like carbon dioxide reduction have 

also been reported.
24, 25 

Due to the high oxidative potential needed to drive the reaction, it 

is surprising that reports have begun to appear of these metal chalcogenide materials 

being utilized in OER catalysis with a Ni3S2 and Co Se2 catching particular interest 
26-30

  

Ni3S2 on nickel foam was found to facilitate both the HER and OER halves of the 

water splitting reaction with a overpotential of 230 and 260 respectively at pH 14 on the -

210 face. This material remains active for over 10,000 cycles, though only in basic 

media.
29

  

Liang and co-workers synthesized an OER active CoSe2 material. They 

synthesized a bulk and monolayer 2D layered material that possessed an overpotential of 

270 mV at pH 14 for the monolayer. The result is surprising as one would expect 

oxidation and decomposition of the chalogenide species at the oxidative potential needed 

to oxidize water long before catalyzing the OER reaction. The authors attribute this 

activity to the metallic character of the monolayers allowing for fast charge mobility from 

the electrode to surface.
30 

This work inspired our investigation as to ascertaining the 

active surface species and the role of charge mobility in catalysis. 
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This chapter seeks to answer the question of how these materials facilitate the 

OER despite their oxidation prone anions. Mattagamite phase CoTe2 (Figure 5.1) is used 

as the model system for this investigation. The importance of the metallic material to aid 

the active surface is confirmed with investigation of role of surface activation for these 

metal chalcogenide systems.  

 

Figure 5.1. Structure of mattagamite phase CoTe2, an I-centered orthorhombic 

lattic of Co
2+

  and Te2
2-

 . 

5.2 Results and Discussion 

 Cobalt pertelluride (CoTe2) was synthesized by reacting aqueous Co
2+

 and Te
2-

 at 

high temperatures (180
o
C). Due to solubility issues, Te

2-
 was generated in situ via the 

reduction of Te
4+

 with two equivalents of hydrazine hydrate. Following previous reports, 

diethylenetriamine (DETA) and sodium oleate were utilized as capping agents.  DETA 

weakly binds to the xy basal plane at the cobalt sites, while the sodium oleate weakly 

binds to the edge tellurium sites. This facilitates growth of the CoTe2 seed in the xy 
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direction. Annealing at low time (0.5h) and temperature(350
o
C) annealing, 2D sheets can 

be isolated. Further annealing at higher (450
o
C) or time (4h), results in bulk, block CoTe2 

(Figure 5.2). 

(a)  (b)   

(c)  

Figure 5.2. TEM images of CoTe2 (a) pre-annealing (b) annealing at 350
o
C for 0.5h and 

(c) annealing at 425
o
C for 4h. 

 CoTe2 was further characterized using powder x-ray diffraction (PXRD), 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), and 

Raman spectroscopy. SEM determined the formation of a nanocrystalline phase CoTe2 

100 nm 100 nm 

100 nm 
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(Figure 5.3). Energy dispersive spectroscopy (EDS) was collected on the sample, which 

confirmed a 2:1 Te:Co ratio.  

 

 

Figure 5.3. SEM of CoTe2 with EDS showing 2:1 Te:Co 

 

 PXRD was utilized the growth and structure of the CoTe2 throughout the 

annealing process. Analysis of the PXRD (λ= 0.71073 Å) of the precipitant, 350
o
C 

annealed sample, and 425
o
C annealed sample was conducted. While the initial precipitant 

displayed no significant or identifiable peaks, subsequently annealed samples 

demonstrated growth of bulk, block-like mattagamite, which was the sole phase produced 

throughout further annealing. To identify this phase, PXRD data (λ= 0.41420Å) was 

compared to theoretical CoTe2 structures and identified as the mattagamite phase (Figure 

5.4b.). 
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Figure 5.4 High resolution pattern versus mattagamite theoretical pattern (λ=0.41420). 

 

Raman spectroscopy (Figure 5.5) was utilized to confirm mattagamite phase. The 

presence of the Te-Te stretch at 118and 136 cm
-1

 is consistent with the presence 

pertelluride [Te-Te]
2-

. The confirmation of the pertelluride species with PXRD and EDS 

data confirm the synthesis of pure CoTe2. The Co to Te ratio was further confirmed 

through ICP-OES. 

 
Figure 5.5. Raman spectra of CoTe2 
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With confirmation of the structure, water oxidation activity was tested 

electrochemically. Surprisingly, the catalyst proved to be very effective at performing the 

OER. At pH14, activity was measure with an overpotential η= 380 mV at 10 mA/cm
2
 

with a Tafel slope b = 58 mV/dec (Figure 5.6). These activity values are comparable to 

those the IrOx and RuOx standards as seen in Table 5.2. Catalyst lifetime was confirmed 

through the use of chromopotentiometry in which the CoTe2 structure maintained activity 

for 12h (Figure 5.7.). Oxygen production was confirmed through collection of the 

reaction headspace and identification with gas chromatography. This data was used to 

calculate a Faradaic efficiency of 96%. 

(a.)  

Figure 5.6. (a) Cyclic voltamagrams of CoTe2  (b.) Linear sweep voltamagrams 

of CoTe2  with η = 380 mV at 10 mA/cm
2
 and b = 58 mV/dec. 

 



121 
 

(b.)  

Figure 5.6. (a) Cyclic voltamagrams of CoTe2  (b.) Linear sweep voltamagrams 

of CoTe2  with η = 380 mV at 10 mA/cm
2
 and b = 58 mV/dec. 

 

Table 5.1 Overpotential at 10 mA/cm
2
 and Tafel slope of CoTe2 compared with 

selected cobalt chalcogenide, and bulk phase based OER.  

Compound Overpotential (mV) Tafel slope 

(mV/dec) 

pH 

Te-Co-O (this work) 380 58 14 

CoSe2 nanosheets 320 44 13 

CoSe2 bulk 380 64 14 

CoTe nanotube 370 -- 14 

Co3O4 377 58 14 

CoNi LDH 367 40 14 

CoOx/ CoPO4 420 -- 14 

CoFeOx 370 -- 14 

NiCox 380 -- 15 

RuOx 390 90 15 

IrOx 380 60 14 

Birnessite 780 240 14 

K/Co0.34Mn0.66O2 420 81 14 

Fe/Co0.16Mn0.84O2 410 - 14 

MnxCoyFe1-x-

y(O)(OH) 

370 - 14 
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(a)   

(b)  

Figure 5.7. (a) Gas chromatagraph trace of headspace gas showing O2 production 

with (b) yield vs time for Faradaic efficiency calculation. 

 

The application of metal chalcogenide species has been long thought to be 

unsuitiable for catalytic chemistry due to the high potentials needed to facilitate the OER, 

and the oxidative instability of heavier chacogenide ligands. These limitations should be 

exacerbated as heavier chalogenides are incorporated into the structure. As such, the large 
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activity observed for this CoTe2 species is particularly surprising. Thus, elucidation of 

active species plays an important role in determining the reason for activity.  

Inspection of the voltamagrams provides initial insight into the first step of the 

mechanistic process. During the first sweep, we observed two oxidation steps present at 

1.1 and 1.3 V. These steps are postulated to be oxidation of surface pertelluride, which is 

subsequently dissociated into solution as tellurate (TeO3
2-

), and the oxidation of Co
2+

 to 

Co
3+

 activating the surface with Co-O for catalysis at which point the OER commences.  

ICP-OES (Figure 5.8) and XPS (Figure 5.9) were utilized to test the hypothesized 

surface activation.  1 mL aliquots of the KOH electrolyte were collected over time. Here 

we observe the largest increase in concentration of Te in solution during the first hour, 

supporting surface tellurite dissociation as an initial step. A steady Te concentration is 

maintained over the next two hours as minimal Te leeching is observed. In contrast, Co 

concentration remains low throughout the trials with minimal dissociation observed. This 

not only supports the presence of an active Co surface but additionally confirms the 

surface is catalytic and not simply reoxidizing and activating new layers for every 

turnover. 
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Figure 5.8. Co and Te concentrations in KOH electrolyte overtime during 

chronoamperometry. 

As surface chemistry plays an important role, XPS was utilized in an attempt to 

understand the nature of these surface species. As seen in Figure 5.9, three regions of the 

XPS in particular were explored over time, the Co 2p3/3, Te 3d, and O 1s. Analysis of the 

Te3d spectrum shows the presence of two Te species before reaction, which are assigned 

as a surface Te
2+

-oxide and bulk pertalluride Te2
2-

. After the initial sweep where the 

oxidation of Te is observed, the Te
2+

 peak is lost and only the Te
-
 peak remains even up 

to 100 cycles. The loss of the Te
2+

 additionally supports the dissociation of the surface 

tellurium, exposing the Co ions as the surface species. The exposure and subsequent 

oxidation of Co
2+

 to Co
3+

 is expected based on the electrochemical data and is also 

confirmed through the XPS, where a shift and growth of the Co
3+

 peak is observed. The 

formation of these metal oxo species can be confirmed through observation of the O 1s 

region, where a C-O peak assigned as capping solvent is observed and subsequently lost 

upon oxidation. After the intial sweep, the growth of the metal oxo peak at 530 eV 

supports the formation of a surface Co-O species.  
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(a)  (b)  

(c)  

Figure 5.9. XPS of (a) Te 3d, (b) Co 2p3/2, and (c) O1s regions of pre-

catalyst, first sweep, and 100 sweep. 

DFT was utilized to explore electronic structure properties of the mattagamite 

structure. The calculated density of states (DOS) can be seen in Figure 5.10.a. The CoTe2 

structure was modeled in the low energy anti-ferromagnetic configuration. The crossing 

of the Fermi level by the cobalt d- and tellurium p-bands are indicative of a metallic 

material. This calculation can be confirmed experimentally through diffuse reflectance 

UV-visible spectroscopy (Figure 5.10.b.) in which a band gap is not observed over the 

visible range.  
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(a)   

(b)  

Figure 5.10. (a) The calculated band structure and DOS of CoTe2. The energy 

zero is set to the valence band maximum. (b) UV-visible spectra of solid CoTe2 

material 

While the metallic nature of the material has no direct implications on the 

catalytic active sites, it provides a low resistance support in which to shuttle charge to and 

from the electrode to surface. Additionally, occupation of the singly occupied eg state is 

observed near the Fermi level with the mixing of delocalized pertelluride p-orbitals. This 

eg
1
occupation is a trend seen in many heterogeneous OER catalysts.

31,32
 Thus the Co

3+
-
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CoTe2 contributes to the paradigm using the presence of the eg
1

 as a potential marker of 

OER candidates.
33 

5.4 Conclusion 

In summary, mattagamite phase cobalt pertelluride has been synthesized and 

identified as a viable water oxidation candidate. More importantly, investigation into the 

features responsible for surface reactivity for oxidation susceptible metal chalcogenides 

has been conducted. Through this work, the active phase of these species has been 

identified as a surface cobalt oxide supported on a metallic mattagamite material, which 

facilitate fast charge mobility from electrode to the catalytic surface.  

5.4 Experimental 

Synthesis 

 Reagents used were purchased through chemical suppliers and used without 

further purification. Na2TeO3 (1.044g, 4mmol) was dissolved in 10mL distilled, 

deionized water in a thick-walled 150mL pressure flask. To reduce the Te
2+

 to Te
2-

, 1mL 

hydrazine hydrate (8mmol) was added to the stirring Na2TeO3 solution. Upon reduction 

of the tellurite, 5mL of CoSO4 (0.687g, 2mmol) was added, which resulted in a lilac 

purple solution. After 5 minutes of stirring, to seed crystal, diethyltriamine:water (90:60 

vol:vol) was added to the cobalt-tellurium solution in an ice bath (0
o
C) followed by 

0.837g sodium oleate powder. The vessel was subsequently sealed pressure flask and 

heated for 30h at 180
o
C. The resulting black precipitant was filtered and washed with 

ethanol. The residual capping solvents were removed by annealing under air free 

condition (argon atmosphere or vacuum). Annealing at 350
o
C for 0.5h yielded sheet like 
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mattagamite, while annealing at higher times (4h) and temperature (425
o
C) yielded bulk, 

block-shaped microcrystals mattagamite. 

General Characterization 

 X-ray diffraction was performed on an APEX II DUO diffractometer using 

molybdenum Kα radiation (0.71071Å) from a sealed tubed and processed with Bruker 

XRD
2
 and DIFFRACEVA software packages. Additional X-ray diffraction data was 

performed on the 11-BM beamline using synchrotron radiation from an APS bending 

magnet operating at 7GeV yielding a calibrated wavelength of 0.414204Å. X-ray 

photoelectron spectra were obtained using a VG Scientific 100mm hemispherical 

analyzer and a Physical Electronics Mg Kα Electrochemical data was measured with a 

CHI660E electrochemical apparatus. Faradaic efficiency was determined by time-

dependent analysis of the electrochemically generated headspace gas using a HP 5850 

series II Gas Chromatograph with a molecular sieve column and thermal conductivity 

detector.  

 Electrochemical data was measured using a CHI660E electrochemical apparatus. 

Faradaic efficiency was determined by time-dependent analysis of electrochemically-

generated gas captured in the headspace, which was run through a HP 5850 series II Gas 

Chromatograph with a molecular sieve column and thermal conductivity detector. Studies 

were carried out in 1M KOH operating with a standard three-electrode confideration at 

ambient temperature and pressure. Polished glassy carbon electrode with a 3mm diameter 

was used as the working electrode. All potentials were measured with respect to a 

standard calomel reference electrode and normalized to the normal hydrogen electrode. A 
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platinum wire was used as the counter electrode. The catalyst containing ink solution was 

prepared by adding 4mg of cobalt pertelluride and 4mg of carbon (VulcanXC-72), which 

was dispersed in 1mL isopropanol and 35μL of 5% Nafion in alcohol solution. The 

resulting mixture was sonicated for 1h to form the ink in which 5μL was dropcast onto 

the working electrode at a loading of 0.28mg/cm
3
. All polarization curves were recorded 

at 10mV/s and replicated at least 5x.  

Raman measurements were taken using a Horbia Labram HR800 Evo confocal 

Raman spectrometer with 532 nm excitation and a 100x objective. All samples were 

pressed into mellets to obtain a smooth surface and excitation laser intensity was 

maintained below the sample objective threshold. UV-Visible absorption spectroscopy 

was performed using a Shimadzu 2550 spectrophotometer with an IRS-2200 diffuse 

reflectance stage. Scanning electron microscopy images were obtained using a FEI 

Quanta 450 FEG-SEM microscope operating at 30 kV. Energy dispersive spectroscopy 

was performed by an Oxford systems nanoanalysis EDS system using Aztec 2.1 as the 

analysis software. Transmissoin Electron Mircroscopy images were collected using a 

JEOL JEM-1400 microscopy operating at 120kV. A Thermo Scientific iCAP 7000 Series 

inductively Couple optical emission spectrometer was used for elemental analysis. 

 Density functional theory calculations were employed to identify electronc 

structure information. The calculations were performed using the projector augmented 

wave (PAW) method
34

 as implemented in the VASP code.
35-37

 We use the recently 

developed SCAN+rVV10 density functional
38

 to approximate the exchange-correlation, 

which is built on the Strongly Constrained and Appropriately Normed (SCAN) meta-

General-Gradient-Approximation (meta-GGA)
39

 and revised Vydrov-van Voorhis 
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(rVV10) non-local van der Waals correlation functional.
40,41

 The ion-electron interaction 

was described with the PAW Perdew-Berke-Ernzerhof (PBE) pseudopotentials
42

. A plane 

wave basis wth the cutoff energy about 400eV and a 10 x 8 x 6 Monkhorst-Pack k-mesh 

24 x 24 x 1 were used
43

. 
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