
  

 

 

 

 

Rational design of supported 

catalysts based on layered transition 

metal oxides towards electrochemical 

water splitting 
 

 

by 

Yayun Pu 
 

 

A thesis submitted to the University of Birmingham for the degree of 

DOCTOR OF PHILOSOPHY 

 

 

School of Chemistry 

College of Engineering and Physical Sciences 

University of Birmingham 

June 2021



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 

UNIVERSITYDF 
BIRMINGHAM 



Page 1 

 

Abstract  

Under the circumstance of urgent demand for clean, renewable hydrogen fuel on a 

global scale, large-scale pure hydrogen production has drawn extensive attention from 

both industrial and science communities. To date, most commercial hydrogen is 

produced by steam methane reforming, which operated under harsh conditions with 

high energy-cost.1 Alternatively, electrolysis of water is an effective strategy that can 

produce high purity H2 under mild conditions. In this context, high active, low-cost 

electrocatalysts tend to be the specific target to realize the industrial application. To 

design and develop prospective catalysts, insight into the correlation between 

composition, coordination environment and electronic structure of electrocatalysts is 

undoubtedly important. With this in mind, this thesis reports various kinds of 

electrocatalysts that can effectively catalyze the hydrogen/oxygen evolution reaction 

(HER/OER), with tailored coordination structure/electronic structure. Through a 

variety of characterizations, the correlation between chemical environments of actives 

species and corresponding electrochemical activity towards HER/OER is elucidated.   

 

Chapter 4 presents the phase transformations from lepidocrocite titania nanosheets (L-

TiO2) to rutile (R-TiO2) and anatase (A-TiO2).
2 We report that temperature determined 

the final phase-structure in the transition phase of the L-TiO2 nanosheets into TiO2 

nanoparticles, while the pH determined the final morphology and particle size. Based 

on the experimental results, two different transition pathways of dissolution-

recrystallization (pH=3) and topologically rolling transition (pH=9) have been 

proposed. Atomic dispersed Pt species were deposited on the pre-synthesized A-TiO2 

surface via photochemical reduction reaction. Due to the strong interaction of deposited 

Pt species and TiO2 supports, a lower oxidation state of Pt was found on Pt@TiO2-pH9. 

In 0.5 M H2SO4, Pt@TiO2-pH9 delivered the best HER activity than other Pt decorated 

TiO2 supports. It only requires an overpotential of 30 mV to reach 10 mA cm
-2 

geo. In 

addition, with regard to the mass activity, all the Pt decorated TiO2 samples show 
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excellent HER performance superior to commercial Pt/C due to ultralow loading of Pt 

on the catalyst.  

 

Chapter 5 describes that low-loading (< 20 wt.%) Ni-confined in layered metal oxides 

anode catalysts have been synthesized by facile ion exchange methodology and 

subjected to systematic electrochemical studies.3 It was found that Ni-intercalated on 

K-rich birnessite (Ni-KMO) presents an onset overpotential (ηonset) as low as 100 mV 

and overpotential at 10 mA cm-2 (η10) of 206 mV in pH=14 electrolyte. By combining 

electrochemical methods XAS and XES, we demonstrate that Ni sites are the active 

sites for OER catalysis and that the Mn3+ sites facilitate Ni intercalation during the ion-

exchange process. Different coordination structures of Ni species were confirmed on 

Ni-KMO and Ni-HMO, which are strongly correlated to the electrochemical behavior 

and corresponding OER activity. The effect of the pH and the nature of the supporting 

electrolyte on the electrochemical performance were also evaluated to reveal the 

electrochemical features of Ni intercalated KMO.  

 

Chapter 6 shows the surface galvanic formation of Co-OH on KMO was achieved via 

the redox reaction of hydrated Co2+ with crystalline Mn4+.4 The synthesis method takes 

place at ambient temperature without using any surfactant agent or organic solvent, 

providing a clean, green route for the design of highly efficient catalysts. The redox 

reaction resulted in the formation of ultrathin Co-OH nanoflakes. XAS and XPS 

analysis confirmed the changes in the oxidation state of the bulk and surface species on 

the Co-OH nanoflakes supported on the KMO. XPS and Time of flight secondary ion 

mass spectrometry (ToF-SIMS) analysis demonstrated that the layer of CoOxHy 

deposited on the KMO and its electronic structure strongly depends on the anion of the 

precursor used. In particular, it was found that Cl- favors the formation of Co-OH, 

changing the rate-determining step of the reaction, which enhances the catalytic activity 

towards the OER, producing the most active OER catalyst in alkaline media. 
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This chapter is the collection of the basic background of the Ph.D course, including the 

physical/electrochemical theory and motivating factors behind the course and literature 

works.  

 

1.1 Background and state-of-the-art progress 

Sustainable, green and renewable energy supply is of paramount importance in 

powering a prosperous civilization. According to the International Energy Agency, 

global energy demand will reach 24-26 TW in 2040.5 Such a huge increase 

accomplished with the transformation from traditional fossil (coal, oil, gas) to 

renewable energy has raised substantial concerns and need for new technologies, such 

as fuel cells, metal-air batteries and water splitting electrolyzers.6-8 Among these energy 

generation/conversion solutions, electrochemical water splitting is an efficient and 

clean technology to convert H2O into molecular H2 and O2, where the hydrogen 

evolution reaction (HER) takes place on cathode and oxygen evolution reaction (OER) 

on the anode.9 By making use of water as feedstock, the most universal on earth, 

electrolyzer can produce sustainable hydrogen resource without other by-products. The 

produced H2 as an energy carrier can be used in fuel cells converting chemical energy 

to electricity.10 To realize these electrochemical conversion processes, electrocatalysts 

are indispensable and pivotal. They not only reduce the reaction energy barrier that 

drive catalysis reactions with low overpotential, but also determine the rate, efficiency 

and selectivity of chemical transformation involved. However, commercialized 

catalysts are still far from satisfied for their cost, efficiency and stability. The pursuit of 

advanced catalysts remains a great challenge, motivating both the scientific community 

and technology companies to make progress unremittingly.7, 11, 12  
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Figure 1. 1 Schematic graph of electrochemical water splitting. Reprinted from 

reference.13 Copyright ©2020, American Chemical Society 

 

1.2 Fundamental mechanism of HER and OER 

1.2.1 Fundamentals of Hydrogen Evolution Reaction 

It is well known that water splitting is composed of two half reactions, e.g. hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER). At the cathodic part, 

the H+ is being reduced to H2 at the catalyst surface via a two-step electron transfer 

process. Based on the different combination pathway of H2, this has Volmer-Heyrovsky 

and Volmer-Tafel mechanism.13, 14 More specifically, Volmer step as the first step 

denote the adsorption of H on active site M*, to obtain intermediate M*H; the second 

step can proceed either by the Heyrovsky step where *H is attacked by H+ or H2O to 

get H2 evolution or by Tafel step where two adjacent *H recombined directly. The 

Heyrovsky step is electrochemical desorption process, while the Tafel step is chemical 

desorption. Considering different pH conditions, the equation can be written as follow 

(see Figure 1. 2). 

Acidic medium: 

M* + H3O
+ + e- → M*H + H2O         (Volmer step)                     [1.1] 

M*H + H3O
+ + e- → M* + H2 + H2O     (Heyrovsky step)                   [1.2] 

M*H + M*H → M* + M* + H2          (Tafel step)                             [1.3] 
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Alkaline medium:  

M* + H2O + e- → M*H + OH-         (Volmer step)                       [1.4] 

M*H + H2O + e- → M* + H2 + OH-     (Heyrovsky step)                    [1.5] 

M*H + M*H → M* + M* +H2         (Tafel step)                               [1.6] 

Notably, owing to the deficient H+ in the alkaline medium, dissociation of H2O 

molecule at the catalyst surface should be prior to adsorption of H. Comparative slower 

kinetic is always found in alkaline solution in contrast to acidic condition, where 

sufficient proton can be easily accessed by the active site.  

 

The rate determining step (RDS) controls the overall reaction kinetics in the multistep 

catalytic process.15 Better understanding of the RDS of the certain catalyst is regarded 

as the key in catalyst design. Tafel slope analysis, a traditional but effective method, 

therefore is widely adopted and performed. The value of Tafel slope indicates the rate 

of current density change in a small range of potential window. The smaller the better. 

As for the HER process, the Tafel slope of 29 mV dec-1 implies Tafel step is the RDS, 

i.e. Volmer or Heyrovsky step is fast and *H combination reaction control the reaction. 

If the Tafel value is 39 mV dec-1, The Heyrovsky step becomes the RDS. While if the 

adsorption of proton is most difficult, the Tafel slope should be 116 mV dec-1.16  

 

Figure 1. 2 Mechanism of hydrogen evolution on catalyst surface in different media. 

Reprinted from reference.13 Copyright ©2020, American Chemical Society  
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1.2.2 Fundamentals of Oxygen Evolution Reaction 

The oxygen evolution reaction take place at the anode with four proton coupled electron 

transfer (PCET) steps.17 It is considered to be more complicated and requires high 

overpotential. Sluggish kinetic and multiple intermediates such as M*OH, M*O, 

M*OOH bring substantial challenge to the OER study.18 Therefore fundamental 

understanding of basic thermodynamics and reaction mechanism is necessarily needed. 

The standard equilibrium potential for H2O → O2 is +1.229 V vs. SHE (standard 

hydrogen electrode).19 By consideration of acidic/alkaline condition, it is usually 

transformed to reverse hydrogen electrode (RHE), with 59.2 mV/pH increase on the 

dependence of pH. At acidic and alkaline conditions, the reaction pathways would be 

different for each other.  

Acidic medium: 

M* + H2O → M*OH + H+ + e-                                          [1.7] 

M*OH + HO-H → M*O + H2O + H+ + e-                                  [1.8] 

M*O + H2O → M*OOH + H+ + e-                                       [1.9] 

M*OOH → M* + O2 + H+ + e-                                         [1.10] 

 

Alkaline medium: 

M* + OH- → M*OH + e-                                            [1.11] 

M*OH + OH- → M*O + H2O + e-                                     [1.12] 

M*O + OH- → M*OOH + e-                                          [1.13] 

M*OOH + OH- → M* + O2 ++ H2O + e-                                [1.14] 

 

Intermediates M*OH, M*O, M*OOH play the key role in traditional water nucleophilic 

attack (WNA) mechanism analysis of OER. On the one hand, each intermediate 

formation can be correlated to the anodic reaction kinetics. Similar to the HER, Tafel 

slope is used to determine which step limit the oxygen evolution. Take the alkaline 

condition as an example, the following equation is used for the determination of the 
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rate-determining step (RDS) by Tafel slope20:  

b =
2.3RT

a F
                                                                        [1.15] 

a = 
nf

ν
+ nrβ                                                                    [1.16] 

R is the gas constant, T is temperature, F is faraday’s constant, nf is the number of 

electrons transferred before the RDS, ν is the stoichiometric number with a typical value 

of 1, nr is the number of electrons transfer in a single RDS, β is the symmetry factor 

with a typical value of 0.5. when the value is 24 mV dec-1, it is the third step (Eqn. 1.13) 

where M*OOH formation is the RDS; if the value is 40 mV dec-1, the second step of 

M*O formation (Eqn. 1.12) becomes the RDS; Tafel slope of 60 mV dec-1 implies the 

chemical deprotonation step after first electron transfer limits the control of the whole 

reaction; if the first step that adsorption of OH becomes most difficult (Eqn. 1.11), the 

value would be 120 mV dec-1.21, 22   

 

On the other hand, there is a correlation of the energy barrier for each intermediate 

formation, called scaling relation.19, 23 Specifically, since both *OH and *OOH bind on 

active site and are in the same single bond form, a roughly constant difference was 

found between the binding energy of *OH and *OOH, with a value of 3.2 ± 0.2 eV. It 

applies either on metals or metal oxides, regardless of the binding site. In a certain 

catalyst, the lower barrier of *OH → *O would correspond to higher barrier of *O → 

*OOH. If taking the energy difference (ΔG) of *OH and *OOH as a single descriptor, 

the overpotential of different catalyst would present a volcano shape, e.g. the widely 

known volcano plot. Catalysts at/around the summit of the volcano possess the optimal 

oxygenates binding energy, which means the lowest theoretical overpotential for the 

OER.  
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Figure 1. 3 (a) Traditional WNA-OER mechanism in acidic medium (blue) and alkaline 

medium (red).24 Copyright © 2017, Royal Society of Chemistry. (b) Activity trends 

towards oxygen evolution of a wide variety of metal oxides.19 Copyright © 2011, John 

Wiley and Sons 

 

It should be noted that except for WNA mechanism, a certain number of catalysts 

operate through a lattice-oxygen-mediated mechanism (LOM).25-29 During this process, 

two neighboring oxo species (*O) are formed after the protonation of *OH on the active 

site. One O locates on the outermost surface while another O bridges two neighboring 

metal sites. Then, instead of formation of *OOH through nucleophilic attack by the 

H2O/OH- species from the electrolyte, two oxo species couple directly and then O2 is 

released. Exposed metal centers are filled by new OH- immediately from the electrolyte. 

Single cycle of oxygen evolution is completed and new cycles starts to continue. Due 

to the lack of *OOH formation, the scaling relationship is no longer the dominant 

mechanism of OER. The binding energy of *OH and *O are possibly close to optimal. 

It should be noted that the prerequisite of oxo species tending to couple with each other 

is their considerable spin density, which is heavily sensitive to ligand environment.29  
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Figure 1. 4 Schematic illustration of the LOM-OER mechanism in alkaline condition.26 

Copyright © 2017, Springer Nature 

 

1.3 Metal oxides/hydroxides for Hydrogen Evolution Reaction  

Currently, the benchmark of electrochemical hydrogen evolution is platinum.30 Optimal 

H adsorption energy and desorption energy render it most close to the peak in the 

volcano plot, presenting the highest intrinsic activity towards HER. However, its 

scarcity and high cost impede the large-scale application, which is an expected solution 

to resolve global energy demand.31 Developing electrocatalysts with both excellent 

performance and cost-efficiency is highly urgent. To this end, there has been two 

different routes. The first one is directly developing non noble alternatives with 

comparable activity to Pt such as transition metal oxides (TMOs),32-34 dichalcogenides 

(TMDs),35-37 phosphides (TMPs),38, 39 carbides (TMCs),40, 41 nitrides (TMNs)42-44 and 

metal alloys45, 46. These kinds of materials are cheap but of inferior intrinsic activity 

that need electronic structure regulation or composite fabrication. Another approach is 

designing supported catalysts by significantly reducing noble metal loading as 

compared to the commercial Pt/C, which contains 20 wt% Pt loading. Ultrasmall 

nanoparticles, clusters and even single atoms have widely been investigated, which can 

maximize the atomic utilization to boost activity and lower the cost.   
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Metal oxides with diverse composition, structure and cation oxidation state are 

substantially applied in various fields, especially in the catalysis regime.47-49 Reactions 

such as the oxygen evolution/reduction or CO2 reduction commonly take place on the 

surface of metal oxide/hydroxides.50, 51 Whereas TMOs are considered as poor active 

HER materials due to weak interaction with hydrogen. Difficult adsorption of protons 

on the active sites seriously prohibits the HER. To address this issue, numerous 

strategies have been developed, including defect-engineering, hierarchical structure and 

electronic structure optimization.49   

 

1.3.1 Simple metal oxides 

The HER activity of simple metal oxides is restricted by the pH, since different 

mechanism controls the reaction under acidic or alkaline medium. For the acidic 

condition, transition metal Ti, Mo, W oxide group is often used because of its good 

endurability under such harsh environment. In this context, oxygen-deficient WO2.9 

shows η10 (overpotential at 10 mA cm
-2 

geo.) of 70 mV and Tafel slope of 50 mV dec-1. 

Enhanced activity is originated from tailored electronic structure of exposed W due to 

local ordered defect structure.52 Similar strategy was implemented by Zheng et al. to 

design the degenerate semiconductor, exfoliated WO3, which show high conductivity 

and desirable hydrogen adsorption free energy. Liquid exfoliation created oxygen 

vacancies introduce gap states in WO3, modulating its electronic structure and boosting 

the HER performance.53 In addition to WO3, P doped MoO3−x nanosheets not only show 

η10 of 166 mV in acidic solution, it also exhibited good stability in a wide range of pH 

(0.5 M H2SO4, 0.5 M Na2SO4, 0.1M NaOH). Synergistic effect of doped P and oxygen 

vacancies contribute to the superior performance.54 Lattice defect can also be created 

by incorporation of hetero S atoms into MoO2, which enhance the charge transfer 

further enhancing HER activity.55 Doping of Mo within W18O49 matrix can increase the 

number of active sites and optimize hydrogen adsorption energy. Combined with 

promoted electron transport, small onset potential and Tafel slope were obtained.56 
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Proper amount Mo atoms in MoO2 replaced by Ni atoms can cause electron deficiency 

on neighboring O, which improves proton adsorption and increase surface hydrogen 

coverage.57 Both metal cation doping methods increase active sites that accelerate HER.   

 

The alkaline medium is more friendly to many groups of transition metal oxides in 

contrast to acidic medium, whereas slow kinetic due to H2O dissociation and H 

adsorption remains a great challenge. To overcome this difficult, Qiao’s group 

introduced tensile strain on the outermost surface of Co oxide nanorods that aim to 

facilitate water dissociation and optimize hydrogen adsorption. Large numbers of 

oxygen vacancies were generated and the electronic structure was modified.58 

Substitution of oxygen by other anion (fluorine or sulfur) can redistribute electron cloud 

of neighboring Co or result in disordered structure on Co oxides, facilitating water 

dissociation and improve HER activity.59, 60 Apart from anion doping, cation 

incorporation plays a different role in improving HER activity in alkaline condition. 

For example, in Ni, Zn co-doped Co oxide, Ni dopants segregated at surface oxygen 

vacancy that act as hydrogen intermediate binding sites; meanwhile Zn dopants 

embedded into bulk Co oxide boost the electric conductivity. Synthesized Ni, Zn co-

doping CoO nanorods only require 53 mV overpotential to reach 10 mA cm-2.61 

Introducing Zr into spinel CoFe2O4 not only increase active sites by tuning morphology 

but also change the electronic structure around Co, Fe. Ternary ZrCoFe oxide exhibit 

unprecedented HER activity of η10 = 104 mV.62 For those metal (oxy)hydroxide with 

intrinsic poor HER activity, the incorporated cation itself serve as active sites. Ru doped 

NiFe LDH and Ir doped NiCo LDH display excellent HER performance with η10 = 29 

mV and 21 mV, respectively.63, 64  

 

1.3.2 Metal (hydro)oxides supported catalyst  

The basic principle of fabricating supported catalysts fabrication is to introduce HER 

active species such as noble metal or sulfides onto (hydro)oxide surface. For example, 

in acidic condition, Pt is the most frequently used active species. Metallic Pt0 clusters 
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anchored on the surface of WO3 act as active sites towards HER. In-situ electrochemical 

phase transition of WO3 to HxWO3 give rise to fast electron/hydrogen transportation 

that contribute to excellent HER activity.65 In Jiang’s work, Pt nanoparticles were 

confined by MoO2-porous carbon with a low loading of 8.32 wt%. MoO2 interacted 

with Pt resulting in thermal-neutral hydrogen adsorption energy which improve the 

intrinsic activity of Pt. 11-times higher mass activity than commercial Pt/C was 

achieved.66 Besides Pt, CuS was combined with NiCo2O4 to fabricate non-Pt catalysts. 

It shows excellent durability in acidic aqueous solution as long as 50 h and onset 

overpotential of 31.1 mV.67  

 

In alkaline condition, noble metals are still the first choice. Ultrathin platinum 

nanowires grown on single layer Ni(OH)2 is expected to take the advantage of high 

specific surface area of two dimensional nanosheets. Strong interaction between Pt and 

Ni(OH)2 facilitate charge transport and stabilized the active species during 

electrochemical reaction. It presents 4-5 times higher activity than commercial Pt/C.68 

Dong et al. fabricated subnano-sized Ru species on SnO2 surface by micro-etching 

techniques. The valence state of Ru species was demonstrated lower than Ru(III), which 

coupled with SnO2 resulting in optimal hydrogen binding energy.69 Slightly cheaper Ag 

nanodots are also decorated onto porous Cu2O for HER catalysis. Plenty of active sites, 

fast mass transportation, and synergistic effect between Ag and Cu2O and Cu substrate 

give rise to η10 of 108 mV and Tafel slope of 58 mV dec-1.70   
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Figure 1. 5 (a) Scheme for synthesis of Pt NWs/SL-Ni(OH)2, (b) HER activity of Pt 

NWs/SL-Ni(OH)2, Pt NPs/SL-Ni(OH)2, pure Pt NWs and commercial Pt/C (20 wt%) 

in 1 M KOH at room temperature, (c) current-time chronoamperometric responses for 

HER at Pt NWs/SL-Ni(OH)2, Pt NPs/SL-Ni(OH)2 Pt NWs and commercial Pt/C 

(20 wt%) electrodes in 1 M KOH solution.68 Copyright © 2015, Springer Nature 

 

1.4 Metal oxides/hydroxides for Oxygen Evolution Reaction 

In the past decades, a wide range classes of OER electrocatalysts have been designed 

and studied. Precious metals and its relevant oxides – ruthenium, ruthenium dioxide, 

iridium and iridium oxide are the star catalysts which present the highest, acceptable 

efficiency in OER process.71, 72 The normal crystalline structure of ruthenium and 

iridium dioxide are classified in rutile-type, with electronic configuration of ruthenium 

4d75s1 and iridium 5d76s2. RuO2 has in metallic characteristics, showing a resistivity of 

35.2 ± 0.5 μΩ·cm at room temperature.73 Such high electronic conductivity and unique 

electronic configuration of RuO2 render it a most active electrocatalyst towards OER. 

Reier et al. conducted a comparative investigation of carbon supported precious metal 
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of bulk materials and nanoparticles.71 The intrinsic OER activities for them are Ru > 

Ir > Pt. To reveal the true OER activities of Ru and Ir oxides nanoparticles, Lee et al. 

performed a systematical study of Rutile RuO2 and IrO2. Nanoparticles with diameter 

of ~ 6 nm have been synthesized and electrochemically examined in acid and alkaline 

solution.74 RuO2 nanoparticle exhibits slightly higher intrinsic and mass OER activities 

than IrO2. These two nanoparticles show higher stability than commercial Ru/C and 

Ir/C catalyst. Besides the size effect, crystallographic orientation is another factor 

essential to catalytic activity. The (100) surface of IrO2 and RuO2 have been 

demonstrated more active in alkaline solution than the most thermodynamically stable 

(110) surface. The OER activity is fairly dependent on the density of coordinatively 

undersaturated metal sites of each crystallographic facet.75 

 

Despite the highly intrinsic acidity of RuO2 and IrO2, the problems of scarcity of 

precious metal and solubility of ruthenium oxide severely impede the further scalable 

industrial production. In terms of cost, both RuO2 and IrO2 are one of the scarcest metals 

in the earth’s crust and are typically as side products during Pt or Ni mining.31 They are 

also unstable at high anodic potential, suffered from oxidation to high valence and then 

dissolved in solution.76-78 Easy corrosion under anodic oxidized potential has drew 

serious concerns on the stability, especially in practical application. In this context, 

substantial interest has been paid to explore new types of catalysts with high efficiency 

and low cost.  

 

In acidic condition, most transition metal oxide are not stable because of the dissolution 

of metal atoms. The OER performance of crystalline cobalt oxide films with relatively 

slow corrosion rate has been studied in 0.5 M H2SO4. Although 570 mV overpotential 

is required to afford 10 mA cm-2 current density, near-quantitative Faradaic yields was 

maintained as long as 12h.79 This catalyst along with manganese oxide (MnOx) 

providing possibility to employ earth abundant metal oxide towards acidic OER.80, 81 
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Recently a great progress was made by Mascaros’s group with Co based 

polyoxometalate showing both excellent activity and stability in strong acidic media.82 

Both Cs and Ba cation countered polyoxometalates show superior OER activity over 

reference IrO2. The best catalyst 40% Ba[Co-POM], an overpotential of only 189 mV 

is required for 1 mA cm-2. Chronoamperometric test show that after 24 h reaction, 

Ba[Co-POM] still exhibit ten times higher current density than IrO2.  

 

In alkaline conditions, replacing expensive and scarce precious metals by common 

transition metals is feasible and attractive. Transition metal oxides are a great family 

with distinct performance determined by their electronic configuration. Single oxides83-

85 (Co, Mn, oxides), layer single hydroxides86, 87 (Ni/Co(OH)2, Ni/CoOOH), layered 

double oxides88, 89 (NiFe LDH, NiCo LDH), and the perovskite90, 91 

(Ba0.5Sr0.5Co0.8Fe0.2O3–δ) are all selected for electrocatalysis reaction of oxygen 

evolution. In the following, extensive (hydro)oxides catalysts will be collected and 

summarized.  

 

1.4.1 Layered metal oxide 

Layered metal oxides are a great family with tunable properties and abundant diversity 

of chemical compositions and crystal structures.92-95 Two-dimensional (2D) layers with 

atomic/molecular thickness are stacked in layer-by-layer form. The host layers typically 

composed of edge/corner sharing octahedral MO6 subunits based on Ti, Mn, Nb, Mo, 

W etc., showing active redox activity. Layered metal oxides are ideally feasible for 

electrochemical reactions due to their high specific surface area and unique electronic 

structure. To date, considerable attentions have been paid on such material but they are 

still far from being fully explored.  

 

Manganese oxides have a long history in functioning as an OER catalyst under alkaline 

conditions, because of its abundance, non-toxic nature, multiple valence states and 

structural diversity.96-99 Among the manganese oxide polymorphs, δ-MnO2 (Birnessite) 



Page 32 

 

present a typical layered form. Negative charged Mn-O host layer pack along the c axis, 

with positively charged alkali cations (Na+, K+, Cs+ etc.) inserted in the interlayer 

gallery. Multivalence is another feature of Birnessite, Mn (II), Mn (III) and Mn (IV) 

substitute with each contributing to the complex electronic structure. High spin Mn (III) 

with d4 electronic structure where one unit electron filling the eg orbital, has always 

been considered as the active sites for electrocatalysis of water.100-102 However, 

compared with those most active non-precious metal oxides like Ni, Fe, Co and its 

(oxy)hydroxide relatives, Birnessite exhibits moderate electrocatalytic activity in water 

oxidation, with overpotential labeled in the range of 500-800 mV at current density of 

10 mA cm-2.103 To improve this plight, Zhao et al. introduced defects into Birnessite 

nanosheet arrays which grow on Ni foam substrate. Defects give rise to semiconductor-

half metallic transformation that significantly enhance the conductivity. Abundant 

oxygen vacancies increase the percentage of Mn3+, enhancing H2O adsorption.104   

 

Other layered transition metal oxides have been largely explored.105, 106 Through 

electrochemical delithiation of layered LiNiO2, Ni-rich surface transform to NiOOH, 

lead to a large fraction of surface exposed.107 It improves the electron transfer rate from 

the solution, enriching LiNiO2 with lithium vacancies that can optimize the electronic 

structure of surface NiOOH. After deprotonation, OER active NiOO* species with 

higher Ni valence state are formed and stabilized, giving rise to superior OER activity. 

Unusually short O–O separation is demonstrated in layered oxide Na0.67CoO2 that 

favors the formation of peroxide ions via O−– O– interactions. O2 can be produced 

directly through the O-O combination (LOM mechanism) instead of conventional 

WNA mechanism. Combined with the strong hybridization of O-2p band and low spin 

Co(Ⅲ)/Co(Ⅳ) state, the catalysts show better OER activity than IrO2 reference.108    



Page 33 

 

 

Figure 1. 6 Crystal structures of typical layered metal oxides. 

 

1.4.2 Layered double hydroxides (LDHs)  

Layered double hydroxides are a class of two-dimensional (2D) material consisting of 

metal hydroxide layers and inorganic/organic gallery anions/molecules.109 The general 

formula of LDHs is [M
2+ 

1-xM
3+ 

x (OH)2]
x+(An-)x/n·mH2O, M2+ = Mn, Fe, Co, Al, Cu, Zn etc., 

M3+ = Al, Ga, Ti, Cr, Fe, Co etc. An- is a charge-balancing anion intercalated between 

the brucite-like metal hydroxide layers, e.g. CO
2- 

3 , Cl-, SO
2- 

4 , RCO-2, the x is normal 

between 0.2-0.4. Such layered materials can be directly exfoliated into multi-layer or 

single layer sheets by soft exchange chemistry. Anions or water molecules intercalated 

in the interlayer are exchangeable. The two-dimensional structure feature, coexisting 

dual metal cations in the host layer, high specific surface area, tunable electronic 

structure, and inexpensive cost make LDHs the most promising catalyst for OER in 

basic condition.105, 110, 111 Plenty of strategies can be carried out for catalyst design. For 

example, (Ⅰ) intercalation of expected anions between the interlayer spacing; (Ⅱ) tuning 

the distance of interlayer; (Ⅲ) doping exotic element in the host layer; (Ⅳ) exfoliating 

into single/few layers; (Ⅴ) constructing superlattice/composites with other two-

dimensional layers. However, the LDHs suffer from some drawbacks such as inferior 

electrical conductivity, low efficiency in exploiting active sites, and weak combination 

with the electrodes. Substantial efforts have been made to tackle the issues that improve 

the OER activity.112-116   

 

Regarding the insufficient conductivity of LDH, Dai’s group introduced carbon 
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nanotubes (CNTs) as support where ultrathin NiFe-LDH directly grew on. Interaction 

between them enhancing electron transport, resulted in improved OER activity as 

compared to bare NiFe-LDH.117 Compared to one dimensional CNTs, reduced graphene 

oxide (rGO) with two dimensional form can be matched with LDH in layer-by-layer 

mode. Long et al.113 and Ma et al.118 separately reported that NiFe-LDH-rGO 

hybrid/superlattice boosted OER activity of η10 = 195 mV and 230 mV in 1M KOH, 

respectively. Electrostatic attraction tightly binding the LDH layers and rGO layers, 

lead to strong synergetic reaction between them. Fast electron transport from rGO 

maximumly exploit the catalytic activity of NiFe-LDH. Beyond that, NiFe LDH/rGO 

superlattice in Ma’s work also exhibited considerable HER activity. In alkaline 

electrolyte, one 1.5 V AA battery can drive the electrolytic cell for total splitting of 

water. Likewise, various LDHs have been employed to couple with rGO or graphene 

derivates. For instance, CoAl-LDH nanosheets on 3D graphene network,119 NiMn-LDH 

nanosheets with graphene,120 and NiFe-LDH nanosheet with defective graphene.121 All 

of these composite catalysts showed excellent performance as a result of synergetic 

effect between the LDHs and graphene. 

 

Beside coupling with conductive materials, exfoliation of bulk LDHs into ultrathin 

nanosheets can increase exposed active sites and conductivity. Song and Hu thoroughly 

studied the OER activity of exfoliated Co-Co, Ni-Co, Ni-Fe LDHs single-layer 

nanosheets with comparison to their bulk phase.89 All the nanosheets showed superior 

performance than their parent phase. Increased number of active sites at the edge and 

defect that originated from exfoliation mainly contribute to OER improvement. 

Different to wet chemistry exfoliation, Wang’s group developed Ar plasma technique 

to delaminate bulk LDHs in dry environment.122 Plasma etching break the bond of bulk 

material, facilitating surface atoms escaping from the lattice. Exfoliated nanosheets 

enrich with vacancies and defects, tuning the surface electronic structure, decreasing 

the coordination numbers and increasing the disorder in nanosheets. In this way, 

ultrathin exfoliated CoFe-LDH nanosheets with multiple vacancies (including O, Co, 
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and Fe vacancies) show significantly improve OER activity of η10 = 266 mV.   

 

Since LDHs layers consist of two different cations, manipulating cations with regard to 

the type, content and valence state is a feasible way to tailor the electronic structure of 

active centers. Yang et al. studied the synergetic effect of Co, Fe in LDH matrix by 

varying Fe percentage, suggesting the optimal value of 35 at%.123 Further comparison 

of the effect of trivalence Al and Fe on catalytic activity show that Al3+ suppressed the 

OER activity whereas the Fe3+ enhanced the activity. In another work, high spin Fe(IV) 

with d4 electrons leads to efficient formation of an active O radical intermediate, 

synergistically coupled with the closed shell d6 Ni(IV) to catalyze the subsequent O-O 

combination. Such cooperation between the coexisted metal delivers the optimal OER 

performance.124   

 

Cations were not merely limited in two elements, introducing a third part further 

strengthened the synergetic cooperation among cations. Cr was incorporated into NiFe-

LDH by Jin’s group aiming to tune electronic structure.125 The molar ratio Ni:Fe:Cr = 

6:2:1 exhibited the optimal intrinsic catalytic activity, achieving a current density of 25 

mA cm-2 only at the 225 mV overpotential. Likewise, Zhou et al. synthesized ternary 

NiCoFe-layered double hydroxide, which further combined with the nitrogen-doped 

graphene oxide via in-situ growth route.126 In 0.1 M KOH media, tri-cations catalyst 

present ultralow onset overpotential of 180 mV. In addition to the prominent OER 

activity, this composite also exhibited excellent ORR performance. Onset potential of 

0.88 V was achieved, fundamentally due to the dispersion of Co(III) into NiFe layers. 

High valence state Co, N doped graphene and the highly exposed Ni, Fe active sites 

together contribute to the excellent bifunction of the oxygen reaction. Doping with Ir4+ 

opened the window for bifunctional water splitting catalysis. In 1 M KOH electrolyte, 

the Ir-NiFe LDH only requires an overpotential of 200 mV for OER and 34 mV for 

HER at 10 mA cm-2, respectively. This rational strategy addressed the issue of poor 

HER activity of LDHs, facilitating the adsorption of proton that rendered it Pt-like 
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performance.127 A small potential of 1.41 V is sufficient to drive the water splitting and 

can maintain a relatively stable at 20 mA cm-2 for more than 50 h.  

 

1.4.3 Cation modified metal oxide/hydroxide 

In this section, we focus on cation modification in following two aspects: cations 

intercalation within the interlayer gallery and cation decoration on the outer surface. 

These two routes are different to the doping of foreign elements into the layer matrix 

that lead to interesting phenomenon or enriching the functions of the pristine material. 

Ni was selected as the intercalation cations to layered manganese oxide.128 Firstly, a 

[Ni(N2H2)x(H2O)y]
2+ complex was prepared by reacting of the aqueous cation with 

hydrazine. Small amounts of the cation-hydrazine complexes were inserted via ion 

exchange protocol. Negatively shifted pre-OER redox of Ni2+/3+ suggested changed 

electronic structure of Ni. Intercalated Ni complex exhibited an overpotential of 400 

mV to reach anodic current density of 10 mA cm-2. Combined with theoretical 

calculation, enhanced OER activity can be attributed to confined environment and 

orientational ordering of interlayer H2O. This strategy was applied to other transition 

metal such as Co and Cu.129, 130 Moreover, Strongin’s group studied Co intercalated 

NiFe-LDH for OER by experimental and theoretical combination.84 Introduction of Co 

tunes the electronic structure of NiFe-LDH so that the optimal binding energy of OER 

reaction intermediates could be achieved. Co modified NiFe LDH exhibit the best 

activity, requiring overpotential of 265 mV at 10 mA cm-2. In another work molybdate 

was intercalated between the interlayer of NiFe-LDH.112 Four times higher density of 

electrochemically active sites gives rise to boosting OER current density that is three 

times higher than regular NiFe-LDH. Highly active catalytic performance is companied 

by remarkable durability at different current density levels.  

 

OER inactive Au single atoms was decorated on the surface of NiFe-LDH.131 Six-fold 

OER activity enhancement was obtained at an overpotential of 208 mV. Theoretical and 

experimental results uncovered the activity origin of Au@NiFe-LDH: Fe atoms are 
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active sites in NiFe marix during OER catalysis, the decoration of Au atoms on the 

surface can transfer electrons from Au to LDH, changing surrounding environment of 

Fe thus improves the activity. OER active Ru single atoms was also anchored on the 

surface of CoFe-LDH.132 The Ru oxidation state in as-synthesized catalyst is only 1.6+, 

while the operando X-ray absorption spectroscopy showed that the Ru atoms kept 

oxidation states of 4+ at OER anodic potential. Theoretical calculation reveals the 

strong electronic coupling between Ru and CoFe-LDH.   

 

Figure 1. 7 (a) Cyclic voltammetry (CV) curves of Au/NiFe LDH, pure NiFe LDH and 

bare Ti mesh in 1 M KOH. (b) Overpotential (η) at 10 mA cm–2 (left) and Tafel slope 

(right) for sAu/NiFe LDH and pure NiFe LDH. (c) Differential charge densities of NiFe 

LDH with and without Au atom.131 Copyright © 2018, American Chemical Society 
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Chapter 1 presented the current situation of the demand for clean energy H2, the 

potential solution – electrochemical water splitting and the bottleneck of the 

electrocatalyst development. To alleviate the high cost of noble metal used and to 

improve the efficiency of electrocatalyst, we paid attention to the layered metal oxides. 

Layered metal oxides are a big family comprised by transition metals with tunneled 

nanostructures, tunable valence states and flexible phase structures. Its low price and 

earth-abundance meet the requirement of lowering cost thus to be potential for large-

scale industrialization. In addition, from the perspective of scientific research, the 

tunneled structure particularly facilitates ion exchange and new species accommodation; 

the nature of multivalence makes the possibility of engineering electronic structure via 

the redox reaction; targeted physical properties can be regulated through the phase 

structure engineering. The underlaying correlation between the structure-catalytic 

performance is necessarily to be studied so as to provide guidelines for rational design 

of new catalyst. 

 

On the basis of the background, this Ph.D. project focus on i) developing highly active 

electrocatalysts based on layered transition metal oxides for efficient water splitting, 

e.g. hydrogen evolution and oxygen evolution. ii) reveal the correlation between 

electronic/coordination structure of the catalyst and electrochemical behavior and 

activity, which provide fundamental guidelines for catalysts design. Detailed 

characterizations and measurements on catalyst compositions, morphologies, crystal 

structures and electrochemical performance are presented in the following chapters of 

this thesis.   

 

The objectives of this Ph.D. project are:  

(1) To design Pt, Ni, Co supported catalysts based on layered metal oxides for the 

hydrogen evolution reaction and oxygen evolution reaction, exploring the 

underlying mechanism of active species formation, including phase transition, 

intercalation and surface redox reaction.  



Page 46 

 

(2) Systematic analysis of the physical features of synthesized catalysts by various 

techniques, including scanning electron microscopy (SEM), High-resolution 

transmission electron microscopy (HR-TEM), high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM), Powder X-ray 

diffraction (PXRD), X-ray fluorescence spectroscopy (XRF), X-ray photoelectron 

spectroscopy (XPS), X-ray absorption spectroscopy (XAS) and X-ray emission 

spectroscopy (XES), Raman spectroscopy, infrared spectroscopy and  

Thermogravimetry analysis (TGA).  

(3) To study the electrochemical performance of the synthesized catalysts using 

different electrochemical techniques such as cyclic voltammetry (CV), 

chronoamperometry (CA), Tafel analysis and turnover analysis, exploring the effect 

of pHs and cations.  

(4) To gain fundamental understanding of the mechanism of hydrogen/oxygen 

evolution on the surface of designed catalysts.  

(5) To clarify the effect of composition, morphologies and coordination/electronic 

structure on hydrogen evolution and oxygen evolution, build the correlations of 

electronic/coordination structure of the catalyst and electrochemical behavior and 

performance.  
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Chapter 3. Theory and Techniques 
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In this chapter, basic principle of various electrochemical techniques and physical 

characterizations are summarized and presented. All the experimental results in 

following Chapters 4 - 6 over the whole Ph.D course are based on these techniques.  

 

3.1 Electrochemical theory 

3.1.1 Overpotential 

Ideally, the voltage applied on the electrodes for an OER reaction should at least be 

equal to the potential of the reaction at equilibrium. While in a real case, over potential 

is always needed because there is an additional barrier to overcome due to the electrode 

polarization. The applied potential can be expressed by the Nernst equation1: 

𝐸𝑒𝑞 = 𝐸0 +
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝐶𝑂

𝐶𝑅
                                                [3.1] 

T denotes absolute temperature, R is the ideal gas constant, F is faraday constant, n is 

the transferred electrons in the reaction, CO and CR are the concentration of oxidized 

and reduced reagents, respectively. Eeq is the equilibrium potential, and E0 is the formal 

potential of reaction. The overpotential is equal to the difference of equilibrium 

potential Eeq and applied potential E.   

η = 𝐸 − 𝐸𝑒𝑞                                                       [3.2] 

usually, the overpotential at a current density of 10 mA cm-2 (normalized by geometry) 

is used as a criterion for different catalyst comparison. 

 

3.1.2 Tafel slope  

According to the polarization curve, the relationship of current density j and 

overpotential η can be express by the Butler-Volmer equation2: 

𝑗𝑎 = 𝑗0 [exp (
𝛽𝐹

𝑅𝑇
𝜂𝑎) − exp (−

𝛼𝐹

𝑅𝑇
𝜂𝑎)]                                    [3.3] 

ja denotes anode current, j0 is exchange current, α and β are external factor, α + β = 1. 

R is the ideal gas constant, T is temperature. When j >> j0, the equation can be written: 

𝜂𝑎 = −
2.3𝑅𝑇

𝛽𝐹
𝑙𝑜𝑔𝑗0 +

2.3𝑅𝑇

𝛽𝐹
𝑙𝑜𝑔𝑗𝑎                                       [3.4] 
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Hence, the Tafel slope is defined as the following: 

𝑑𝑙𝑔(𝑗)

𝑑𝜂
=

2.3×𝑅𝑇

𝛼𝑧𝐹
                                                       [3.5] 

where F is the Faraday constant and α is transfer efficient and z is the number of 

transferred electrons in the rate-determining step (RDS). The value of the Tafel slope is 

an important parameter to estimate the catalytic performance of one catalyst because it 

indicates the rate of current density changes with increasing overpotential. A smaller 

Tafel slope means the current density can increase faster with smaller overpotential 

change.  

 

3.1.3 Exchange current density (j0) 

Exchange current density is defined as the absolute reaction rate on the electrode. When 

the electrode potential is equal to the equilibrium potential, no net reaction occurs on 

the electrodes. Whereas in microscopic sense, the oxidation and reduction are in 

dynamic equilibrium, i.e. anode current ja and cathodic current jc are equal. At the 

equilibrium potential, current/potential relationship is:3 

𝑗0 = 𝐹𝐾⃗⃗ 𝐶𝑜 exp (−
𝛼𝐹𝜑𝑒𝑞

𝑅𝑇
) = 𝐹𝐾⃗⃗⃖𝐶𝑅exp (

𝛽𝐹𝜑𝑒𝑞

𝑅𝑇
)                           [3.6] 

j0 is a function of electrode material, surface structure, reactant concentration and 

temperature. For the normalization of electrode area, exchange current density is a good 

parameter for catalytic activity comparison. Higher exchange current density indicates 

fast intrinsic oxidation/reduction reaction rate of the catalyst surface, which possessing 

strong capability in such target reaction. 

 

3.1.4 Turnover frequencies (TOF) 

The authentic reflection of a catalyst’s intrinsic activity would be TOF, which 

contributes to exposed surface atoms that participate in an electrochemical reaction. 

According to the definition, TOF quantifies the specific activity of a catalytic center for 

a special reaction per number of active center per unit time.4 The calculation of TOF is 

given by: 
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TOF =
𝑗×𝐴

4×𝐹×𝑚
                                                      [3.7] 

j is the current density of a given overpotential, A is the surface area of the electrode, F 

is the Faraday constant, m is the number of moles of metal on the electrode. It should 

be noted that, the TOF calculation method can not obtain accurate values because of 

the difficulty of determining real active species and the population of active sites under 

catalytic conditions.  

 

3.1.5 Electrochemical active surface area (ECSA) 

ECSA usually reflects the area that contributes to the catalysis, which is different from 

the geometric area. There are several methods to determine the ECSA depending on the 

type of catalyst. Two methods are usually adopted for the metal electrocatalyst: 

hydrogen underpotential deposition (HUPD) and CO stripping. The HUPD is widely 

used for noble metals such as Pt, Pd, Rh, Ir and their alloys.5-7 A monolayer H atoms 

adsorption/desorption can occur on the metal surface via a sweep of voltage, as shown 

at the CV curves (Figure 3.1). By subtracting the double layer region, the integrated 

area correlate to the charges that contributes to H adsorption/desorption, which equals 

to the population of H atoms. Further, it is commonly divided by the specific charge 

(210 µC cm
-2 

Pt ) for a monolayer.5   

 

Figure 3. 1 Cyclic voltammetry of Pt nanoparticles at 20 mV s-1 in Ar-saturated 0.1 M 
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NaOH, shaded regions are H adsorption/desorption area.    

 

As for the metal oxides, surface redox reaction and double layer capacitance (Cdl) are 

two candidates for measuring ECSA. Many kinds of metal oxides lack the redox 

process before the OER, and so double-layer capacitance is the most popular used 

method. Once the electrode is in contact with electrolyte, a quasi-equilibrium is built 

on the solid-liquid interface. At this interface, the electrical double-layer region is 

considered to be the accommodation for catalytic reaction. Thus, ECSA can be acquired 

by: 

ECSA = Cdl/Coxide                                                                    [3.8] 

Coxide denotes ideal oxide capacitance. It should be noted that this value varied with 

various metal oxides, with significant difference among them.8 The Cdl can be 

determined by two methods: extract from EIS or CV at non faradic region. For the EIS, 

modified Randles circuit fitted complex impedance (Nyquist plot) can generate Cdl 

directly. Compare to that, CV sweep at non-faradic regions is more frequently used. By 

considering the equation: 

Cdl = dQ/dE ≈ j/                                                              [3.9] 

where current density differences (Δj = ja - jc), the plot of Δj versus the scan rates 

provides the slope of the linear regression which is equivalent to the double layer 

capacitance (2Cdl).
8 

 

3.2 Electrochemical techniques  

3.2.1 Cyclic Voltammetry (CV) and Linear Scanning Voltammetry (LSV) 

Cyclic voltammetry is the most widely used technique for acquiring qualitative 

information about electrochemical reactions. To get a voltammogram of an 

electrochemical process, linearly varying potential is applied to the working electrode 

at a fixed scan rate. When the voltage reaches the maximum (minimum) value, it then 

reverses and back to the minimum (maximum) side, as shown in Figure 3.2.9 The 

potential change presents a triangular shape signal. This cycle can be repeated several 
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times, according to a preset value. With a closed loop of potential sweep, redox 

characteristics or double layer region can be recorded. The information of potential 

peaks, difference between redox peak and integrated area help us study the 

electrochemical behaviors elaborately. Reversibility and reaction mechanism also can 

be examined by variation of scan rates.    

A simple example of Ni2+/Ni3+ redox voltammogram (as shown in Figure 3.2b) is based 

on the reversible reaction:  

Ni2+ ⇌ Ni3+ + e-1                                                 [3.10] 

the potential sweep from point A with a positive direction, surface Ni2+ sites are 

assumed to access OH- from the electrolyte. When the potential reaches ~1.3 V vs. RHE, 

Ni2+ starts to be oxidized to Ni3+. The reaction rate keeps fast until the faradic current 

reaches the summit, at potential E
ox 

p . During this process, the electrochemical reaction 

is controlled by electrode polarization, i.e. by the electron transfer.10 As potential 

increase higher than E
ox 

p , faradic current start to go downhill. The transformation of Ni2+ 

to Ni3+ keeps moving but with a slower reaction rate until it reaches to point B. In this 

region, the electrochemical reaction is controlled by mass transfer. From point B to C, 

the potential reverses to a negative direction, giving rise to a reductive current. Similar 

to the anodic oxidation process, the reducing of Ni3+ to Ni2+ rapidly increase to E
re 

p  and 

then transfer to slow transformation until the reaction finishes. At point C, the whole 

cycle finished.  

 

Similar to CV, LSV means that the voltage is changed from a fixed potential range 

(point A to point B) in linear increasing with time. The scan rate can be tuned by 

changing the time, which usually is set as 1-5 mV s-1 to get a quasi-steady state of the 

electrode process, to minimize the effect from double-layer current. The current 

recorded is the sum of currents for the redox reaction and charged for electric double 

layer. 
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Figure 3. 2 (a) Repetitive triangular wave signal of potential variation during the cyclic 

voltammetry, (b) typical voltammogram of Ni2+/Ni3+ redox in 1 M NaOH with scan rate 

υ = 20 mV s-1. 

 

3.2.2 Chronoamperometry (CA) and Chronopotentiometry (CP) 

Chronoamperometry is carried out by applying a potential signal on the working 

electrode, to get the current response as function of time.11 It has been one of the most 

frequently used techniques in evaluating the stability of catalysts. Take the OER as an 

example, three steps are set to implement the CA. The applied voltage is held on pre-

OER potential E1 for several minutes. Then, the potential sharply jumps to E2, at which 

the expected oxygen evolution reaction takes place with a reaction current. A long time 

is set for this period to get the current variation that evaluates the stability. Afterwards, 

the potential goes back to E1 and CA finish.  

 

Chronopotentiometry means applying a current pulse on the working electrode to 

acquire the potential variation as a function of time.11 There are different types of 

Chronopotentiometric techniques according to the applied current. For example, the 

applied current on the electrode is constant; the applied current can be linearly increased 

or decreased; the applied current can be reversed repeatedly in cycles. In particular, a 

constant current is usually implemented in catalyst stability tests.  
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3.3 Physical characterization techniques 

3.3.1 Electron microscopy 

Scanning electron microscopy (SEM) 

SEM is the most used technique to study the morphology of solid samples.12 A beam of 

focused electrons scans the sample surface, with the detector receive high-energy 

backscattered electrons and low-energy secondary electrons which are scattered by the 

irregular surface of the sample. In this way, the image processor outputs the 3D 

morphology.  

 

Transmission electron microscopy (TEM) 

High energy electron beam (accelerated by 200-300 kV voltage) is used in TEM to 

penetrate the tested sample.13 In this regard, a specimen is required to be thin enough 

(less than 100 nm) that electron can transmit. A two-dimensional image is formed after 

the electron interacting with the specimen. Selected area electron diffraction (SAED) 

and energy dispersion spectroscopy (EDS) mounted on TEM can be used for 

crystallographic and elements analysis.  

 

3.3.2 X-ray based techniques  

X-ray diffraction (XRD) 

XRD is a rapid analytical technique used for phase identification of natural or 

synthesized materials.14 It is well known that the atoms or ions are in periodic 

arrangement of a crystal. For a polycrystal, it is composed of different planes of atoms 

exposed with specific lattice distance. These lattice planes are in several angstroms 

scale which can be compared to the wavelength of the X-rays. When the incident rays 

reach the sample surface, the diffraction would happen if incident rays and 

corresponding contractive interference satisfy Bragg’s Law, 2dhkl•sinθ = nλ (Figure 

3.3). The d-spacing of a specific lattice plane therefore will be obtained. In a powder 

sample, sufficient crystal planes should be included in all possible orientations. By 

scanning the sample in a range of θ, all lattice planes in possible axes of the tested 
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sample can be acquired, despite their random orientations. Phase identification can be 

operated by matching the diffraction patterns with database. By applying Rietveld 

refinement analysis of the structure high-quality diffraction data, precise crystal 

structure, cell parameters, bond length/angle and the atomic occupancy can be obtained.  

 

Figure 3. 3 Schematic graph of the diffraction that occurs on a crystal surface.15 

Copyright ©2016, Elsevier  

 

X-Ray Fluorescence (XRF) 

It is well known that the various techniques are principally based on the interaction 

between X-ray and matter, such as adsorption, emission of fluorescence, scattering and 

diffraction.16 XRF technique depends on the fundamental principles of X-ray excited 

fluorescence, which is common to energy dispersive spectroscopy (EDS) used for 

elements analysis, i.e. species and quantity.17 Once atoms in a bulk material receive 

high energy X-rays radiation, the adsorption can strengthen the oscillation of lattice and 

electrons in inner shells would be excited and emitted with vacancies left. Electrons at 

higher energy level tend to refill the holes and at the same time a pulse of electro-

magnetic radiation is released, called the characteristic X-ray (Figure 3.4). This emitted 

fluorescence energy is characteristic for specific energy level of a specific elements. 

According to Moseley’s law:  

𝐸 =  𝐶1 × (𝑍 − 𝐶2)                                                [3.12] 

C1, C2 correspond to involved electron shells. At all X-ray series (K, L, M) the energy 

of characteristic X-ray is directly dependent on atomic number Z. Thus, qualitative and 

quantitative analysis can be performed to determine elemental composition.  



Page 56 

 

 

Figure 3. 4 Schematic graph of the principle on characteristic X-ray generation.18 

Copyright ©2015, Elsevier  

 

X-ray absorption spectroscopy (XAS) 

XAS plays a pivotal role in catalysis study since it provides electronic properties and 

local coordination information of a catalyst. High energy X-rays on a sample can excite 

electrons from core level to an unoccupied state. Electron transition in metal center 

from 1s to 4p band is called hard XAS, associated with the K-edge. As shown in Figure 

3.4b, a typical absorption spectrum consists of two regions: X-ray absorption near-edge 

structure region (XANES) and extended X-ray absorption fine structure (EXAFS).19 

The former provides oxidation states of the metal center by analysis of edge position. 

Stronger electrostatic interaction between metal center and ligands correspond to higher 

photon energy position, which is associated with higher oxidation state. The 

dependence of energy position and oxidation state can be expressed linearly. In addition, 

the pre-edge feature at XANES region also provides important information. Since the 

pre-edge peaks are originated from 1s to 3d transition, they would be inhibited in a 

symmetry field. For example, the ubiquitous octahedra field of transition metal oxides 

hold a symmetry feature that pre-edge peaks show weak intensity. If tetrahedra exist in 

bulk materials (spinel), the hybridization of 3d and 4p would break the prohibition that 

promotes the transition. Intense pre-edge peaks can be detected. Besides symmetry 
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configuration, the shape and position of pre-edge peaks also link to oxidation state and 

ligand types. EXAFS spectrum affords the coordination information of samples. At 

Fourier transformed R space spectrum, the first peak corresponds to the nearest light 

atoms (O, N, C etc.) around central metal atoms (ions) in the first shell. The second 

peak is linked to the nearest metal atoms (homo or hetero) around the central metal 

atoms in the second shell. Based on analysis of the two main peaks, the ligand type, 

bond distance and symmetry configuration can be obtained. Moreover, coordination 

numbers (CN) can be estimated by spectrum fitting, which is of great importance in the 

catalytic activity studied.   

 

Figure 3. 5 (a) Schematic graph of XAS excitation and energy diagram, (b) typical 

XAS spectrum.19 Copyright © 2017, Royal Society of Chemistry  

 

X-ray photoelectron spectroscopy (XPS) 

XPS is widely used to study the composition and chemical state of samples.20 It is a 

surface sensitive technique that reflects the information on the solid’s outer surface of 

only 1-10 nm. When photons irradiate the sample electrons initially bound to atoms (for 

example K shell) would be excited and escape from the solid through the photo-electron 

interaction. The kinetic energy (EK) of the emitted electron can be measured and 

confirmed, thus binding energy EB can be acquired by: 

EB = hν – (EK + ΔΦ)                                                 [3.13] 

hν is photon energy, ΔΦ is the work function of a spectrometer. Therefore, most 

elements in the periodic table (except H, He) present characteristic peaks due to 
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different binding energy (B.E.). Peak intensity is proportional to elements content. 

Based on these features, XPS can be used to identify and quantify the elemental 

composition, and reveal the chemical environment.  

 

3.3.3 Raman and Infrared Spectroscopy 

The Raman effect focuses on the interaction of incident light and targeted phonon mode 

from atoms vibration. The interaction is commonly classified as elastic scattering and 

inelastic scatting.21, 22 The latter was first discovered by Chandrasekhara Venkata 

Raman, describing an energy transition phenomenon. When a strong monochromatic 

light incident on the specimen surface, it will cause excitation of molecules to a ‘virtual 

state’. The excited molecules can be viewed as a new radiation source, which releases 

photon as falling back to ground state. Energy equal to initial incident photon is called 

Rayleigh scattering; different to initial energy is Raman scattering. Since the electron 

cloud of molecules is polarized at the ‘virtual state’, it is characteristic of specific 

elements with a specific crystal arrangement. The Raman shift, the energy difference 

between incoming and scattering photon, is used as a fingerprint signal for species 

identification.  

 

 

Infrared spectroscopy is a technique reflecting the vibration or rotation of a molecule. 

It originates from the change of dipole moment of a molecule.23, 24 When the infrared 

radiation is exposed on matter (solid or liquid), a certain degree of energy would be 

absorbed by the molecules that excited the molecules into a higher energy level. The 

difference between energy levels is the fingerprint for a special matter, which can be 

used for material identification. As the wavenumber consecutively varies from 0 - 4000 

cm-1, molecules that absorb frequencies at different positions can be indexed to the 

characteristic vibration.  
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3.3.4 Thermal Gravimetric Analysis and Differential Thermal Analysis 

Both Thermal gravimetric Analysis (TGA) and Differential scanning calorimetry (DSC) 

are used to study the endothermic/exothermic reaction of compounds at varying 

temperature.25, 26 They are working in the same principle, with differences in measuring 

method. TGA, describes the dependence of mass change on temperature; DSC, depicts 

the correlation of heat flow with temperature. Usually they cooperate with each other 

to give a comprehensive evaluation of tested samples. For instance, the mass loss in a 

certain temperature window could be attributed either to water loss or organic 

decomposition or crystal phase transition. The DSC curve in the same temperature 

range with or without endothermic/exothermic can help determine which reaction 

happens. 
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Chapter 4. Study of anomalous phase 

transition of layered lepidocrocite titania 

nanosheets to anatase and rutile, and their 

electrochemical HER performance with Pt 

decoration 
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Preface to Chapter 4 

Format: The first part of this chapter: Phase transition of layered titanate oxide to 

anatase has been published.1 The second part of this chapter about the electrochemical 

HER study on photochemical-deposited Pt on TiO2 synthesized by phase transition, is 

under preparation for another submission.   

 

Article information: Yayun Pu, Qianwen Chen, Zongzhao Sun, Paramaconi Rodriguez* 

and Limin Huang*, Anomalous Phase Transition of Layered Lepidocrocite Titania 

Nanosheets to Anatase and Rutile, Cryst. Growth Des. 2019, 19, 6, 3298–3304. 

https://doi.org/10.1021/acs.cgd.9b00147  

 

Overview: Hydrogen evolution, the half reaction of water splitting, occurs on the 

cathode and requires cheap, robust and highly efficient electrocatalysts to drive. For the 

supported catalyst, a deep understanding of the interaction between active species and 

metal oxide support is essentially important, in terms of electronic structure and 

chemical state. To study such interaction, a phase transition based on a layered titanate 

oxide was first examined. pH-dependent TiO2 nanoparticles on morphology and 

exposed crystal facet were prepared, which displayed different photo-response under 

UV-Vis irradiation. By means of this new finding, ~1 wt% Pt species were 

photochemically deposited on the as synthesized TiO2 surface, aiming at exploring the 

interaction of Pt and the support, and the effect on electrochemical HER performance. 

The study provides useful information on the rational design of electrocatalysts.  

 

Author contribution: Pu. Y performed the experiments and data analysis. P.R and L.H 

supervise the work. C. Q and Z. Sun performed the TEM characterization. All authors 

contributed to the drafting and revision of the article.  

  

https://doi.org/10.1021/acs.cgd.9b00147
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4.1 Introduction 

Titanium oxides with various polymorphs, such as anatase, rutile, brookite and 

lepidocrocite-type layered structure, have been among the most studied material 

systems in energy relevant applications such as photoelectrochemical solar cells, 

photocatalysis and electrode materials for Li/Na-ion batteries.2-8 To meet the ever-

increasing energy demand, intensive efforts have been devoted to developing the 

titanium oxides with tunable compositions, morphologies and structures.9-12 

Understanding the properties of the materials as a function of the crystallographic 

structure and the phase transition amongst these polymorphs, e.g. the transformation of 

lepidocrocite-type TiO2 nanosheets into rutile or anatase is essential to establish 

protocols of synthesis of these materials and their subsequent applications. Among the 

well-developed protocols, solution-based methods are suitable to control the size, 

morphology and crystallographic orientation of nanocrystals providing a broad 

spectrum of physical, chemical and electronic properties that have found interest in 

diverse areas.13-15 For example, Pan et al. prepared specifically exposed facets of 

anatase TiO2 nanorod using the hydrothermal method and layered Cs0.68Ti1.83O4 as a 

precursor.16 This material found later application on dye-sensitized solar cells. The 

transition of layered titanate nanosheets to anatase at different pHs and above 100 ℃ 

was first reported by Wen et al.17, 18 The authors found that the formation of rutile is 

only favorable in strongly acidic environment (pH < 2). However, these studies do not 

provide a clear understanding of the phase transition and phase morphonology as the 

function of temperature and pH, thus there is still lack of a fully established transition 

map for an overall view. Energy relevant applications such as water splitting, solar 

conversion and lithium storage require precise control of the crystal phase, particles 

size, the special dominant facet and the morphology, all of which are exclusively based 

on the complete and deep understanding of such transition.  

 

Metal oxides, especially TiO2, are ideal supports for anchoring various hetero 

atoms/clusters/nanoparticles for catalysis.19 The strong metal support interactions 
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(SMSI) is defined between decorated metal/metal oxide and the support due to the 

variety of composition, crystal phase, particles size, interplanar spacing of support 

oxides.20-23 For example, by means of electrochemical lithiation/delithiation special 

crystalline lattice spacing where Pt nanoparticles anchored on, can be changed. The 

varied crystal lattice induced tensile/compressive strain to adsorbed platinum 

nanoparticles, which tune the d-band center of Pt that give rise to different ORR 

activity.22 Mobini et al studied the effect of ZrO2, CeO2, MgO, SiO2, and Al2O3 support 

with MnOx decoration towards CO oxidation reaction. High ability to supply oxygen 

by CeO2 during the catalytic process makes it the highest activity.24    

 

Here, this work provides a coherent and insightful investigation on the phase transition 

of titanium oxides polymorphs, featuring the dependence of temperature and pH change 

and to provide important information for the optimization parameters of dominant (101) 

facet of anatase single crystal. By employing the pre-synthesized TiO2 as supports, Pt 

species were introduced on the Ti-O surface by photochemical reduction reaction. Due 

to the fact that different capability of TiO2 supports response to the UV-Vis irradiation, 

the interaction between deposited Pt and TiO2 are varied. Charge transfer from Ti to 

adjacent Pt can reduce the valence state which facilitate electrochemical HER.       
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4.2 Methods  

4.2.1 Preparation of layered lepidocrocite-type TiO2 nanosheets suspension  

The Cs0.35TiO2 precursor was prepared by a solid-state reaction according to the 

previous report.25 Typically, an intimate mixture of titanium dioxide and cesium 

carbonate (99.9% metals basis, Aladdin) with a molar ratio of 1:5.3 were placed in a 

crucible and was heated at 800 oC for 1 h for decarbonation. After cooling down, the 

powder was ground carefully and then was allowed for two cycles of heating at 800 oC, 

20 h. During that process, the powder was also ground four times. The as-synthetized 

Cs0.35TiO2 powder was then subjected to acidic exchange by 1 M HCl with a solution-

solid ratio of 100 cm3/g. After 24 h, the solution was decanted and replaced by a fresh 

one. It was repeated 3 times. The obtained solid was filtered, rinsed with water 3 times 

and dried at 60 oC. A weighed amount of HxTiO2 (0.1 g) was dispersed into 25 ml 

aqueous tetrabutyl ammonium hydroxide (TBAOH) solution (40 wt.%) under 

ultrasonic treatment for 4h, with H+/TBA+=1:5.   

 

4.2.2 Hydrothermal treatment of colloidal suspension 

First, 8 mL of the L-TiO2 nanosheet suspension was diluted in 24 ml of water and the 

pH was adjusted to pH=1, 3, 6 or 9 by HCl and TBAOH solution. In the following step, 

the TiO2 nanosheet solution was transferred to a Teflon-lined stainless steel vessel with 

an internal volume of 50 ml. The reactor was sealed and kept for 24 h at different 

temperatures: 50 oC, 80 oC, 120 oC, 180 oC, 220 oC. After the hydrothermal treatment, 

the product of the reactions was collected by centrifuging and was washed with distilled 

water five times. Finally, the nanoparticles s were dried in a conventional oven at 50 oC 

overnight.  

Freeze-drying steps were performed using two different protocols: i) freeze-drying was 

applied directly after centrifuging; or ii) a small amount of the samples were diluted 

with water after centrifuging, and then the freeze-drying step was applied.  

 



Page 67 

 

4.2.3 Preparation of Pt@TiO2 after phase transition by photochemical reduction 

reaction 

Firstly, 1 mg mL-1 H2PtCl6 aqueous solution was prepared by chloroplatinic acid and 

ultrapure water. A series of Ti oxide nanoparticles (100 mg for each), including as-

synthesized HTO nanoflakes, exfoliated L-TiO2 nanosheets, A-TiO2@pH=3, 9, 12 and 

commercial TiO2 (anatase, Aladdin®), were separately dispersed in 6 separate beakers 

containing 20 mL ultrapure water, then under ultrasonic treatment for 10 min. Note that, 

basic L-TiO2 nanosheets were firstly centrifuged at 18000 rpm, washed with water 

several times to get neutral pH, and then redispersed in ultrapure water. Then, 1 mL 

prepared H2PtCl6 aqueous solution was added to pre-made TiO2 suspension dropwise, 

with magnetic stirring under ice-bath. After violently stirring for 1 h, the suspension 

was irradiated by a UV lamp for 1 h, keeping stirring and under ice-bath. After UV 

irradiation, the obtained Pt@TiO2 suspensions were centrifuged, washed with water 

and then freeze-dried. All the samples were placed in a tube furnace annealing for 1 h 

under N2 atmosphere.    

 

4.2.4 Physicochemical and structural characterization  

The particle morphology was characterized using scanning electron microscopy (SEM, 

Zeiss with Oxford Instruments EDS attachment) with an acceleration voltage of 15 kV 

and probing current of 1 nA. Transmission electron microscopy (TEM) was performed 

on a FEI Tecnai G2 F30 with acceleration voltage of 300 kV. High-angle annular dark 

field scanning transmission electron microscopy (HAADF-STEM) imaging 

experiments were carried out on a FEI Talos F200X microscope operated at 200 kV. X-

ray diffraction (XRD) patterns were acquired by a Rigaku Smartlab-9Kw X-ray 

diffractometer. Raman scattering spectra were collected by a confocal Laser Raman 

Spectrome (HORIBA LabRAM) with 532 nm He-Ne laser, a laser power of 0.2 mW 

was used to avoid sample damage. The intensity was enhanced with optimum exposure 

time (10 s) and multicycles (5) that produce good quality spectra. Thermogravimetry 

analysis (TGA) was performed in the temperature range of 25-550 oC by Shimadzu 
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TGA-50 with a heating rate of 10 oC /min, the nitrogen gas flow was 30 ml/min. The 

Differential Scanning Calorimeter (DSC) was performed using a Shimadzu DSC-60 

Plus with a heating rate of 10 oC /min, a nitrogen gas flow of 30 ml/min within the 

temperature window between 25-500 oC. UV-Vis absorption spectra of the colloidal 

suspensions were recorded by a Shimadzu UV-3101PC UV/Vis spectrometer. Zeta-

potential data were obtained by a Zetasizer Nano ZS. Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) measurement was carried out in an Agilent 7700x equipment. 

To dissolve the Pt decorated TiO2 samples, concentrated HNO3 and HF were mixed as 

solvent.  The XPS analyses were performed on a PHI 5000 VersaProbe Ⅲ spectrometer 

using a monochromatic Al K(alpha) X-ray source, with the most used X-ray settings 

being 200 um, 50 W, 15 kV. The PHI 5000 VersaProbe Ⅲ charge neutralization system 

was used on all specimens. Charge neutralization was deemed to have been fully 

achieved by monitoring the C 1s peak positions which remained unchanged throughout 

the whole experiment. High resolution analyses were carried out at 69.0 eV for analyzer 

pass energy and step size of 0.125 eV. The data were analyzed using the PHI MultiPak 

software (version 9.8). Spectra have been charge corrected to the main line of the carbon 

1s spectrum (adventitious carbon) and set to BE of 284.8 eV.   

 

4.2.5 Electrochemical characterization 

Electrochemical cell setup: All the electrochemical measurements were performed in 

a three-electrode setup. Before each electrochemical measurement, the electrochemical 

cell system was stored in permanganate solution overnight. Before testing, the cell was 

rinsed with ultrapure water and diluted piranha solution to remove permanganate, 

followed by filling with ultrapure water and heating to ~70 oC. The hot water was 

replaced with fresh ultrapure water and reheated five times. Electrochemical 

measurements were performed with a CHI 760e electrochemical workstation, with 

carbon rod as the counter electrode (CE) and Ag/AgCl (3.5 M KCl) as the reference 

electrode (RE). The CE was rinsed with water several times before immersed in 

electrolyte. iR resistance was measured by the ‘iR compensation’ function of CHI 
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electrochemical workstation, test potential: 0 V vs. RHE, step amplitude: 50 mV. The 

measured resistance was 3.5 Ω. The acidic electrolyte was freshly prepared by mixing 

of 98% concentrated H2SO4 (Sinopharm) with ultrapure water. The prepared 

electrolytes were purged with high purity argon (99.99%) for at least 30 min prior to 

measurements. Ar stream acted as a protective medium above the electrolyte, was 

employed during measurements.  

 

Electrode preparation: Sample powders were dispersed in ultrapure water with a 

concentration of 1 mg mL-1, followed by sonication (~30 min) to achieve a good 

dispersion. The glassy carbon (GC) rotating disk electrode (RDE, 5 mm diameter, 

geometric area = 0.196 cm-2) was polished with 1 µm and 0.3 µm Al2O3 slurry in 

sequence to get a refining surface then rinsed abundantly with ultrapure water. 4 x 10 

μL of the prepared ink were drop-casted onto the GC and dried in an oven at 50 oC to 

deposit ~0.04 mg catalyst; the loading was ~0.2 mg cm-2. 10 L Nafion D-521 solution 

(Alfa Aesar, 5% w/w in H2O and 1-propanol) was dispersed in 1 mL ultrapure water. 

After catalyst deposition, 10 L prepared diluted Nafion solution was dropped on the 

surface of electrode.  

 

Cyclic voltammetry (CV): CVs were recorded in a potential window of -0.4 to 0.1 V 

vs. RHE, with a scan rate of 20 mV s-1. After the curves stabilized, LSV with scan rate 

of mV s-1 was recorded. GC RDE was rotated at 1600 rpm to remove generated H2 

bubbles. The Ohmic resistances of the electrochemical system were obtained from CHI 

760e. Amperometric i-t measurement was kept at -0.35 V vs. RHE for 24 h.  

 

  



Page 70 

 

4.3 Results and Discussion  

4.3.1 Phase transition of L-TiO2 

The characterization of as-prepared lepidocrocite-type TiO2 nanosheets (L-TiO2) is 

presented in Figure 4.1. The SEM and TEM images show well-defined single layer 

nanosheets with an average lateral size between 200-300 nm. The faded contrast in the 

TEM image and the AFM image in Figure 4.2 certify the molecular-level thickness 

(1.5 nm) of the nanosheets.25, 26 Prior to the solvothermal treatment, the photochemical 

properties and stability of the colloidal solution of the exfoliated TiO2 nanosheets were 

evaluated as a function of the pH by UV-Vis spectroscopy and the Zeta-potential 

(Figure 4.1d,e). As can be seen, the absorption peak at 266 nm is associated with the 

presence of colloidal suspension of polydisperse TiO2 nanosheets, the peak weakens as 

the pH decreases from alkaline to acid until it disappears at pH=3. Such a decrease of 

the signal is directly associated with the accelerated flocculation of the suspension of 

nanoparticles in a range of pH between 5.0-6.0 (see an optical image in Figure 4.1c). 

The flocculation of the nanoparticles can be explained in terms of the attractive and 

repulsive interaction of the particles and the surface charge as a function of the pH. As 

can be seen in Figure 4.1e, the Zeta-potential measurements reveal that the variation 

trend of exfoliated nanosheets on pH is similar to the UV-Vis spectra variation. Because 

of the negatively charged surface of L-TiO2, well dispersed nanosheets show a potential 

of -30 mV under alkaline conditions. The potential starts to change positively as the pH 

decreases, indicating that the nanosheets follow an accelerated assembly or restacking. 

At pH=3, the surface charge of the nanoparticles becomes positive, the Zeta-potential 

reaches a potential of +6 mV, suggesting the full restacking of the TiO2 single-layer 

nanosheets. The change of the zeta potential and the change of charge is consistent with 

the precipitation process observed in the optical images and the trend observed on the 

UV-Vis spectra. 
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Figure 4. 1 Characterization of L-TiO2 nanosheets by a) SEM image and b) TEM image. 

Photographs of colloidal solution of L-TiO2 nanosheets at different pH (c) and their 

corresponding UV-Vis spectra (d) and Zeta-potentials (e). The inset in figure (d) 

corresponds to the plot of the intensity at 266 nm as a function of the pH.  
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Figure 4. 2 a) AFM image and b) height profile of the L-TiO2 nanosheets supported on 

Si wafer, c) UV-Vis spectrum of a colloidal solution of as synthesized L-TiO2 

nanosheets at pH = 12. 

 

Once the presence of exfoliated L-TiO2 nanosheet and the stability of the suspension of 

the nanosheets as a function of the pH was confirmed, the hydrothermal phase transition 

of the nanosheets as a function of the temperature was evaluated at different pHs. The 

XRD patterns in Figure 4.3 show no correlation between the phase transition and the 

pH. On the other hand, this process is exclusively determined by the temperature. The 

effect of the temperature on the phase transition is shown in Figure 4.5. As shown in 

Figure 4.5a, L-TiO2 nanosheets retain the 2D structure and restack randomly in a 

layered structure after the following freeze-drying protocol (i). The signals at low 

angles 2θ = 6.4o, 12.56o, and 18.56o are characteristic of reassembled nanosheets.25 

Following the freeze-drying protocol (ii), an unexpected transition to rutile TiO2 (R-

TiO2) can be indexed by diffraction peaks at 2θ = 27.56o, 36.14o, and 41.38o, which 

correspond to (110), (101), and (111) lattice planes (JCPDS 78-1509), respectively. As 

the temperature increases from 50 oC to 180 oC, XRD results clearly show how a new 
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peak evolves at 2θ = 25.4 o and the intensity further increases. In addition, the peaks at 

2θ = 27.56o, 36.14o gradually weaken and finally disappear. When the temperature 

reaches 220 oC, the peaks of the R-TiO2 phase have completely disappeared and the 

pure anatase TiO2 (A-TiO2) phase is obtained. The signals at 2θ = 25.4o, 37.9o and 48.1o 

correspond to the lattice planes of (101), (004), and (200) (JCPDS 73-1764), 

respectively.  

 

Generally, rutile, anatase and brookite are the three stable polymorphs of TiO2 crystals. 

They are constructed by TiO6 octahedral but differs to each other in the spatial 

arrangement of the building blocks. From thermodynamic point, rutile is the most stable 

form which exhibits tetragonal structure with space group of P42/mnm. In the solid 

annealing reaction, rutile started to form under the temperature being heated to higher 

than 580 °C. On the contrary, the anatase phase, a tetragonal structure with space group 

of I41/amd, is commonly formed below 450 °C. However, an intriguing abnormal 

phase transition occurred in this work. Under hydrothermal condition, lepidocrocite 

titanate nanosheets transformed into rutile phase at lower temperature and then 

gradually to the anatase phase along the elevated temperature.  

 

To get more information of crystal structure evolution, the XRD refinement of 

representative TiO2 transition at 80 °C was performed (Figure 4.4). The refinement 

was performed by Rietveld method. Rutile and anatase phase were used for the fit. The 

peak at ~48.1° should be assigned to the incompletely transformed L-TO phase. 

Refined cell parameters are collected in Table 4.1-4.4. The rutile obtained from phase 

transition shows nearly identical a, b, c values (faint enlargement), with negligible 

expansion of volume. However, a significant compression in the c axis was found on 

the transformed anatase phase. Compared to the reference, the value of c in anatase 

shrink from 9.509 Å to 9.165 Å. At the same time, the value of a, b slightly increased. 

It suggested that remarkable stress was introduced during the transformation of 

intermediate rutile to anatase, due to the lattice mismatch.  
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Figure 4. 3 X-ray patterns of different exfoliated L-TiO2 nanosheets (pH = 3, 6, 9) 

under different heat treatment as indicated in the figures. (f) freeze-drying with water, 

(g) freeze-drying without water.  
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Figure 4. 4 Observed, calculated, and difference profiles from the refinement XRD data 

of L-TO to A-TO/R-TO transition at 80 °C. 

 

Table 4. 1 Refined cell parameters of Rutile. 
 

Ref. Fit 

a (Å) 4.5941(1) 4.6060 (1) 

b (Å) 4.5941(1) 4.6060 (1) 

c (Å) 2.9589(1) 2.9644 (1) 

c/a 0.6441 0.6436 

V(Å3) 62.45 62.89 (4) 

R_bragg=6.136 
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Table 4. 2 Refined structural parameters for rutile using XRD data 

Atom x y z Occupancy Uiso 

Ti 0 0 0 1 1 

O 0.3057 0.3057 0 1 1 

 

Table 4. 3 Refined cell parameters of Anatase. 
 

ref fit 

a (Å) 3.799(1)  3.815 (3) 

b (Å) 3.799(1)  3.815 (3) 

c (Å) 9.509(3) 9.165 (2) 

c/a 2.5030 2.4024 

V 137.24(8)  133.39 (3) 

R_bragg=3.861 

 

Table 4. 4 Refined structural parameters for rutile using XRD data 

Atom x y z Occupancy Uiso 

Ti 0 0.25 0.291(5) 1 1 

O 0 0.25 0.143(3) 1 1 
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The phase transition L-TiO2 nanosheets as a function of the temperature observed by 

XRD was consistently confirmed using Raman spectroscopy (Figure 4.5b). In the 

Raman spectra of figure 2b, the bands observed at 143, 444 and 609 cm-1 are associated 

with B1g, Eg and A1g active modes of the R-TiO2 phase. The signal at 240 cm-1 can be 

attributed to the two-phonon scattering mode27 and the bands at 701 and 2930 cm-1 can 

be attributed to the incomplete conversion of L-TiO2 nanosheets, as they are similar to 

the bands of the sample obtained after the freeze-drying protocol (i). In the temperature 

range from 50 oC to 120 oC, the main bands of samples remain unaltered, except that 

the band at 143 cm-1 gradually increases. This indicates that the main structure 

maintains as R-TiO2 phase but A-TiO2 phase starts to be formed. Similar to the results 

obtained from XRD, as the temperature increases higher than 180 oC, the bands at 444 

cm-1 (Eg) and 609 cm-1 (A1g) of the rutile phase becomes weaker, while the bands at 197, 

395, and 515 cm-1 associated with the Raman active modes of Eg and B1g of the A-TiO2 

phase28 appear and their intensities increase as the temperature increases. Same as in 

the case of the XRD, no further changes were observed when the temperature reached 

220 oC, as the bands at 144, 197, 395, 515 and 635 cm-1 associated with the A-TiO2 

phase reached full intensity. 

 

Figure 4. 5 a) XRD diffraction patterns and b) Raman scattering spectra of 

hydrothermally treated L-TiO2 nanosheets at pH=3 and at different temperatures as 

indicated in the figure. 

 

TEM and SEM images of the samples were recorded in order to visualize the 
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morphological changes of the TiO2 nanostructures as a function of the temperature. 

Figure 4.6 shows electron microscopy images of the restacked L-TiO2 nanosheets and 

nanoparticles obtained at 180 oC hydrothermal treatment. As can be seen the pH of the 

synthesis strongly impact on the size and morphology of TiO2 nanoparticles. The 

nanoparticles of the sample prepared in pH=3 show granular shape particles with a 

diameter of ~30 nm (Figure 4.6d, g, j). On the other hand, both samples prepared at 

pH=6 and pH=9, shows A-TiO2 nanoparticles with a rhomboid-like morphology and a 

particle size of ~120 nm for the particles prepared at pH=9 and that of ~70 nm for those 

prepared at pH=6. This suggest that the phase transition and crystal growth is favored 

under alkaline conditions. A lattice spacing of 0.35 nm was determined from the 

HRTEM images of the A-TiO2 nanocrystal prepared at pH=6 and pH=9. This lattice 

spacing corresponds to the plane (101) of anatase (Figure 4.7) confirming the results 

obtained by XRD on Figure 4.5a. 
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Figure 4. 6 (a-f) SEM images of stacked L-TiO2 nanosheets and A-TiO2 nanoparticles 

at different temperatures and pHs as indicated in the figure. (g-l) TEM images and 

HRTEM images of A-TiO2 nanoparticles prepared at different pHs and after treatment 

at different temperatures as indicated in the figure.  
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Figure 4. 7 (a), (c) HRTEM image and (b) Inverse FFT image of A-TiO2 at 180 oC of 

pH=3; (d), (f) HRTEM image and (e) Inverse FFT image of A-TiO2 at 180 oC of pH=9. 

The insert in (c), (f) is FFT patterns.  

 

Based on these results, we propose two pH-dependent transition mechanisms of A-L-

TiO2 nanosheets towards the formation of other polymorphs of TiO2 particles (Figure 

4.8). In acidic media, pH=3, the phase transition proceeds via a dissolution-

recrystallization mechanism, while in neutral and alkaline media pH=6 and pH=9 the 

phase transition is controlled by a topological rolling mechanism. During the process 

of dissolution-recrystallization, nanosheets are restacked first and then dissolved in the 

solution under the harsh acidic environment. For example, as the annealing at 180 oC 

proceeds, restacked small nanoplatelets with high free energy tend to dissolve into 

solution, which leads to a supersaturated solution of titanate. Then, A-TiO2 starts to 

precipitate on the surface/edge of flake-like nanoplates (L-TiO2) and grows up into 

small granular nanoparticles. Nanoplates eventually disappear and are totally 

transformed into A-TiO2 nanoparticles with diameters between 30 to 50 nm. The 

transformation process of the nanoparticles prepared at pH=3 and annealed at 180 oC 

as a function of time (6 h to 24 h) is shown in the SEM images in Figure 4.9; the 
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temperature dependence of the same nanoparticles is shown in Figure 4.10. At pH=3, 

the A-TiO2 nanoplates undergo structure transformation at 50 oC due to dissolution. 

Such transformation process is enhanced even further at higher temperatures. At 80 oC, 

the SEM images indicate a significant increase in the rugosity of nanoparticles and a 

gradual transformation of the nanoplates into a round shape are observed. When the 

annealing temperature reaches 120 oC, only smaller amorphous particles were observed 

in the SEM images. The evidence and poor crystallization of the resulted A-TiO2 

nanoparticles confirmed by the HRTEM image (Figure 4.7) strongly support such 

recrystallization process.  

 

In the case of the samples prepared at neutral/alkaline pH (pH=6 to 9), the phase 

transition is dominated by the topological rolling mechanism.29, 30 HRTEM and SEM 

images show highly oriented shuttle-like nanocrystals with a large aspect ratio of length 

to thickness. The lattice spacing of d101 = 0.35 nm related to the (101) plane is the most 

preferentially exposed (Figure 4.7). The XRD results (Figure 4.11) confirm that the L-

TiO2 precursor exhibit a typical interlayer plane of (010), which is responsible for the 

(101) plane of resultant nanocrystals owing to topological rolling.31 The temperature 

dependence of the nanoparticles is shown in Figure 4.10. Two-dimensional nanosheets 

with high surface energy could not maintain good dispersion any more as being suffered 

from heat treatment. They started to split and roll in order to reduce the Gibbs free 

energy. As shown in Figure 4.8, these smaller nanoplates are finally transformed into 

single nanocrystals via topologically rolling into shuttle-like particles. 
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Figure 4. 8 Schematic illustrations for the pH-dependence transition mechanism of L-

TiO2 to A-TiO2 nanoparticles.  

 

 

Figure 4. 9 SEM images of the L-TiO2 samples prepared at pH=3 and annealed at 180 

oC at different times (a) 6 h, (b) 12 h, (c) 18 h, and (d) 24 h.  
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Figure 4. 10 SEM images of hydrothermal treatment of L-TiO2 (pH=3) and pH=9 at 

different annealing temperatures as indicated in the figure.  

 

 

Figure 4. 11 (a) X-ray diffraction patterns of restacked L-TiO2 nanosheets at different 

pH’s, (b) Thermogravimetric analysis of L-TiO2 nanosheets adjusted at different pH 

followed by freeze-drying protocol (ii). (c) Schematic graph of TBA intercalated in L-

TiO2 with different orientations under different pHs.  
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4.3.2 Characterization of Pt decorated TiO2  

All the Pt decorated samples are synthesized through a photochemical reduction 

reaction (Figure 4.12) under the same parameters except for different TiO2 supports, 

including A-TiO2 from phase transition, exfoliated lepidocrocite TiO2 (denote as L-

TiO2) and its parent HxTiO2 (denote as HTO) and also commercial TiO2 (denote as 

TiO2-C) (details are shown in Methods section 4.2.3). Firstly, XRD patterns in Figure 

4.13 show that the A-TiO2 samples from different pH phase transitions preserve the 

crystal structure from their parent counterparts after the photochemical reaction. All of 

them mainly consist of anatase phase. No extra metal Pt phase was detected. It was also 

observed that the nanoparticle sizes are different for pH=3 and pH=9 and pH=12. For 

example, the main peak at 25.35° show clear difference in full width at half maximum 

(FWHM), with 0.661° for pH=3 and 0.239° for pH=9. According to Scherrer 

equation:32  

D = Kλ/βcosθ                                                      [4.1] 

where D denote crystal size, K is Scherrer constant which depends on crystal shape, 

size distribution. λ is the wavelength of incident X-ray, θ is diffraction angle, β is 

FWHM. It can be calculated that the crystal size of the sample (regarding to plane (101)) 

at pH=9 is roughly 3-fold larger than that at pH=3, which is consistent with the SEM 

results (Figure 4.14-15).  

 

Different to Pt decorated A-TiO2 samples that keep the same crystal phase to their 

parent counterparts during the photochemical reduction reaction, the layered 

lepidocrocite-TiO2, both HTO and exfoliated L-TiO2, were subjected to certain degree 

of phase transition in response to UV irradiation. As shown in Figure 4.14, as-

synthesized HTO show ordered stacked layered structure while the L-TiO2 show 

randomly stacked layered structure, which is the same as the literatures.25 After 

intensified UV irradiation for 1 h, some new phases such as anatase (JCPDS 04-0477) 

rutile (JCPDS 87-0710), Ti9O17 (JCPDS 50-0791) were detected (Figure 4.15). 

Simultaneously, the layered structure is preserved with signals at low angle regions 
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corresponding to the interlayer lattice plane. Pt@L-TiO2 holds the interlayer spacing of 

1.71 nm while this value is 0.69 nm for Pt@HTO. Such photochemically induced phase 

transition can be ascribed to the flexibility of layered structure.  

 

Figure 4. 12 Schematic graphs of photochemical reduction deposition of Pt on A-TiO2.  

 

 

Figure 4. 13 X-ray diffraction patterns of Pt decorated TiO2 samples synthesized by a 

photochemical reduction reaction. 
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Figure 4. 14 X-ray diffraction patterns of as-synthesized HTO and L-TiO2. 

 

 

Figure 4. 15 X-ray diffraction patterns of Pt@HTO and Pt@L-TiO2 after 

photochemical reduction reaction. 

 

The morphologies of Pt decorated TiO2 samples at pH=3 and pH=9 are shown in Figure 

4. 16. They maintain the same shape and size to the pristine phase (Figure 4. 16a,b and 

Figure 4.17), of which granular shape at pH=3 and rhomboid-like form at pH=9 are 

inherited. This implies that the photochemical reduction reaction does not change the 
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phase morphology of TiO2 support. The obtained Pt@TiO2 nanoparticles kept clean 

surface that metallic Pt nanoparticles had not been found, in accordance with the XRD 

results. HAADF-STEM images and corresponding EDS mapping in Figure 4.17 also 

confirm the low loading of Pt and its homogeneous dispersion on TiO2 supports. Further 

annealing at N2 atmosphere did not remarkably change the morphology, as presented 

in Figure 4. 16c, d. The control sample Pt@TiO2-pH12 showed the same morphology 

as Pt@TiO2-pH9 (Figure 4.18), indicating the coherent reaction mechanism in alkaline 

conditions. Other Pt decorated samples on different TiO2 supported were also 

characterized and compared in Figure 4.19. Commercial TiO2 presents a granular shape 

similar to Pt@TiO2-pH3, while both Pt@HTO and Pt@L-TiO2 are in the form of 

nanoflakes. The difference of these two layered supports is the thickness, size and 

degree of restacking order. The lateral size of Pt@HTO nanoparticles is 3-4 folds larger 

than Pt@L-TiO2.   

 

Figure 4. 16 SEM images of (a) Pt@TiO2-pH3, (b) Pt@TiO2-pH9, (c) Pt@TiO2-pH3-

N300, (d) Pt@TiO2-pH9-N300.   
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Figure 4. 17 HAADF-STEM images of (a) Pt@TiO2-pH3, (b) Pt@TiO2-pH9 with EDS 

elemental mappings. 

 

 

Figure 4. 18 SEM images of (a) Pt@TiO2-pH12, (b) Pt@TiO2-pH12-N300.  
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Figure 4. 19 SEM images of (a) Pt@TiO2-pH9-N300, (b) Pt@TiO2-C, (c) Pt@HTO, 

(d) Pt@L-TiO2.    

 

Besides size and morphology differences, the Raman vibration models were recorded 

for Pt@TiO2 samples to extract the Ti-O bond information. Raman spectra in Figure 

4.20a show the same vibration models of all samples, indicating the same crystal phase, 

which is consistent with the XRD results. Moreover, all the samples maintain the same 

vibration models when compares with the pristine phase (Figure 4.5). The fingerprint 

signals at 144, 197 and 636 cm-1 can be assigned to Eg models, while 396 and 521 cm-

1 are associated with B1g model and last 513 cm-1 associated with A1g model.33 Since 

Raman scattering is very sensitive to crystallinity and microstructures of materials, the 

peak intensity and position reflects vibration details that are directly correlated to 

structure. Comparison of the most intense Eg vibration model in Figure 4.20b shows 

the frequency redshift and intensity increase of Pt@TiO2-pH9, demonstrating better 

crystallinity in line with XRD results. The vibration models are summarized in Figure 

4.21 for detailed analysis. By integrating peak area, the ratio of each vibration model 

can be obtained. Table 4.5 collects all the calculated vibration percentages. The Eg and 

A1g models of Pt@TiO2-pH9 increase while the B1g model decreases when compared 
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to Pt@TiO2-pH3. It suggests that Ti-O bending strengthened in the a and b axis and 

weakened in the c axis. FTIR spectra in Figure 4.22 show consistent results with the 

Raman data. The broad absorption band at 648 cm-1 for Pt@ TiO2-pH3 was shifted to 

671 cm-1 for Pt@TiO2-pH9, which corresponds to the Ti-O-Ti stretching model.34 

Higher vibration energy of Pt@TiO2-pH9 indicates strengthened Ti-O stretching.  

 

Figure 4. 20 (a) Raman spectrums of Pt@TiO2 at different pHs, (b) enlarged area of Eg 

model at ca. 142 cm-1 of Pt@TiO2-pH3 and Pt@TiO2-pH9, (c) integration of each 

vibration models.   
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Figure 4. 21 Vibration models of anatase TiO2.
28 

 

Table 4. 5 Integral areas of different vibration models of Pt@TiO2 at different pHs. 

 Eg A1g B1g 

Pt@TiO2-pH3 
39443.12 1102.95 5136.29 

86.34% 2.41% 11.24% 

Pt@TiO2-pH9 
62314.46 1966.87 7176.64 

87.20% 2.75% 10.04% 
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Figure 4. 22 FTIR spectra of Pt@TiO2-pH3 (blue) and Pt@TiO2-pH9 (red). 

 

Since the absorption associated d-d transition strongly depends on the electronic 

stucture, UV-Vis spectra were recorded to evaluate the electronic structure of Pt 

decorated TiO2 samples.35 As shown in Figure 4.23, pristine TiO2-pH9 show red-

shifted UV-Vis spectra when compared to the TiO2-pH3, indicating a different 

absorption behavior. A discernable absorption peak was found at ca. 336 nm in TiO2-

pH9 and ca. 266 nm in TiO2-pH3. After the photochemical reaction, obvious change 

was found on both samples. The absorption of Pt decorated TiO2 samples shift from 

UV region to visible light region as compared to the unreacted A-TiO2. Specifically, the 

absorption shoulder of Pt@TiO2-pH3 shifts from 381 nm (pristine TiO2-pH3) to 412 

nm, with the band gap changed from 3.25 eV to 3.0 eV. While the Pt@TiO2-pH9 

presents a wide broad absorption curve in the visible light region, indicating 

considerable electronic structure modification. The UV-Vis absorption spectra are in 

line with the sample colour (inserted optical images in Figure 4.23). Since Pt@TiO2 

samples at different pHs have the same crystal phase, the difference in UV absorption 

properties after the photochemical reaction can be associated with the morphology and 

exposed lattice plane. Highly exposed (101) plane of TiO2-pH9 has stronger interaction 
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with UV-Vis light irradiation than amorphous nanoparticles prepared at pH=3, leading 

to the different electronic structures of TiO2 support. Different electronic structure of 

the support further employs different interactions with the decorated Pt species. This 

intepretation is demonstrated by the comparison of Pt@TiO2-pH3 and reference sample 

Pt@TiO2-C. Both show nearly identical crystal phase (anatase) and morphology and 

particle size (Figure 4.16&4.19). The UV-Vis spectra in Figure 4.24 show that they 

hold the nearly identical absorption properties after photochemical reduction of Pt.  

 

Figure 4. 23 UV-Vis spectra of Pt decorated A-TiO2 samples prepared at different pHs. 

Insert images are photographs of corresponding samples.  
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Figure 4. 24 UV-Vis spectra of (a) Pt@TiO2-C and (b) Pt@TiO2-pH3. Inset images are 

photographs of corresponding samples.  

 

In addition, XPS was carried out to characterize the chemical composition of Pt 

decorated TiO2 samples. As shown in Figure 4.25, the high-resolution spectra of Pt 4f, 

O 1s, and Ti 2p of Pt@TiO2 at pH=3 and 9 are compared. Two prominent peaks at ca. 

458.69 eV and 464. 44 eV of Pt@TiO2-pH3 can be assigned to Ti 2p3/2 and 2p1/2 due to 

the spin-orbital coupling effect. The doublet binding energy with splitting Δ = 5.75 eV 

indicates typical anatase TiO2 characterization.36 In contrast, the Ti 2p3/2 peak of 

Pt@TiO2-pH9 positively shifted by 0.2 eV with regard to Pt@TiO2-pH3. As for the 

photochemical deposited Pt species, the 4f7/2 peak of Pt@TiO2-pH3 at ca. 72.5 eV 

implies a Pt(Ⅱ) oxidation state, which is lower than that at 74.9 eV for PtO2 and higher 

than that at 71.0 eV for metallic Pt.37, 38 Oxidized Pt was obtained instead of metallic 
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Pt, which can be rationally interpreted by the strong interaction between decorated 

species and oxide support.39, 40 Compared to that of Pt@TiO2-pH3, Pt 4f spectra of 

Pt@TiO2-pH9 is shifted to lower energy direction, at which the 4f7/2 peak locates 

around 71.88 eV, implying an oxidation state lower than Pt(Ⅱ). The variation of Ti and 

Pt spectra clearly suggests the charge transfer from the Ti atoms to adjacent Pt species 

at the Ti-O-Pt configuration, which gives rise to enhanced Ti and weakened Pt binding 

energy in Pt@TiO2-pH9. Detailed fit results are presented in Figure 4.26. In Pt@TiO2-

pH9 sample, the Pt0 species count for the largest proportion of 45.5%, and outperforms 

the Pt2+ of 35.2% and Pt4+ of 19.3% (summarized in Table 4.6). Pt0 species as the 

majority confirms the lower average oxidation state. In addition, the comparison of Ti 

2p, O 1s, and Pt 4f spectra in Pt@TiO2-pH3 and the reference sample Pt@TiO2-C was 

also performed. As shown in Figure 4.27, the Pt 4f, Ti 2p and O 1s spectra are identical 

between the two samples, indicating comparable chemical status. It is consistent with 

the UV-Vis absorption and associated with the electrochemcial results in below.   
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Figure 4. 25 High resolution XPS of Pt@TiO2 at different pHs, (a) Pt 4f, (b) O 1s, (c) 

Ti 2p, (d) C 1s.  

 

Figure 4. 26 Fit results of high-resolution XPS of Pt 4f, Ti 2p, O 1s on Pt@TiO2-pH3 

and Pt@TiO2-pH9. All of the baselines are Shirley curve.   
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Table 4. 6 Binding energies, FWHM and area percentage of each component of Pt(4f) 

fit spectra on Pt decorated A-TiO2 samples from Figure 4.25. 

Catalyst Species 4f7/2 (eV) 4f5/2 (eV) FWHM %Area 

Pt@TiO2-

pH3 
Pt2+ 72.55 75.84 1.98 100 

Pt@TiO2-

pH9 

Pt0 71.35 74.84 1.70 45.5 

Pt2+ 72.51 75.87 1.70 35.2 

Pt4+ 74.15 76.61 1.82 19.3 

 

 

Figure 4. 27 High resolution XPS of Pt@TiO2-pH3 and Pt@TiO2-pH3-C, (a) Pt 4f, (b) 

O 1s, (c) Ti 2p, (d) C 1s.  
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4.3.3 Electrochemical study of Pt decorated TiO2  

The electrochemical HER performances of Pt decorated samples were evaluated in Ar-

saturated 0.5 M H2SO4 aqueous solution using a three-electrode system. As shown in 

Figure 4.28a, Pt@TiO2 samples synthesized at different pHs show different HER 

catalytic activity. Compared to Pt@TiO2-pH3, Pt@TiO2-pH9 displays clearly lower 

onset overpotential to initiate the hydrogen evolution, indicating higher intrinsic activity. 

To yield a current density of 10 mA cm-2, Pt@TiO2-pH9 requires an overpotential (η10) 

of 86 mV, superior to Pt@TiO2-pH3 (125 mV). Moreover, the Pt@TiO2 samples 

prepared at pH=9 and pH=12 exhibit nearly identical performance. Based on the 

physical characterizations above, the TiO2 support synthesized in alkaline medium has 

the same crystal phase and morphology, regardless of the pH difference. This led to an 

identical UV-Vis response which induced interaction between Pt species and TiO2 

support. Thus, nanoparticles with the same morphology can correspond to the same 

photochemical properties, giving rise to identical HER activity.  

 

On the other hand, compared to the amorphous nanoparticle of TiO2 obtained at pH=3, 

highly exposed (101) plane on TiO2-pH9 has a stronger response to UV irradiation 

during the photochemical reduction process. It is confirmed by the UV-Vis spectra and 

the optical images of Pt decorated TiO2 samples after the photochemical reaction 

(Figure 4.23). The narrow band gap of TiO2-pH9 led to broader adsorption range of the 

UV-Vis light, which excited larger electron population to higher energy level. These 

photogenerated electrons migrated to the surface of TiO2 to reduce the Pt-containing 

precursor. The reduced Pt species, therefore, has a strong interaction with the TiO2 

support through chemical bonding, which determines the final chemical state of Pt and 

can be reflected by the nanoparticle color. The chemical states of Pt on different TiO2 

supports and Pt-O-Ti interaction were confirmed by XPS in Figure 4.25-26. Enhanced 

charge transfer from support Ti atoms to decorated Pt species was found on Pt@TiO2-

pH9. The outer surface of the support itself, in turn experienced chemical state 

modification during the photochemical deposition of Pt. Thus, it can be concluded that 
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the Pt species on Pt@TiO2-pH9 with modified electronic structure favors H adsorption, 

which gives rise to better HER activity.  

 

After being subjected to annealing at 300 °C for 1 h under N2 atmosphere, all the HER 

activities of three samples are improved. Specifically, the η10 of Pt@TiO2-pH3-N300 

was reduced to 97 mV, while the values of Pt@TiO2-pH9-N300 and Pt@TiO2-pH12-

N300 were 30 mV and 35 mV, respectively. With the annealing treatment, the catalytic 

performance of Pt@TiO2-pH9 and Pt@TiO2-pH12 were still kept identical and superior 

to that of Pt@TiO2-pH3. All the η10 values are summarized in Figure 4.29.  

 

Figure 4. 28 LSV curves of Pt@TiO2 samples prepared in different pHs: (a) as-

synthesized, (b) annealing at 300 °C in N2 atmosphere. The samples were measured in 

0.5 M H2SO4 solution with scan rates υ = 5 mV s-1.   
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Figure 4. 29 Overpotentials at 10 mA cm-2 for Pt@TiO2 samples prepared at different 

pHs, (a) as-synthesized, (b) after annealing at 300 °C in N2 atmosphere.  

 

In addition to TiO2 prepared by phase transition under different pHs, some other TiO2 

supports are also included for comparison. The layered structured HTO, exfoliated L-

TiO2 nanosheets, commercial TiO2 nanoparticles were selected. As shown in Figure 

4.30, the LSV (normalized by geometric area) of Pt@TiO2-pH9-N300 is nearly 

overlapping to commercial Pt/C (20 wt%), indicating the excellent HER activity. Slight 

differences in the HER onset region can be reflected by Tafel slopes, showing 43 mV 

dec-1 for Pt@TiO2-pH9-N300 and 40 mV dec-1 for the commercial Pt/C. The η10 of 

Pt@TiO2-pH9-N300 is 30 mV, slightly smaller than Pt/C (as seen in Figure 4.31). 

Among the Pt decorated TiO2 samples, Pt@TiO2-pH9-N300 displayed best HER 

performance followed by the activity trend of Pt@HTO > Pt@TiO2-C > Pt@L-TiO2. 

Both Pt@HTO and Pt@L-TiO2 with the layered structure, where (010) lattice plane is 

mostly exposed, are less active for HER than Pt decorated A-TiO2 prepared by phase 

transition.  
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acidic condition, Pt@TiO2-pH9-N300 retains a current density of 88.5%. In contrast, 

the current density of commercial Pt/C dropped fast to 56.7% in the initial 1 h and then 

kept a slow decrease rate in the following 10 h. LSV of Pt@TiO2-pH9-N300 after 

chronoamperometry show η10 of 87 mV, which is 57 mV higher than the initial one. 

Pt@TiO2-pH9-N300 with degradation of ~10% displayed superior durability than the 

tested Pt/C in our work and the literature.41  

 

Figure 4. 30 (a) LSV curves (b) Tafel slopes of Pt@TiO2-pH9-N300, Pt@HTO, 

Pt@TiO2-C and Pt@L-TiO2 in 0.5 M H2SO4, with a scan rate of υ = 5 mV s-1. (c) 

Chronoamperometry for 24 h, (d) LSV before/after chronoamperometry test of 

Pt@TiO2-pH-N300.  
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Figure 4. 31 Overpotentials η10 (mV) for different Pt-decorated TiO2 supports and the 

Pt/C reference. 

 

The control sample Pt decorated commercial-TiO2 (Pt@TiO2-C) was introduced for 

comparison, which has the same crystal phase (anatase), morphology and particle size 

to the Pt@TiO2-pH3 (Figure 4.16 and Figure 4.19). Correspondingly, these two 

samples showed the same response to the UV-Vis light and exhibited same color 

(Figure 4.24). Pt@TiO2-pH3 and Pt@TiO2-C in Figure 4.32 exhibited almost the same 

HER activity. In detail, the η10 is 125 mV for Pt@TiO2-pH3 while Pt@TiO2-C requires 

133 mV to reach 10 mA cm-2. At the same time, Tafel curves suggest that the increased 

current density of Pt@TiO2-pH3 and Pt@TiO2-C was kept the same. These results 

combined with the XPS data in Figure 4. 27 support our interpretation that HER 

activity is directly associated with the chemical state of Pt, which is determined by the 

interaction between Pt and TiO2 support where the charge transfer from Ti to Pt was 

confirmed. The interaction is controlled by the photochemical properties of TiO2 

support, on which photogenerated electrons dominated the reduction reaction. The 

morphology and exposed lattice plane are directly related to the photochemical property 

of the TiO2.
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morphology can be found.  

 

Figure 4. 32 (a) LSV curves (b) Tafel slope of Pt@TiO2-pH3 and Pt@TiO2-C. 

 

It should be note that the ECSA of Pt species are not directly measured in this work. In 

regards to the electrochemical activity normalized by electrode areas (geometric 

activity), the ECSA can be an important factor in addition to the electronic effects. 

Highly dispersed Pt species might expose more surface sites than the commercial Pt/C 

that can contribute to the catalytic current. Under this circumstance, mass activity 

(normalized by the loading of Pt) can provide more accurate information to evaluated 

the catalyst performance. 

 

We performed ICP-MS to detect the loading of Pt species on TiO2 support. Figure 4. 

32 show the linear fitted standard curves of reference samples, which is used for 

determining the content of measured sample which falls in the range of 0-1000 ppb. 

Thus, the acquired Pt, Ti content are collected in Table 4.7. The Pt loading of Pt@TiO2-

pH9 is 1.12 wt%, this value is 1.26 wt% for Pt@TiO2-pH3, 0.78 wt% for Pt@TiO2-C, 

and 0.84 wt% for Pt@L-TiO2. Compared to the commercial Pt/C (20 wt%) catalyst, 

Pt@TiO2-pH9 show 17.8-fold less Pt. This, in turn, gives rise to higher mass activity. 

Figure 4.33 shows the activity normalized by Pt loading at an overpotential of 30 mV, 

and almost all the Pt decorated TiO2 samples outperform the commercial Pt/C. The 

annealed Pt@TiO2-pH9 exhibit the highest specific activity of 3954 A g
-1 

Pt  that attributes 
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to the low loading of Pt species (1.12 wt%). 

 

Figure 4. 33 Mass activity of Pt decorated samples, at the overpotential of 30 mV. 

 

Table 4. 7 ICP-MS results of selected Pt decorated samples.  

 Ti (ppb) Pt (ppb) Pt (wt%) 

Pt@TiO2-pH9 1104.385 20.758 1.12 

Pt@TiO2-pH3 537.759 11.334 1.26 
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4.4 Conclusions  

In this study, the phase transformation from L-TiO2 nanosheets to R-TiO2 and A-TiO2 

has been systematically investigated as well as their electrochemical HER performance 

with Pt decoration. Our study on the transition phase of the L-TiO2 nanosheets as a 

function of temperature and pH reveals that the temperature determines the final phase-

structure of the TiO2 nanoparticles, while the pH mostly influences the morphology and 

particle size. Photochemical reduced Pt anchored on the as-synthesized nanoparticles 

with different morphology and exposed lattice plane exhibit different electrochemical 

HER activity.  

 

It was found that anatase is the dominant phase at a critical temperature of 180 °C. 

Under these conditions, particles sizes increase as the pH increases from 3 to 9. The 

obtained A-TiO2 particles in pH=3 solution are granular-like while those in pH=6-9 are 

shuttle-like, in contrast to the initial sheet form L-TiO2. Because the electron 

microscopy images and the XRD did not show significant differences in morphology 

for the samples prepared in pH=6 and pH=9, it is speculated that the phase transition 

and morphology evolution follow the same mechanism. Two different transition 

pathways of dissolution-recrystallization and topologically rolling transition have been 

proposed to give a detailed insight into such phase transition process. In acidic solution, 

pH=3, it follows the dissolution-recrystallization mechanism caused by the corrosive 

environment and strengthened interlayer reaction between nanosheets. The 

strengthened interlayer reaction caused by decreased interlayer spacing and increased 

uptake of TBA ions is favorable to the stability of the restacked structure. Thus, the L-

TiO2 precursor prefers dissolution-recrystallization rather than topological rolling 

transition, which requires the individual nanosheets are dispersed well and can be 

rolling freely. Our results give a full map of phase transition and morphology evolution 

of L-TiO2 to R-TiO2/A-TiO2 that can provide a guideline to new materials design, 

especially for the catalysts with morphology control can based on our optimal 

parameters.  
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A-TiO2 synthesized in acidic/alkaline conditions showed different UV-Vis responses 

due to their band gap difference, which can be related to the morphology and exposed 

lattice plane. By means of this property, atomic dispersed Pt species were deposited on 

the pre-synthesized A-TiO2 surface via photochemical reduction reaction. XPS and UV-

Vis measurements show that the chemical state of Pt species of Pt@TiO2-pH9 and 

Pt@TiO2-pH3 are different due to the SMSI effect. Pt@TiO2-pH9 with a stronger 

response to UV-Vis light irradiation leads to greater charge transfer from Ti atoms to 

adjacent Pt, which further lowers the oxidation state of Pt. Such optimal electronic 

structure facilitates the adsorption of protons, thus promotes the HER. In 0.5 M H2SO4, 

the HER performance of Pt@TiO2-pH9 with highly exposed (101) plane outperforms 

all of other Pt decorated TiO2, including amorphous A-TiO2 obtained at pH=3, plate-

like lepidocrocite HTO and its exfoliated counterpart L-TiO2 with most exposed (010) 

plane as well as commercial anatase. After annealing in N2 atmosphere, the Pt@TiO2-

pH9 only requires an overpotential of 30 mV to reach 10 mA cm
-2 

geo. In addition, with 

regard to the mass activity, all the Pt decorated TiO2 samples show excellent HER 

performance superior to commercial Pt/C due to ultralow loading of Pt. The best 

Pt@TiO2-pH9-N300 presents a current density of 3954 A g
-1 

Pt  at an overpotential of 30 

mV, which is 17-fold higher than benchmark Pt/C. By employing this strategy, the 

loading of precious metal is significantly reduced, and better stability is obtained than 

the commercial Pt/C.  
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Overview: As the counter reaction to hydrogen evolution, oxygen evolution – a half 

reaction of water splitting, is a more complicated process due to the four-electron 

transfer steps and multiple intermediates: *OH, *O, *OOH. Electrocatalysts used upon 

cheap, abundant elements are promising for practical applications in terms of atomic 

efficiency. Low loading active Ni species confined in layered manganese oxide with 

extraordinary mass activity is reported in this chapter. Due to such specific confinement 

effect, different Ni coordination structures in layered metal oxides were confirmed and 

associated to the electrochemical behavior and OER performance. Confinement effect 

related electrochemical features were systematically recorded and analyzed.     
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5.1 Introduction 

The availability of a carbon neutral sustainable energy supply has become remarkably 

urgent in recent decades. Electrochemical water splitting, using renewable energy 

sources, offers an attractive route to chemical energy storage. However, one of the 

current limitations for the implementation of this technology is related to the 

inefficiency of the oxygen evolution reaction (OER) catalyst.1-3 Metal oxide catalysts 

based on precious metals such as IrO2 and RuO2 have been commonly used. However, 

their high cost and low abundance is a significant hindrance. Therefore, in the last 

decade there has been an enormous effort from the scientific community towards the 

development of inexpensive and earth-abundant OER catalysts.4-9  

 

Amongst a number of different catalysts reported, layered metal oxide/hydroxide 

nanoparticles of earth abundant elements are of particular interest in electrochemical 

water splitting. Compared with the more typically employed RuO2 and IrO2 

electrocatalysts, the M-based oxides/hydroxides (M= Ni, Co, Fe, Mn), as well as their 

oxyhydroxide and double metal hydroxides, are attractive as they possess extremely 

high surface areas, providing a large number of exposed active sites, and enhanced 

electronic conductivity after exfoliation.10, 11 Such layered oxide/hydroxides consist of 

MO6 host layers stabilized by charge-balancing ions accommodated into the interlayer 

spacing. The M-O layers fulfill both roles of skeleton, for architecture, and active sites, 

leading to insufficient atomic efficiency. To enhance the performance and efficiency of 

these catalysts previous reports have presented the preparation of ultrathin two-

dimensional (2D) nanosheets, aiming at the exposure of more active sites.5 Improving 

the atomic efficiency of active atoms, such as Ru, Ir, Ni or Co, is economically attractive 

for large-scale industrial applications.12, 13 In the literature a variety of strategies have 

been implemented, including synthesis of  nanoclusters and even single atoms 

anchored on carbon-based and metal oxides-based supports,14, 15 although, to date, very 

little attention has been dedicated to the ions in the channels formed between the 2D 

layered oxide structures. Catalytic ions in between the layers can be arranged in-plane 
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and immobilized by the opposite charge of the 2D host layer (Fig. 4.1a).16 The 2D 

channels fundamentally act as ideal electrochemical nanoreactors providing ample 

interlayer spacing for free transportation of reactants and products and confinement of 

the under-coordinated active atoms.17 

 

An important parameter affecting the electrochemical performance of catalysts during 

the OER is the pH. It is well known that the pH and composition of the electrolyte have 

a significant impact on the performance and durability of the catalyst during the OER. 

Establishing correlations between pH and measured voltammetric profiles facilitates 

the deduction of the active sites for OER and the evolution of adsorption/desorption 

processes and species on the surface. Takashima et al. reported that the instability of 

active Mn3+ at pH < 9 is the key factor in the observed poor activity of δ-MnO2 toward 

the OER, which requires additional potential to electrochemically oxidize Mn2+ to 

Mn3+.18 Koper’s group proposed the surface deprotonation mechanism of NiOOH 

during OER catalysis based on the pH sensitivity observed.19 With that in mind, the 

catalytic activity of confined catalysts in layered structures, where reactant diffusion is 

rigorously restricted, would be strongly affected by the pH dominated deprotonation 

kinetics.  

 

The aim of this work is to develop Ni-based electrocatalysts in which the Ni ions are 

confined to the inter-layer space in 2D interlayered MnO nanoparticles. The manuscript 

describes the synthesis and full characterization of the catalyst prepared via a facile ion 

exchange strategy. It also demonstrates the catalytic activity towards the OER and the 

long-term durability of the catalyst. We also present the reaction mechanism for the 

OER on the Ni-confined catalyst based on an exhaustive study of the catalyst under 

different conditions, e.g. pH and scan rate.  
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5.2 Methods  

5.2.1 Materials synthesis 

Preparation of K0.45MnO2: The K0.45MnO2 (KMO) was prepared by the solid reaction 

method.20, 21 K2CO3 (99%, Aladdin), Mn2O3 (98%, Aladdin) were mixed at 

stoichiometric ratios and then ground carefully using an agate mortar. The mixture was 

placed in a crucible and was heated at 800 oC for 1 h for decarbonation. After cooling 

down naturally, the powder was carefully ground and subsequently heated at 800 oC for 

30 h. The obtained black powder was rinsed with ultrapure water (Milli-Q, 18.4 MΩ 

cm-1) and dried overnight at 60 oC. 

 

Preparation of Ni-exchanged KMO (Ni-KMO): 50 mg of KMO was mixed with 0.5 

M NiCl2 solution (20 mL), followed by sonication for 10 min. The resultant suspension 

was allowed to stand for a given time (10 min, 30 min, 2h, 6 h, 24 h, and 48 h) at room 

temperature. The powder-solution was separated by centrifugation at 4000 rpm and 

rinsed with ultrapure water. The process was repeated at least five times. The obtained 

powder was dried at 50 oC overnight.  

 

Preparation of Ni exchanged H(K)MnO2 (Ni-H(K)MO): KMO was reacted with 1 

M HCl to extract the K ions. 50 mg of the obtained H(K)MO was mixed with 0.5 M 

NiCl2 solution (20 mL) followed by sonication for 10 min and thereafter allowed to 

stand for 24h. The powder-solution was separated by centrifugation at 4000 rpm, 

washed with ultrapure water and repeated at least five times. The obtained powder was 

dried at 50 oC overnight.  

 

Preparation of Ni-exchanged HTi0.91O2 (Ni-HTO): Layered titanate HTi0.91O2 was 

prepared using the same method in our previous work.22 50 mg of HTi0.91O2 was mixed 

with 0.5 M NiCl2 solution (20 mL) followed by sonication for 10 min and thereafter 

allowed to stand for 24 h. The powder-solution was separated by centrifugation at 4000 

rpm, washed with ultrapure water and repeated at least five times. The obtained powder 
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was dried at 50 oC overnight. 

 

5.2.2 Materials characterizations 

Powder X-ray diffraction (PXRD) was performed on a Bruker D8 Advance X-ray 

diffractometer with Cu Kα radiation (λ=1.5406 Å) at room temperature. XRD data were 

recorded between 10º-50º with a step size of 0.02º. X-ray fluorescence spectroscopy 

(XRF) was performed using a Bruker S8 Tiger 4 kW spectrometer under a He 

atmosphere. The particle morphology was analyzed by scanning electron microscopy 

(SEM, Philips XL3 30 environmental (E)SEM instrument) under an accelerating 

voltage of 15 kV, with Oxford Instruments energy dispersive X-ray spectroscopy (EDS) 

attachment. For the coupled bright field (BF-), high-angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) imaging and energy filtered 

selected area diffraction (EFSAD), a JEOL JEM-2200FS transmission electron 

microscope TEM, equipped with a field emission gun (FEG), an in-column omega-type 

energy filtered, Jeol STEM detectors and a Gatan Ultrascan 1000, was operated at an 

acceleration voltage of 200 kV. For the spatial resolution and distribution of Ni 

distribution, HAADF-STEM imaging experiments were carried out on a double Cs- 

corrected FEI Themis G2 operated at an acceleration voltage of 300 kV, coupled with 

an EDS detector of the type. Thermogravimetry analysis (TGA) was performed in the 

temperature range of 25-500 oC by Shimadzu TGA-50 with a heating rate of 10 oC /min, 

the nitrogen gas flow was 20 ml/min. X-ray absorption spectroscopy (XAS) 

measurements were performed on beamline B18 at Diamond Light Source, operating 

with a ring energy of 3 GeV and at a current of 300 mA.23 The monochromator 

comprises Si(311) crystals operating in Quick EXAFS mode. Calibration of the 

monochromator was conducted using the respective metal foils prior to the 

measurements. Pellets of the different samples were collected in transmission and 

fluorescence modes at the Mn K-edge (6539 eV) and Ni K-edge (8332 eV) 

simultaneously with the foils. The data was analysed using Athena and Artemis 

programs,24 which implement the FEFF6 and IFEFFIT codes.25 X-ray emission 
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spectroscopy (XES) measurements were conducted at Beamline I20-scanning, of 

Diamond Light Source.26, 27 The XES spectra have been normalized with respect to their 

total area using the range 6456-6500 eV. 

 

5.2.3 Electrochemical characterization 

Electrochemical cell setup: All the electrochemical measurements were performed in 

a three-electrode setup. Before each electrochemical measurement, the electrochemical 

cell system was stored in permanganate solution overnight. Before testing, the cell was 

rinsed with ultrapure water and diluted piranha solution to remove permanganate, 

followed by filling with ultrapure water and heating to ~70 oC. The hot water was 

replaced with fresh ultrapure water and reheated five times. Electrochemical 

measurements were performed by an Autolab PGSTAT100N potentiostat, with Au foil 

as counter electrode (CE) and Hg/HgO (0.1 M NaOH) as reference electrode (RE), 

connected via a luggin capillary. The CE was flame annealed and rinsed with water 

before immersed in electrolyte. Alkaline electrolyte was freshly prepared by dissolution 

of NaOH beads (Alfa Aesar, semiconductor grade, 99.99%) or KOH pellets in ultrapure 

water. Concentrations of 1 M, 0.1 M, 0.01 were prepared for pH=14, 13, and 12, 

respectively. (Alfa Aesar, 99.98%). For pH=8, electrolyte was prepared by adjusting the 

0.01 M NaOH solution with HClO4 (Merck KGaA, Suprapur, 70%). The prepared 

electrolytes were purged with high purity argon for at least 30 min prior to 

measurements and an Ar stream, acting as a protective layer above the electrolyte, was 

employed during measurements.  

 

Electrode preparation: Sample powders were dispersed in 5 mL ultrapure water with 

a concentration of 0.5 mg mL-1, followed by sonication (~30 min) to achieve a good 

dispersion. Then, 10 L Nafion D-521 solution (Alfa Aesar, 5% w/w in H2O and 1-

propanol) was added. Glassy carbon (GC) rotating disk electrode (RDE, diameter 5 mm, 

geometric area = 0.196 cm-2) was polished with 4000 grit wet polish paper to get a fresh 

surface, followed by polishing with 0.5 µm diamond slurry (Kemet) for refining and 
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then rinsed abundantly with ultrapure water. 4 x 20 μL of the prepared ink were drop-

casted onto the GC and dried in an oven at 75 oC to deposit ~0.04 mg catalyst; the 

loading was ~0.2 mg cm-2.  

 

Cyclic voltammetry (CV): CVs were recorded in a potential window of 0.8 - 1.76 V, 

with a scan rate of 20 mV s-1. GC RDE was rotated at 1600 rpm to remove generated 

O2 bubbles. The Ohmic resistances of the electrochemical system were obtained via 

positive feedback mode of Autolab PGSTAT100N, the iR corrected CVs are presented 

in Figure 5.32. To determine the true moles of redox active Ni atoms, integration of the 

anodic/cathodic waves of the Ni2+/Ni3+ couple was performed with varying scan rate. 

Double layer capacitance was measured in non-Faradaic region between 1.1 - 1.2 V (vs. 

RHE), with scan rates of 10, 20, 30, 40, 50 60, 70 and 80 mV s-1.  

 

Chronoampermetry: Chronoamperometric measurements were performed after 30 

CV cycles, after which the voltammetric profiles became stable. The procedure 

consisted of an applied potential of 0.8 V for 10 s, followed by electrolysis at a specific 

OER potential (1.48 V, 1.40 V, 1.38 V or 1.36 V vs RHE) for 3600 s and then back to 

0.8 V for 10 s. The long term stability test was the same procedure except keeping at 

1.48 V for 10 h. 

 

Calculations: 

Mass activity: 1) Ni mass activity, 2) catalyst mass activity were calculated by using 

the equation of measured current i being divided by Ni or catalyst loading m:  

j
mass

=
i

m
                                                                         [5.1] 

Turnover frequency (TOF): the TOF value was calculated by the equation: 

TOF=
jS

4Fn
                                                         [5.2] 

where j is the measured current density, S is geometric surface area 0.196 cm2, number 

4 means the number of electrons transferred in OER per O2, F is faradic constant of 
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96486 C mol-1, n is the moles of active atoms participated in OER. In this work, the 

active sites are Ni atoms, which can be calculated by integration of pre-OER peak and 

mass loading from XRF results. 

 

5.3 Results and Discussion 

5.3.1 Characterization of Ni-confined KMO 

Ni-KMO was prepared by mixing K-rich birnessite (K0.45MnO2) and NiCl2 solution at 

ambient temperature, as described in the experimental section (Supporting Information). 

Figure 5.1b presents the XRD patterns of the as-prepared KMO and after Ni exchange. 

From the XRD pattern it was determined that the K-birnessite possessed a layered 

structure with an interlayer spacing of 0.69 nm (AMCSD 0001302).28 The same layered 

structure was retained after the Ni exchange process, with XRF measurements 

suggesting that Ni cations partially replaced K ions in the interlayer spacing (Table 5.1). 

Such intercalation resulted in the enlargement of the interlayer distances (001) and (002) 

along the c axis, demonstrated by the decrease in 2θ values for those diffraction signals 

at 2θ = 12.43º and 24.84º. The SEM (Figure 5.1c) and STEM images (Figure 5.1d,e,g-

i) of Ni-KMO show plate-like nanoparticles with facets with dimensions between 300 

- 400 nm with near-identical morphology to that of KMO (Figure 5.2). The bright field 

(BF) and high angle annular darkfield (HAADF) images in Figure 4.1e and f show a 

single nanoparticle comprising stacked layers of KMO. In Figure 5.1d, the selected 

area diffraction (SAD) pattern shows a splitting of the reflections, which can be 

interpreted as an in-plane rotation of 4.5° (marked at the Ni-KMO (110) reflection) 

between two sets of layers in the nanoparticle. The HAADF-STEM image in Figure 

5.1h suggests that the Mn-O framework retained a layered structure, which is consistent 

with the XRD results. In addition to the Ni atoms inserted into the interlayer channels, 

aggregation of Ni at the edges of the nanoplate crystals, generating a few nanometer-

thick region, is observed in the HAADF images and EDS elemental maps (Figure 5.1i 

(contrast the Ni and Mn HAADF images) and Figure 5.3). The additional XRD signals 

observed for Ni-KMO at 37.4º and 43.4º, which can be assigned to (111) and (200) of 
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NiO (JCPDS 73-1519), are in agreement with STEM results. 

 

Figure 5. 1 (a) Schematic illustration of the impact of Ni intercalation into layered K-

birnessite manganese oxide. (b) X-ray diffraction patterns of Ni-KMO and pristine 

KMO. (c) SE-SEM image of Ni-KMO nanoplates. The particle size distribution 

histogram is inset. (f) SAD diffraction pattern (ZA= [001]Ni-KMO) of particle in (e). (e) 

Bright field (BF) and (f) HAADF-STEM images of Ni-KMO nanoparticle seen along 

[001]. zone axis (ZA). HAADF-STEM images (g), and (h) enlarged Ni agglomeration 

at the edge of a Ni KMO nanoplate. (i) HAADF-STEM image of single Ni-KMO 

nanoplate with corresponding EDS elemental mapping. 
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Figure 5. 2 SEM image of K0.45MnO2 nanoparticles synthesized by solid state 

calcination. 

 

 

Figure 5. 3 (a) STEM-EDS spectrum, (b) XRF spectrum of Ni-KMO. 
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Figure 5. 4 TGA curves of as-synthesized Ni exchanged layered metal oxides. 

 

Table 5. 1 XRF results of Ni-KMO, Ni-H(K)MO and Ni-HTO 

Samples Ni (at.%) K (at.%) Mn (at.%) Ti (at.%) 

Ni0.16K0.2MnO2•0.7H2O 11.67 ± 0.18 14.46 ± 0.2 73.87 ± 0.37 - 

Ni0.33K0.04MnO2•0.9H2O 24.1 ± 0.4 2.69 ± 0.09 71.26 ± 0.5 - 

Ni0.033Ti0.91O2•0.6H2O 3.60 ± 0.07 - - 96.40 ± 0.07 

*TGA was performed to determine the water amount in Ni-intercalated layered metal 

oxides (Figure 5. 4). 

 

5.3.2 XAS analysis of Ni intercalated metal oxides 

The adsorption energies of *OH and O* are predominantly dependent on the electronic 

configuration of the Ni surfaces.29 Therefore, the local environment of the Ni sites and 

associated species determine the corresponding electrochemical activity of these 

materials. X-ray absorption spectroscopy (XAS) was implemented to determine the 

oxidation state and coordination enviroment of Ni and the Mn-oxide host structure and 

to enable correlatin of these parameters with the underlying OER performance of Ni-
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KMO. The characteristic XANES spectra of metallic Mn, standard Mn-oxide 

compounds with oxidation states spanning the range Mn2+ to Mn4+ and the synthesized 

Ni-K(H)MO nanoplates are presented in Figure 5.5a. 

 

Figure 5. 5 Normalized XANES spectra measured at the (a) Mn K-edge and (b) Ni K-

edge for KMO, HMO, Ni-KMO, Ni-HMO and Ni-HTO catalysts, in addition to 

relevant standard oxide compounds and metal foils. References, represented by dashed 

lines, are shown for comparison. 

 

The edge positions, determined by the maximum of the first derivative, for Mn foil, 

MnO, Mn3O4, Mn2O3 and MnO2 were observed at 6539.0, 6544.2, 6546.7, 6547.7 and 

6552.5 eV, respectively, in agreement with existing literature values.30-32 The measured 

edge positions for KMO, HMO and Ni-KMO and Ni-HMO were 6549.3, 6550.3, 

6549.6 and 6552.0 eV, respectively. The normalised absorption pre-edge features of the 

manganese oxide derivatives and relevant Mn K-edge reference oxide compounds are 

presented in Figure 5.6. An increase in pre-edge peak energy is observed with an 

increase in Mn oxidation state (Figure 5.6a). The nature of the pre-edge features of the 

spectra at the Mn K-edge suggest that there is a contribution from Mn2+, Mn3+ and Mn4+ 
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to the overall structure and the intermediate mean Mn oxidation state is between +3 and 

+4. Thus, X-ray emission spectroscopy (XES) was employed to obtain more accurate 

Mn oxidation state information. The measured XES spectra and corresponding fits, a 

function of the sum contributions of the standard Mnn+ oxide compounds, are presented 

in Figure 5.7. The mean Mn oxidation state of pristine KMO was determined as +3.9 

(Table 5.2). A decrease in mean oxidation state was observed upon cation exchange 

with both H+ and Ni2+, with the greatest decrease observed for HMO. The fraction of 

Mn4+ is effectively the same for Ni-KMO and KMO, while the Mn3+ fraction decreases 

upon Ni-exchange. This suggests that Ni2+ intercalation is more favorable at those Mn3+ 

sites, which are commonly accompanied by defects that contribute to the overall 

negative charge of Mn-O layers.8 The defects with higher Gibbs energy favor the ion 

exchange reaction of K with Ni. The concentration of Mn3+ increases significantly in 

HMO relative to KMO, thus more Ni cations were intercalated into Ni-HMO, as 

confirmed by the XRF analysis (Table 5.1). 

 

The characteristic XANES spectra measured of metallic Ni, Ni-oxide reference 

compound, Ni-KMO, Ni-HTO and Ni-HMO are presented in Figure 5.5b. The edge 

position of the Ni foil and NiO reference were determined as 8333.0 eV and 8345.2 eV, 

respectively. The absorption edges of Ni-KMO, Ni-HTO and Ni-HMO were determined 

as 8345.3, 8345.9 and 8346.0 eV respectively, suggesting a Ni oxidation state of +2. 

For Ni-KMO the XANES spectrum appears identical to that of the NiO reference, 

indicative of the presence of NiO structure in Ni-KMO. While slightly different 

spectrum of Ni-HMO compared to Ni-KMO suggesting a different Ni2+ structure, as 

confirmed by the fitted EXAFS results below. There are no significant differences in 

pre-edge features observed at the Ni K-edge (Figure 5.6b). 
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Figure 5. 6 Normalised absorption pre-edge features of X-KMO nanoplates (where M= 

H or Ni) and oxide reference compounds at (a) Mn K-edge and (b) Ni K-edge. The edge 

position of the metallic foils, in eV, has been subtracted from the measured spectra 

presented. 
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Figure 5. 7 Measured experimental XES spectra of (a) KMO, (b) H(K)MO and (c) Ni-

KMO with corresponding fitting contributions from MnO, Mn2O3 and MnO2 standard 

oxide compounds. 

 



Page 125 

 

Table 5. 2 Ratio of Mnn+ species and corresponding mean Mn oxidation state of 

prepared KMO derivatives determined by XES.  

 % Mn4+ % Mn3+ % Mn2+ Mean Mn oxidation state 

KMO 90.5 ± 1.1 7.2 ± 2.7 1.6 ± 1.7 3.9 

HMO 61.3 ± 0.9 38.7 ± 0.9 0 3.6 

Ni-KMO 90.4 ± 1.2 3.6 ± 2.9 5.1 ± 1.8 3.8 

 

The Mn K-edge EXAFS Fourier transforms (FTs) of the synthesised KMO, H(K)MO, 

Ni-KMO and Ni-HMO nanosheets and reference samples are presented in Figure 5.8a. 

The first peak at ~1.5 Å (not phase shift corrected) is due to the Mn-O scattering and 

the second peak at ~ 2.5 Å (not phase shift corrected) is due to Mn-Mn/Mn-Ni scattering 

(Tables 5.3 & 5.4 & 5.7). The two Mn scattering distances are generated by the two 

distinct Mn birnessite lattice sites: edges and face-centers. The Ni K-edge EXAFS FT 

of Ni-KMO is near-identical to the NiO reference compound (Figure 5.8b). The first 

shell coordination at ~1.7 Å (not phase shift corrected) corresponds to Ni-O whilst the 

second shell coordination at ~ 2.6 Å (not phase shift corrected) corresponds to Ni-Ni 

scattering (Table 5.5). The relative amplitude of the second shell peak for Ni-KMO 

compared to NiO suggests that the former comprises NiO nanoparticles. This is not the 

case for Ni-HTO and Ni-HMO, where the relative amplitude of the second shell peak 

differs from that of NiO, suggesting the formation of a different structure (Tables 4.6 

& Table 4.8).  

 

In summary, the ex-situ XAS/XES results clarify the importance of Mn3+ on the Ni-

exchange intercalation. The Ni-content in each of the samples is proportional to the 

concentrations Mn3+ sites. For all the prepared samples, Ni is present in the oxidation 

state (+2), but different Ni coordination/structures were obtained for Ni-KMO and Ni-

HMO.  
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Figure 5. 8 EXAFS FTs of k3χ(k) functions for KMO, H(K)MO, Ni-KMO, Ni-HMO 

and Ni-HMO nanosheets and standard oxide reference compounds at (a) Mn K-edge 

and (b) Ni K-edge. References are shown for comparison. 
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Figure 5. 9 k3 weighted χ data (a, c) and k3 weighted Fourier transform EXAFS data (b, 

d) fits of H(K)MO and Ni-KMO. 

 

 

Figure 5. 10 k3 weighted χ data (left) and k3 weighted Fourier transform EXAFS data 

(right) fits for the Ni-KMO catalysts measured at the Ni K-edge.  
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Figure 5. 11 k3 weighted χ data (left) and k3 weighted Fourier transform EXAFS data 

(right) fits for the Ni-HMO catalysts collected at the Ni K edge (a, b) and the Mn K 

edge (c, d). 

 

 

Figure 5. 12 k3 weighted χ data (left) and k3 weighted Fourier transform EXAFS data 

(right) fits for the Ni-HTO catalysts collected at the Ni K edge. 
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parameters: S0
2 = 0.8 calculated using a Mn foil standard; fit range 3.0 < k < 13.8, 1.2 

< R < 3.5. ΔE0 = 0.2 ± 0.7 eV; Rfactor = 0.008 

Scattering CN R / Å σ2 x 103 / Å2 

Mn–O 3.3 ± 0.2 1.90 ± 0.01 2.5 ± 0.7 

Mn–Mn1 5.5 ± 0.8 2.90 ± 0.01 8.2 ± 1.7 

Mn–Mn2 1.6 ± 0.8 3.14 ± 0.02 4.0 ± 3.4 

 

Table 5. 4 EXAFS distances and fitting parameters for the Ni-KMO catalyst at the Mn 

K-edge. Fitting parameters: S0
2 = 0.8 calculated using a Mn foil standard; fit range 3.0 

< k < 13.9, 1.2 < R < 3.5. ΔE0 = 0.5 ± 0.7 eV; Rfactor = 0.006 

Scattering CN R / Å σ2 x 103 / Å2 

Mn–O 2.9 ± 0.2 1.90 ± 0.01 1.8 ± 0.6 

Mn–(Ni/Mn)1 6.4 ± 0.9 2.91 ± 0.01 9.9 ± 1.7 

Mn–(Ni/Mn)2 1.6 ± 0.8 3.16 ± 0.02 3.8 ± 3.0 

 

Table 5. 5 EXAFS distances and fitting parameters for the Ni-KMO catalyst at the Ni 

K-edge. Fitting parameters: S0
2 = 0.8 calculated using a Ni foil standard; fit range 3.0 

< k < 12.1, 1.0 < R < 3.2. ΔE0 = -0.4 ± 1.0 eV; Rfactor = 0.022 

Scattering CN R / Å σ2 x 103 / Å2 

Ni–O 6.9 ± 1.0 2.07 ± 0.01 6.2 ± 2.4 

Ni–Ni/Mn 12.0 ± 2.3 2.95 ± 0.01 9.2 ± 1.7 

 

Table 5. 6 EXAFS distances and fitting parameters for the Ni-HMO catalyst at the Ni 

edge. Fitting parameters: S0
2 = 0.8 calculated using a Ni foil standard; fit range 3.2 < k 

< 12.9, 1.0 < R < 3.2. ΔE0 = -4.0 ± 1.7 eV; Rfactor = 0.027 

Scattering CN R / Å σ2 x 103 / Å2 

Ni–O 8.0 ± 1.4 2.06 ± 0.02 9.2 ± 2.6 

Ni–Ni/Mn 7.0 ± 2.9 3.08 ± 0.03 12.4 ± 4.1 
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Table 5. 7 EXAFS distances and fitting parameters for the Ni-HMO catalyst at the Mn 

edge. Fitting parameters: S0
2 = 0.8 calculated using a Mn foil standard; fit range 3.0 < 

k < 13.9, 1.2 < R < 3.5. ΔE0 = -0.1 ± 0.7 eV; Rfactor = 0.008 

Scattering CN R / Å σ2 x 103 / Å2 

Mn–O 4.1 ± 0.2 1.90 ± 0.01 2.7 ± 0.7 

Mn–(Ni/Mn)1 6.6 ± 1.0 2.90 ± 0.01 9.1 ± 1.9 

Mn–(Ni/Mn)2 1.7 ± 0.9 3.14 ± 0.03 3.7 ± 3.6 

 

Table 5. 8 EXAFS distances and fitting parameters for the Ni-HTO catalyst at the Ni 

edge. Fitting parameters: S0
2 = 0.8 calculated using a Ni foil standard; fit range 3.2 < k 

< 11.1, 1.0 < R < 3.2. ΔE0 = -6.4 ± 0.7 eV; Rfactor = 0.004 

Scattering CN R / Å σ2 x 103 / Å2 

Ni–O 6.6 ± 0.5 2.05 ± 0.01 6.2 ± 1.1 

Ni–Ni/Ti 4.9 ± 0.8 2.95 ± 0.01 7.5 ± 1.4 
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5.3.3 Evaluation of the electrochemical activity and durability 

The catalytic activity of Ni-KMO was evaluated over the pH range 8 – 14, to provide 

both assessment of the activity of the electrocatalysts for the OER and enable deeper 

understanding of the mechanism behind this activity. Figure 5.13a-c show the stable 

iR-corrected voltammetric profiles of the Ni-KMO catalyst as a function of the pH, 

with the voltammograms shown being those obtained after 30 consecutive cycles; the 

evolution of the curves over the 30 scans is presented in Figure 5.14. Current densities 

are reported as mA cm-2 normalized by the geometric area of the electrode. As can be 

seen, the OER onset overpotential (ηonset) increases with decreasing pH, from 130 mV 

at pH 14 to 220 mV at pH 12. (Note that all voltammetric responses are reported vs. 

RHE and, thus, differences are not attributable to changes to the potential of the 

reference electrode.) At the same time, at pH 14 the overpotential at 10 mA cm-2 (η10) 

was 240 mV, which is significantly smaller than the η10 = 1090 mV observed at pH 12. 

The marginal difference in measured ηonset and sharp contrast at η10 confirm the lower 

reaction rate of the OER at lower pH due to the lower concentration and availability of 

OH-. Figure 5.13b summarizes the observed trends.  

 

The redox activity of the confined Ni clusters is evident in the voltammograms as a 

quasi-reversible peak in the region between 1.2 - 1.5 V was observed at pH 14 and 12 

(Figure 5.13c). This peak has previously been ascribed to the Ni2+ ↔ Ni3+ couple of Ni 

based catalysts.33, 34 Interestingly, at pH=14 the oxidation peak of Ni2+ → Ni3+ appears 

at 1.24 V, which is significantly more cathodic relative to previous reports in the 

literature (~1.4 V vs. RHE on carbon electrode). This unusual cathodic shift of 

oxidation peak to 1.24 V is beneficial for subsequent catalytic oxygen evolution. As 

seen in Figure 5.13c, a direct relationship between the position of the Ni2+ → Ni3+ 

oxidation peak on the Ni-KMO and the OER onset potential was observed as a function 

of pH. Increasing the pH of the solution from 12 to 14 results in the shift of the 

peroxidation Ni2+ → Ni3+ peak together with a shift of the onset potential of OER 

towards less positive potentials. This is a clear indicator that the Ni3+ are active sites for 
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the OER. Moreover, the correlation between redox peaks and OER activity over 

multiple cycles is shown in Figure 5.14. At any one pH, the Ni2+ → Ni3+ oxidation peak 

shifts cathodically and the OER current density increases as a function of the number 

of cycles, confirming the role of Ni2+ → Ni3+ transformation on OER catalysis. This 

behavior is in agreement with previous work that established the relationship between 

the peak position of the redox couple on Ni-Fe(OOH) and the OER catalytic activity.35 
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Figure 5. 13 (a) Stable cyclic voltammograms of Ni-KMO at various pHs after 30 

consecutive scans in NaOH electrolyte, with a scan rate of 20 mV s-1. The profile of the 

glassy carbon (GC) support is included for comparison. All the curves are iR-corrected. 

(b) The onset overpotential (ηonset) and overpotential at j = 10 mA cm-2 (η10) obtained 

from (a). (c) Enlarged region showing the Ni2+ → Ni3+ redox peaks at various pHs. (d) 

Integrated charge of Ni2+/Ni 3+ oxidation peak as a function of pH at various scan rates. 

(e) OER onset potential, pre-OER oxidation peak potential and Ni2+/Ni 3+ ΔE variation 

with pH. (f) Chronoamperometry profiles of Ni-KMO at pH=14 at various applied 

potentials as indicated in the figure.  

 



Page 134 

 

 

Figure 5. 14 Evolution of Ni-KMO voltammograms over 30 cycles at (a) pH=14, (c) 

pH=13, (e) pH=12. Corresponding enlarged redox peaks of Ni2+/Ni 3+ redox couple at 

(b) pH=14, (d) pH=13, (f) pH=12.  

 

Since the OER catalytic activity is directly correlated to the nature of the Ni centers, 
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understanding the redox peak of the Ni in the cyclic voltammograms may contribute to 

greater understanding of the reaction mechanism as well as in the development of better 

catalyst. Voltammetric profiles of the Ni2+/Ni3+ redox peaks were recorded at different 

pHs (Figure 5.15). At pH=14 the presence of two discrete processes, Ox1/Re1 and 

Ox2/Re2, were observed. Previous reports assigned the process Ox1 ↔ Re1 to the 

phase transition α-Ni(OH)2/γ-NiOOH, while the process labelled Ox2 ↔ Re2 has been 

associated with the transition of β-Ni(OH)2 to the active phase β-NiOOH.36, 37 A 

schematic illustration of the phase transitions is presented in Figure 5.16. When the pH 

is decreased to 13, only one oxidation peak is observed (Ox1) and the peak labelled 

Re2 shifts towards more positive potentials and its current density decreases (Figure 

5.15). At pH=12, the Re2 peak is not observable and only the redox peak Ox1/Re1 is 

visible. The absence of the β-NiOOH transformation at pH=12 was accompanied by a 

significant reduction in measured OER activity.  

 

To explore the underlying mechanism, we thoroughly examined the relationship 

between the Ni2+/Ni3+ redox peaks and the scan rates. The linear relationship between 

peak current density and scan rate at pH=14 was indicative that the surface reaction 

kinetics were dominated by charge transfer steps, whereas the linear relationship 

between peak current density and the square root of the scan rate at pH=12 was 

indicative that the diffusion limitation was the dominating factor (Figure 5.17). 

 

Figure 5. 15 Redox peak correlated NiOOH structure evolution of Ni-KMO at (a) 

pH=14. (b) pH=13. (c) pH=12, with scan rate ν = 5 mV s-1.   
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Figure 5. 16 Schematic graphs of Ni based phase transition.38 
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Figure 5. 17 Cyclic voltammograms of Ni-KMO in NaOH, (a) Ni2+/Ni 3+ redox peaks 

of Ni-KMO with varying scan rates at pH=14, (b) corresponding linear fitting of peak 

value against scan rate. (c) Ni2+/Ni 3+ redox peaks against scan rate of Ni-KMO at 

pH=12, (d) corresponding linear fitting of peak current value against the square root of 

scan rate, (e) asymptotic independence of peak currents against scan rate at pH=12.  
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The charge associated with the redox peaks as function of the pH is also shown in 

Figure 5.13d and Figure 5.18. As can be seen, opposite to the literature,35 the charge 

associated to the redox peak of Ni2+/Ni3+ increases as the pH decreases. We further 

explore this phenomenon by analyzing the charges of the redox peak at pH=12 and 

pH=14 as a function of the number of cycles. Figure 5.19 shows the comparison 

between the charge of the redox peaks of the 1st scan and 30th scan for the different pHs. 

The first observation is that slightly larger charges are observed at pH=14 and pH=13. 

As can be seen, the charge of the oxidation peak increases after electrochemical cycling 

across the pH range explored. However, the increase of the charge of the redox peak is 

significantly larger at pH=12 and after 30 cycles. Charge of the redox peak at pH=12 

(399 µC) is 1.89-fold that of the same peak at pH=14 (211 µC). According to the 

discussion above, and the XAS results (section 2.2) the Ni-clusters intercalated between 

the KMO layers must undergo an “activation process”, which is attributed to a phase 

transformation of the Ni oxide species. While at pH=14, Ni sites with OH- adsorption 

are fully transformed into the β-NiOOH active form, at pH=12 most of the catalyst is 

only transformed into the γ-NiOOH phase. Considering that the oxidation state of the 

β-NiOOH is +3 and the γ-NiOOH is ~3.7 (Figure 5.19), the transformation from Ni2+ 

to γ-NiOOH requires ~1.7 fold more charges than that to the β-NiOOH. Therefore, our 

results suggest that at pH=14 the active phase for the OER is the β-NiOOH and at 

pH=12, the active phase for the OER is the γ-NiOOH. The unique structure of the Ni 

confined in 2D layer structure with flexibly adjustable interlayer spacing gives rise to 

such phenomenon. 
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Figure 5. 18 Graphic demonstration of the potential limits and base line for the 

integration of the charge associated with the Ni redox peaks of Ni-KMO at (a) pH=14, 

(b) pH=13, (c) pH=12 and different scan rates. 
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Figure 5. 19 Integration charge of scan1 and scan 30 at pH=14, pH=13 and pH=12 with 

the corresponding schematical crystal structures. 

 

In order to obtain more information on the reaction mechanism, Tafel analysis of the 

OER curves at different pHs was performed. Note that all voltammograms were iR 

corrected prior to the Tafel analysis. It has been previously proposed that the overall 

mechanism of OER catalysis on Ni sites in alkaline media involve four proton-electron-

transfer steps.39 Tafel plots for the OER on Ni-KMO at different pHs are presented in 

Figure 5.20. The following equations are used for the determination of rate-

determining step (RDS) by Tafel slope40, 

b =
2.3RT

a F
                                                                         [5.3] 

a = 
nf

ν
+ nrβ                                                                     [5.4] 

R is the gas constant, T is temperature, F is faraday’s constant, nf is the number of 

electrons transferred before the RDS, ν is the stoichiometric number with a typical value 

of 1, nr is the number of electrons transferred in a single RDS, β is the symmetry factor 

with a typical value of 0.5. If the first electron transfer (Eqn. 5.5) is rate-determining, 

the Tafel slope can be calculated as 120 mV dec-1. Accordingly, Tafel slopes show 

values of 40 mV dec-1 and 24 mV dec-1 as the RDS are the second and the third electron 
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transfer (Eqn. 5.6 and Eqn. 5.7), respectively.7 For the case of Tafel slope of 60 mV dec-

1, the RDS involves a chemical step subsequent to the first electron transfer, with nr = 

0 and nf = 1. Thus, Ni-KMO at pH=14, RDS is chemical deprotonation; at pH=12, RDS 

is the adsorption of OH-. 

 

The Tafel slope, at pH=14, is 60 mV dec-1 suggesting that the rate-determining step 

(RDS) was the deprotonation of adsorbed hydroxyl species (Eqn. 5.6), in agreement 

with previous works on Ni hydroxide/oxide catalyst.41 On the other hand, a Tafel slope 

of 232 mV dec-1 was obtained at pH 12, suggesting that the RDS at lower pH was the 

adsorption of OH- species. This can be rationalized by consideration of the nature of Ni 

sites. A higher concentration gradient is required to promote the transport of the OH- 

species from electrolyte through the channels of the layered oxide structure to the 

confined Ni nanoreactor sites. This diffusion-dependent process gives rise to the 

significant difference in OER activity observed for Ni-KMO with varying pHs. 

Ni* + OH- → Ni*OH + e-                                                [5.5] 

Ni*OH + OH- → Ni*O + H2O + e-                                               [5.6] 

Ni*O + OH- → Ni*OOH + e-                                           [5.7] 

Ni*OOH + OH- → Ni* + O2 + H2O + e-                                         [5.8] 

 

The evaluation of the electrochemical performance of a catalyst should not only be 

based on its catalytic activity but also on the durability of the catalyst. Long-term 

stability of the Ni-KMO was recorded at pH=14 via chronoamperometry at various 

applied potentials (Figure 5.13). As can be seen, the current density during the OER 

remained stable over 1 h of electrolysis at different relevant potentials. In order to gain 

insight into the structural and compositional stability of the catalyst, SEM and HAADF-

EDS images of the Ni-KMO catalyst were collected after electrolysis (Figure 5.21). 

Interestingly, no significant changes in the morphology or the element distribution of 

the catalyst were detected confirming the excellent stability of the catalyst after 10 h of 

electrolysis.  
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Figure 5. 20 (a) Tafel slopes of Ni-KMO, with corresponding slope fitting at (b) pH=14, 

(c) pH=13, (d) pH=12.  
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Figure 5. 21 (a) SEM and STEM-EDS images of Ni-KMO before electrochemical 

evaluation, (b) chronoamperometry of Ni-KMO at 1.48 V over 10 h, (c) SEM and 

STEM-EDS images of Ni-KMO after electrochemical evaluation.  

 

5.3.4 Effect of the cations on the OER catalytic activity 

Previous works have also demonstrated that in addition to the pH, the nature of the 

electrolyte cation also affects the observed activity and selectivity of electrochemical 

processes, especially in alkaline media.42, 43 We investigated the effect of K+ and Na+ 

cations on the electrochemical activity of Ni-KMO towards the OER (Figure 5.22). As 

can be seen, although a slightly different shape of the Ni2+ → Ni3+ redox peaks was 
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observed, the charges for the Ni2+/Ni3+ redox peaks are almost identical, 261 μC in 

NaOH and 263 μC in KOH respectively. Ni-KMO presents lower ηonset and η10 for the 

OER in KOH ( ηonset = 100 mV and η10 = 206 mV) relative to the respective values in 

NaOH ( ηonset = 130 mV and η10 = 240 mV). It has been previously demonstrated, that 

the nature of the cations affects the catalytic activity of the OER and the ORR. In 

particular, those reports indicate that potassium enhance the catalytic activity.44-46 This 

effect has been associated to the non-covalent interaction between K+(H2O)x/Na+(H2O)x 

clusters and the active Ni-oxygenated species at the surface Ni-OH*, Ni-O*, Ni-OOH*. 

Figure 5.22 shows that the onset of the Ni2+/Ni3+ oxidation reaction is independent of 

the cation present in the electrolyte (KOH or NaOH) which indicates similar adsorption 

reaction of OH- on Ni sites. On the other hand, at slight more positive potentials a slight 

cathodic shift of OER onset in KOH suggests that the subsequent deprotonation step is 

favorable in KOH. Suntivich et al. suggested that charged K+(H2O)x/Na+(H2O)x clusters 

would modified the energy of M-oxygenated species, thus change their stability.44  

 

Figure 5. 22 Voltammetric profiles of Ni-KMO in 1 M KOH and NaOH electrolyte, as 

indicated in the figure, inset is the enlarged redox features. Glassy carbon shown for 

comparison. Scan rate  = 20 mV s-1. 
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5.3.5 Investigation of the coordination of active Ni on the catalytic activity 

In order to further investigate the specific role of Ni coordination in the performance of 

the catalyst, Ni-exchanged HMnO2 (Ni-HMO) and Ni-exchanged HTi0.91O2 (Ni-HTO) 

were prepared and evaluated towards the OER. Both materials, HMO and HTO, present 

the same layered structure (Figure 5.23), therefore any observable differences in the 

catalytic activity would suggest differences in the interaction between the Ni and 

species such as Mn/Ti and K/H2O around. Both Ni-HMO and Ni-HTO catalysts display 

notable OER activity (Figure 5.24a) in comparison with the pristine HMO and HTO 

(Figure 5.25). As can be seen on Table 5.9, Ni-KMO shows the greatest OER catalytic 

activity (η10 = 240 mV) of the three Ni-exchanged layered oxide catalysts in regard to 

geometrical activity. Despite the remarkable difference of Ni redox peaks for the 3 

catalysts, the OER ηonset values are nearly identical, indicating that confined Ni is truly 

the active component in the observed activity of Ni-exchanged HMO and HTO. Tafel 

slopes of three Ni confined samples are shown in Figure 5.27. Ni-HTO with a value of 

50 mV dec-1 is smaller than Ni-KMO (60 mV dec-1) and Ni-HMO (113 mV dec-1). 

These data suggest that the chemical deprotonation process is the RDS for both Ni-

HTO and Ni-KMO, whilst for Ni-HMO it is the adsorption of OH-. To obtain further 

information on the nature of the differences in the shape of the redox peaks and the 

catalytic activity the Ni content in each of the catalysts was determined by XRF (Table 

5.9). It was found that Ni-HMO had the greatest Ni loading (16 wt.%), followed by Ni-

KMO (8 wt.%) and Ni-HTO (2 wt.%). Therefore, the differences in the shape of the 

redox peaks could be attributed to the differences in Ni loading and coordination, but 

the larger catalytic activity of the Ni-KMO could not be directly correlated to the Ni 

loading. This implies that Ni coordination plays the predominant role in water catalysis. 

Identical crystal structure (Figure 5.23) combined with EXAFS (Figure 5.5), XRF and 

TGA results (Table 5.1) indicate chemical environment difference of Ni-KMO and Ni-

HMO is the coordination of H2O/K. As compared to Ni-KMO, more H2O intercalated 

in Ni-HMO that led to the replacement of K/H2O-Ni by H2O-Ni. Thenuwara reported 

that highly ordered water molecules lowering the potential barrier that facilitated the 
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OER.47 Our study here suggested that appropriate amount of water promote the OER 

by the optimal orientation, whereas excess interlayer water would alter such alignment 

thus reduce the promotion effect.  

 

Figure 5. 23 XRD patterns of pristine (a) HTO and (c) HMO, and after Ni-exchange 

intercalation. SEM images of (b) Ni-HTO, (d) Ni-HMO. 
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Figure 5. 24 (a) iR-corrected voltammetric profiles of Ni-KMO, Ni-HMO and Ni-HTO 

after 30 consecutive scans at pH=14, in 1 M NaOH at 20 mV s-1. The evolution of the 

voltammograms as a function of the number of scans can be found in Figure 5.25. (b) 

Enlarged region showing the Ni2+ → Ni3+ redox peaks and OER onset. (c) η50 and η10 

obtained from (a). (d) TOF as a function of potential calculated using the content of Ni 

content on Ni-KMO, Ni-HMO and Ni-HTO determined by the Ni+2/Ni+3 redox charge 

and the XRF. 
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Figure 5. 25 Voltammetric profiles of (a) Ni-HTO and (b) Ni-HMO evolved in 30 

cycles in 1 M NaOH. 

 

 

Figure 5. 26 CV of (a) GC electrode and pristine (b) KMO, (c) HTO and (d) HMO, (e) 

Ni-HTO and HTO for comparison, (f) Ni-HMO and HMO for comparison at pH=14.  
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Figure 5. 27 (a) Tafel plots of Ni-exchanged layered metal oxides, corresponding fitting 

of (b) Ni-KMO, (c) Ni-HMO, (d) Ni-HTO at pH=14. 

 

So far we have demonstrated that the Ni sites solely give rise to the observed OER 

activity of the Ni-confined layered metal oxide catalysts, thus, the Ni content allows us 

to determine the turnover frequency (TOF) of the catalyst, a key indicator of the 

intrinsic activity of a catalyst. However, two possible strategies can be adopted in this 

case. The TOF was determined using the total Ni content obtained from XRF 

measurements (TOFXRF) and by use of the wt %Ni determined by the charge of 

Ni2+/Ni3+ redox peak (TOFQ), as previously demonstrated by Nakagawa41 and Chen42 

(Figure 5.24d). Whilst the two methods give different absolute values of the TOF, the 

trend Ni-HTO > Ni-KMO > Ni-HMO is the same. Interestingly, despite the results 

above indicating that the Ni-KMO had the larger catalytic activity per geometrical 
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surface area, Ni-HTO displays better TOF values (Table 5.9), indicating that it 

possesses the highest active atom efficiency. Determination of the %Ni from the 

integrated charges and XRF measurements both strongly support our claim of low-

loading of active catalysts for OER catalysis. For example, as the XRF result is overall 

evaluation of Ni content in catalyst, TOF calculation based on XRF display the lower 

limitation. 2 wt.% Ni in Ni-HTO shows a TOFXRF of 0.1090 ± 0.0067 s-1 at 1.47 V vs. 

RHE. While the TOFQ of Ni-HTO is 4.22 ± 0.05 s-1 based on integrated charge, which 

is an order of magnitude higher than TOFXRF (Figure 5.28). 

 

Figure 5. 28 Calculated TOFs normalized by the integrated charge of Ni-exchanged 

samples at η10 = 240 mV. 
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Table 5. 9 Summary of electrochemical data of Ni-KMO, Ni-HMO, Ni-HTO.  

 Ni0.16K0.2MnO2•0.7H2O Ni0.33K0.04MnO2•0.9H2O Ni0.033Ti0.91O2•0.6H2O 

η10 / mV 240 280 280 

Integration 

charge / mC   

0.278 0.743 0.0342 

Corresponding 

Ni content / μg 

0.169 0.452 0.020 

Tafel slope / 

mV dec-1 

60 113 50 

Ni content 

[XRF] / wt.% 

8 16 2 

jmss at η = 240 

mV / A g
-1 

Ni 

602 140 710 

 

The mass activities of our ion-exchanged catalysts Figure 5.29 are compared with other 

Ni-based catalysts previously reported in the literature, including a variety of Ni 

structures (Ni foam, self-supported NiOOH nanocatalysts). Ni-KMO and Ni-HTO were 

found to have the largest mass activities by a factor of 4 or more. The mass activities of 

these 2D Ti-O and Mn-O Ni catalysts surpasses the state-of-the-art Ni-based catalysts, 

such as NiV-LDH (144 g
-1 

Ni  @300 mV)48 or single Au atoms anchored on NiFe-LDH 

(117 g
-1 

Ni @280 mV)49.  
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Figure 5. 29 (a) Voltammetric mass activity of Ni-KMO, Ni-HMO, and Ni-HTO 

measured in 1 M NaOH. Scan rate of 20 mV s-1, (b) corresponding activity at 1.53 V vs 

RHE. 

 

 

Figure 5. 30 Chronoamperometry of (a) Ni-KMO at 1.48 V and (b) Ni-HTO at 1.51 V 

in 1 M NaOH at least 20 h.  
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Figure 5. 31 (a) Cyclic voltammetry of Ni-KMO with different exchange time in 1 M 

KOH, scan rate of 20 mV s-1. Inset shows the potential range between 0.8 and 1.5V 

showing the Ni2+/Ni3+ redox peaks (b) Ni content of Ni-KMO determined by XRF 

analysis as a function of the Ni-exchange time. 

 

 

Figure 5. 32 iR-correction of CVs of Ni-KMOs at different pHs: (a)1 M NaOH, (b) 0.1 

M NaOH, and (c) 0.01 M NaOH.  
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5.4 Conclusions 

This work described the preparation and characterization of highly active OER catalysts 

based on the facile ion-exchange of Ni atoms into the 2D birnessite and lepidocrocite 

titanate structures. A direct correlation between the Ni redox peaks and the OER activity 

was demonstrated. After the evaluation of different catalysts as a function of the Ni 

content it was found that Ni-KMO and Ni-HTO show excellent mass activity of 602 A 

g
-1 

Ni  and 710 A g
-1 

Ni  at overpotential of 240 mV, respectively. Ni-HTO shows a 6-fold 

increase in catalytic activity per mass of Ni in comparison with the state-of-the-art Ni-

based nanocatalysts (Au@Ni7/8Fe1/8 LDH). By evaluating the electrochemical 

performance at varying pHs in NaOH, it was found that the catalytic activity was 

enhanced at higher pH and in the presence of K cations, ηonset = 100 mV and η10 = 206 

mV were obtained in comparison with those in the presence of Na cations (ηonset = 130 

mV, η10 = 240 mV). The intercalation mechanism and oxidation state of Ni and Mn 

have been explored by the XAS technique. Our results demonstrate that Ni intercalation 

occurs at the Mn3+ sites by reducing Mn3+ to Mn2+. As mentioned above, the ex-situ 

XAS/XES results shown that the Ni-content in each of the samples is proportional to 

the concentrations Mn3+ sites. Even though, Ni is present in the oxidation state (+2) for 

all the samples, the Ni coordination/structures were obtained for Ni-KMO and Ni-HMO 

was different. We associate the differences OER activity to the differences in 

coordination/structures between Ni-KMO and Ni-HMO. It was also demonstrated that 

while the intercalated Ni is the active site for oxygen evolution reaction, Mn sites do 

not contribute to the OER. Thus, the evaluation of intrinsic activity such as TOFs and 

mass activity by using the Ni content offers reliable results.  

 

In brief, highly efficient catalysts with Ni confined in 2D layered metal oxides towards 

OER have been synthesized by ion exchange reactions. Our synthesis protocol provides 

evidence for the broader applicability of our employed methodology to other layered 

metal oxide structures and to compositions other than manganese oxides. 
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Overview: Since the oxygen evolution reaction is regarded as the rate determine step 

to the overall water splitting, high performance electrocatalysts synthesized by green, 

clean and large scalable protocol is necessary. In this chapter, ultrathin and high surface 

area Co-OH nanosheets with 3-4 nm thickness supported on layered manganese oxide 

via surface redox reaction of hydrated Co2+ and crystalline Mn4+ is reported. The effect 

of anions on the chemical state of Co species was characterized and analyzed, which 

correlated to the electrochemical OER activity. With the tailored electronic structure, 

the binding energy of OH on active sites was strengthened which further enhanced the 

catalysis performance.    
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ToF-SIMS experiments at BAM. All authors contributed to the analysis of the results, 

discussion, writing and revision of the manuscript. 
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6.1 Introduction 

Electrochemical oxygen evolution reaction (OER) is one of the most extensively 

studied reactions in the last 10 years given its importance in the development of water 

splitting and hydrogen storage technologies.1-5 Since the OER is a complex four-

electron transfer reaction with slow kinetics, the development of highly active 

electrocatalysts is paramount to improve the efficiency of water electrolyzers. The Ru 

and Ir oxides are, so far, the most active materials for the OER, however the low 

abundance and consequently the high cost make the implementation of these materials 

in broadly use technologies, impervious.6, 7 Due to the abundance and cost limitation, 

the use of other transition metal oxide (TMO) catalysts, such as Mn, Co and Ni based 

oxide catalysts, have been the subject of extensive studies.8 To our knowledge, the first 

to report the kinetics of electrode oxygen evolution was Bockris,9 and then other TMOs 

such as spinels, perovskites and hydroxides have been widely studied.10-14 Over the 

recent years, these investigations have revealed the formation of surface oxo-hydroxide 

as the active species for the OER with turnover frequencies (TOF) up to 20 times higher 

than the oxide counterpart.15-18 Besides all the efforts, one of the main limitations of 

metal oxide-based catalysts is the low number of active sites exposed on the surface. 

Such limitation is directly linked to the morphology of the catalyst and the preparation 

methods of the catalyst such as electrodeposition,19 co-precipitation,20 cathodic 

corrosion,21 and impregnation-annealing.22 To fulfil the goal of exposing more active 

sites, tailoring surface chemistry is a feasible strategy.  

 

Sorption of metal ions on manganese oxide from soils and rocks has long been known, 

especially on layered birnessite which consists of Mnδ+ ions (δ = Mn4+, Mn3+, Mn2+).23, 

24 Inspired by the interaction between the transition metal ions with the layered 

manganese oxides, highly active catalysts can be developed.25-27 For example, our 

recent work reported a highly efficient OER catalyst by intercalation of Ni2+ into 

K0.45MnO2 (KMO) via ion exchange. Our previous work demonstrated that Mn3+ ions 

in KMO have an essential role in the ion intercalation and that the valence of hydrated 
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Ni(H2O)n
2+ ions with d8 subshell remains unchanged during the intercalation.27   

 

In this work, we have taken advantage of the stronger reduction ability of hydrated 

Co(H2O)n
2+ ions (d7) to promote a surface redox reaction with Mn4+ in KMO 

nanoparticles to form Co oxohydroxides (Figure 6.1). The oxidation state and 

coordination of Co on KMO was analyzed by X-ray absorption spectroscopy (XAS) 

and X-ray photoelectron spectroscopy (XPS) in order to understand the catalytic 

activity towards the OER. Moreover, we report on the effect of the anion, chloride, 

nitrate and sulfate, during the catalyst preparation as well as their effect on the catalytic 

activity. 

 

Figure 6. 1 Schematic graph of hydrated Co2+ reacting with crystalline Mn4+ at room 

temperature. 
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6.2 Methods 

6.2.1 Synthesis of the materials 

Preparation of K-Birnessite (KMO): The K0.45MnO2 was prepared by solid reaction 

method. K2CO3 (99%, Aladdin), Mn2O3 (98%, Aladdin) were mixed at stoichiometric 

ratios and then ground carefully using an agate mortar. The mixture was placed in a 

crucible and was heated at 800 oC for 1 h for decarbonation. After cooling down to 

ambient temperature, the powder was carefully grounded and subsequently heated at 

800 oC for 30 h. The resulting black powder was rinsed with ultrapure water (Milli-Q, 

18.4 MΩ cm-1) and dried overnight at 60 oC.  

 

Preparation of Co@KMO-ClX (X = 0.5, 0.25, 0.05, 0.01), Co@KMO-NO and 

Co@KMO-SO: 50 mg of KMO was mixed with 0.5 M, 0.25 M, 0.05 M, 0.01 M CoCl2 

solution (20 mL) and placed in an ultrasonic bath for 10 min. The suspension was kept 

at room temperature for 48 h. The powder was separated from the suspension by 

centrifugation at 4000 rpm and then rinsed with ultrapure water. The process was 

repeated at least five times to get clean particles. The obtained powder was dried at 50 

oC overnight. 

The same preparation procedure was implemented for the synthesis of Co@KMO-NO 

and Co@KMO-SO. For these two systems 0.5 M Co(NO3)2 and CoSO4 were used as 

precursors instead of CoCl2. 

 

6.2.2 Materials characterization 

X-ray diffraction and X-ray fluorescence characterization: 

Same as described in Chapter 5.   

 

X-Ray photoemission spectroscopy characterization: 

The XPS measurements were performed in parallel at SUSTech and BAM. The XPS 

analyses at SUSTech were performed on a PHI 5000 VersaProbe Ⅲ spectrometer using 

monochromatic Al K(alpha) X-ray source, with most used X-ray settings being 200 um, 
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50 W, 15 kV. The PHI 5000 VersaProbe Ⅲ charge neutralization system was used on 

all specimens. Charge neutralization was deemed to have been fully achieved by 

monitoring the C 1s peak positions which remained unchanged throughout the whole 

experiment. High resolution analyses were carried out with analyzer pass energy at 69.0 

eV and step size of 0.125 eV. The data were analyzed using the PHI MultiPak software 

(version 9.8). Spectra have been charge corrected to the main line of the carbon 1s 

spectrum (adventitious carbon) and set to BE of 284.8 eV.  

 

The XPS measurements at BAM were performed with an AXIS Ultra DLD 

photoelectron spectrometer manufactured by Kratos Analytical (Manchester, UK). The 

XP-spectra were recorded using monochromatized Al Kα radiation (E = 1486.6 eV) for 

excitation, the electron emission angle was 0°, and the source-to-analyzer angle was 

60°. The measurements were performed in the UHV region (between 10−8 and 10−9 

mbar). The binding energy (BE) scale of the instrument was calibrated following a 

Kratos procedure, which is based on ISO 15472 BE data. Survey and narrow scan 

spectra were taken by setting the lens mode to hybrid mode. The pass energy was set to 

80 eV for survey and to 20 eV for narrow scan spectra. The survey spectra were 

recorded with a step size of 1 eV and the narrow scan spectra with a step size of 0.1 eV. 

The focus position was determined according to a procedure provided by Kratos. The 

spectra were quantified with the CasaXPSsoftware version 2.3.16 Pre-rel 1.4. 

Spectra have been charge corrected to the main line of the adventitious carbon at a BE 

of 284.8 eV. A "Shirley" background subtraction method was used. In addition, a fitting 

curve line-shape had chosen to utilize the "Gaussian-Lorentzian" function.  

 

Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) characterization: 

ToF-SIMS measurements were performed at BAM. The analyses were performed on a 

ToF-SIMS IV (IONTOF GmbH, Münster Germany) equipped with a 25 kV BiMn 

primary ion source and a dual source column (DSC) for sputtering with Ar or Cs. Data 

were acquired in two different modes, spectrometry mode (i.e. high-current bunched 
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mode) enabling good mass resolution and collimated-burst alignment (CBA) mode, 

enabling good lateral resolution. In each mode both negative and positive secondary 

ion measurements were performed. For all analyses, 3D imaging and spectrometry, 

sputtering was utilized using a 1 keV Ar+ beam for the positive ion data acquisition and 

1 keV Cs+ beam for the negative ion data acquisition. The relevant negative secondary 

ions had a relatively low sputter yield and therefore Cs was applied as sputter species, 

as Cs is generally enhancing the negative secondary ionization yield. During the 

acquisition of the high mass resolution spectra, the sputter gun was operating within the 

cycle time (interlaced within the cycle time). Sputtering during the acquisition of the 

image data (i.e. 3D reconstruction) was conducted in the non-interlaced mode where 

the sputtering process is excluded from the acquisition cycle. In other words, for the 

image data acquisition, the sample was sputtered for 30 seconds after each scan with 

the primary ion source. The sputter field was adjusted to 300 × 300 µm2 for all 

measurements; the analysis-FoV was adjusted at the center of the sputtered area. 

 

Raman scattering characterization:  

Raman scattering spectra were collected using a confocal Laser Raman Spectrome 

(HORIBA LabRAM) with 532 nm He-Ne laser (0.2 mW). In order to optimize the 

signal to noise ratio, the acquisition conditions were: 20 s exposure time and 5 cycles.  

 

Electron Microscopy characterization:  

The particle morphology was characterized using a scanning electron microscopy 

(SEM, Zeiss with Oxford Instruments EDS attachment) with an acceleration voltage of 

15 kV and probing current of 1 nA. Transmission electron microscopy (TEM) was 

performed on a FEI Tecnai G2 F30 with acceleration voltage of 300 kV. High-angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM) 

imaging experiments were carried out on a FEI Talos F200X microscope operated at 

200 kV.  
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X-ray absorption spectroscopy characterization: 

X-ray absorption spectroscopy (XAS) measurements were performed on beamline B18 

at Diamond Light Source, operating with a ring energy of 3 GeV and at a current of 300 

mA.28 The monochromator comprises Si (111) crystals operating in Quick EXAFS 

mode. The calibration of the monochromator was conducted using the respective metal 

foils prior to the measurements. Pellets of the different samples were collected in 

transmission and fluorescence modes at the Mn K-edge (6539 eV) and Co K-edge (7709 

eV) simultaneously with the foils. The data were analysed using Athena and Artemis 

programs,29 which implement the FEFF6 and IFEFFIT codes.30 X-ray emission 

spectroscopy (XES) measurements were conducted at Beamline I20-scanning, of 

Diamond Light Source.31, 32
 The XES spectra have been normalized with respect to their 

total area using a range of 6456-6500 eV. 

 

6.2.3 Electrochemical characterization: 

Electrochemical cell setup:  

Same as described in Chapter 5.   

 

Electrode preparation:  

All the powders were dispersed in 5 mL ultrapure water with a final concentration of 

0.5 mg mL-1. The dispersion of nanoparticles in water was placed in an ultrasonic bath 

(~30 min). Then, 10 L Nafion D-521 solution (Alfa Aesar, 5% w/w in H2O and 1-

propanol) was added to the dispersed nanoparticles with another 10 min in the 

ultrasonic bath. 

The experiments were carried out on a rotating disk electrode (RDE) configuration. A 

glassy carbon (GC) with the diameter of 5 mm and a geometric area of 0.196 cm-2 was 

used as a support of the nanoparticles. Prior to each experiment, the GC electrode was 

polished first with 4000 grit wet polish paper, followed by a fine polishing with 0.5 µm 

diamond slurry (Kemet) and finally rinsed abundantly with ultrapure water. The catalyst 

layer was prepared by drop-casting 4 times 20 μL of the prepared ink onto the GC and 
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dried in a convection oven at 75 oC. The final loading of each electrode was ~ 0.2 

mgcatalyst cm-2. 

 

Cyclic voltammetries:  

CVs were recorded same as described in Chapter 5. 

The ECSA was determined by measuring the double-layer capacitance (dl) of each 

sample in the non-Faradaic region between 1.1 - 1.2 V (vs. RHE), with scan rates () 

of 10, 20, 30, 40, 50 60, 70 and 80 mV s-1. When considering the equation: 

Cdl = dQ/dE ≈ j/,                                                              6.1 

where current density differences (Δj = ja - jc), the plot of Δj versus the scan rates 

provides the slope of the linear regression which is equivalent to the double layer 

capacitance (2Cdl).
33  

The ECSA of the catalyst was then estimated by using the relationship between the Cdl 

of our catalyst and the ideal oxide capacitance (Coxide = 27 µF cm-2) obtained from 

McCrory’s work 13 using the equation:  

ECSA = Cdl/Coxide                                                                 6.2 

It should be noted that, a smooth two-dimensional surface of the same materials can 

give a accurate estimation of materials synthesized in specific condition. Deviation is 

inevitable since the morphology, surface roughness of materials varied from each other. 

Under this circumstance, the calculated ECSA in this work is only been used for 

comparison analysis of our materials.  
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6.3 Results and Discussion 

6.3.1 Synthesis and characterization of Co@KMO-Cl 

Co@KMO samples were prepared by mixing synthesized K-rich Birnessite (K0.45MnO2) 

with different Co salt solutions at ambient temperature (details are given in the 

experimental section 6.2.1). The morphology and chemical analysis of the products by 

electron microscopy are shown in Figure 6.2. Scanning electron microscopy (SEM) 

images show the Co@KMO-Cl nanoparticles prepared using 0.5 M CoCl2 as a 

precursor in Figure 6.2a, b. Distinct differences in the morphology can be found 

compared to pristine KMO nanoparticles (Figure 6.3). In contrast to the flat and smooth 

surface of KMO, the Co@KMO-Cl nanoflakes show a surface densely covered with a 

porous structure. The EDS spectrum in Figure 6.2c, confirms the incorporation of a 

significant amount of Co into the KMO framework. HR-TEM and HAADF-STEM 

confirmed the formation of poorly-crystalline Co-OH nanoflakes at the interface of the 

layered-structure KMO (Figure 6.2d, e). In order to address the concerns of the 

possibility of electron beam induced lattice fringe, we have performed TEM 

measurements on Co@KMO-Cl nanoparticles as a function of time, in which the region 

of sample rich on Co-OH were exposed to the electron beam (dose rate: ~500 e/Å2/s). 

The images were recorded in different intervals of time for 50 s. If the lattice fringes 

were induced by the electron beam, it would be expected to observe changes on the 

lattice as a function of time. Figure 6.4 shows the representative images after 1 s, 10 s, 

20 s, 30 s, 40 s and 50 s. The lattice fringes of the Co-OH are indicated with yellow 

circles in the figure. As can be seen, the partial “crystalline” structure of the Co-OH 

nanoflakes remains unchanged during the 50 s of exposure to the electron beam of the 

TEM, thus we believe that the crystallization is not beam induced. The elemental 

distribution of Co, O, Mn, shown in Figure 6.2g, unambiguously demonstrates the 

layered KMO support being coated by a Co-OH shell. Noteworthy is the heterogeneous 

distribution of Cl on the Co@KMO-Cl nanoparticles. Further discussion of the 

presence of chloride is presented later in the manuscript.  
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Figure 6. 2 (a-b) SEM images, (c) EDS, (d-e) TEM images of Co@KMO-Cl nanoplates. 

(f) enlarged area of COOH on the surface of Co@KMO-Cl, (g) HAADF-STEM image 

of a Co@KMO-Cl nanoplate with corresponding EDS elemental mapping.  
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Figure 6. 3 (a-b) SEM images of as synthesized KMO nanoparticles prepared by solid-

state calcination, (c) TEM image, (d) high resolution TEM, (e) reversed FFT image of 

single KMO nanoparticle. 

 

Figure 6. 4 HRTEM images of Co@KMO-Cl exposed on TEM beam for consecutive 

50 s, dose rate: ~500 e/Å2/s. 
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In order to gain a better insight into the details of the structure and chemical 

composition of the Co@KMO-Cl nanoplates, XRD, Raman spectroscopy, ToF-SIMS 

and XAS were performed. XRD patterns in Figure 6.5a show that the layered structure 

of Co@KMO-Cl retained the peaks at 12.4° and 24.8° associated with the (001) and 

(002) planes of KMO (monoclinic structure with C2/m space group). However, their 

intensities were significantly weakened when compared to the pristine KMO, 

suggesting a reduced degree of crystallinity. Figure 6.5b shows the comparison 

between the Raman spectra of pristine KMO and Co@KMO-Cl (Figure 6.6). The 

fingerprint signals at 634 cm-1 and 578 cm-1 (Ag modes) are associated with the typical 

layered structure of Mn oxides. The signal at 634 cm-1 corresponds to out-of-plane Mn-

O stretching vibrations perpendicular to the layers and the signal at 578 cm-1 

corresponds to in-plane Mn-O vibration along the layers.34-36 With surface modification 

of Co-OH species, the Raman spectra of the Co@KMO-Cl show a red shift of 14 cm-1 

at 564 cm-1 and a blue shift of 22 cm-1 at 656 cm-1, as well as a reduced intensity and 

broadened band width. In addition, the bands observed for KMO at wavenumbers lower 

than 450 cm-1 disappeared after the surface modification with Co. Pure CoOOH phase 

commonly present two peaks at 503 and 635 cm-137, 38, which perfectly overlapped with 

the KMO signals. The Raman spectra of Co@KMO-Cl are a combination of signals 

associated to CoOOH phase (503 cm-1 and 635 cm-1) and the signals of distorted KMO 

(564 cm-1 and 656 cm-1). These results are in agreement with the observations of the 

XRD patterns indicating the layered features of KMO were significantly weakened due 

to Co-OH species formation.  

 

Figure 6. 5 (a) XRD patterns, (b) Raman spectra of pristine KMO and Co@KMO-Cl, 

(c) XPS of Co@KMO-Cl with fit, left Co 2p3/2, right Cl 2p. Shirley baseline was 

adopted for the fit in (c).  
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Figure 6. 6 Raman spectra of (a) KMO and (b) Co@KMO-Cl at different laser power 

intensities.  

Since the multiple valence and strong redox ability, KMO is very sensitive to intensified 

energy input. As triclinic KMO might be transformed to other phases like hausmannite 

or β-MnO2, we exposed our samples to varying laser power to determine the authentic 

Raman features and get the optimal parameters. Figure 6.6 shows that the discrete 

brands at 578 cm-1 and 634 cm-1 (at 0.2 mW) of both pristine KMO and Co@KMO-Cl, 

gradually changed their intensity and finally merge into a broad, intensified brand at 

~634 cm-1 (1 mW). Laser induced phase transition was ruled out by recording the data 

under 0.2 mW laser power). 

 

XPS and XAS were performed to probe the electronic environments of Co@KMO-Cl. 

The Co 2p3/2 and Cl 2p XPS spectra and fits to the data are shown in Figure 6.5c. The 

coexistence of divalent and trivalent Co is indicated by deconvolution as well as the 

satellite features (at 785-793 eV). Detailed analysis is presented below. Moreover, the 

Cl 2p detailed spectrum shows the binding energy of 2p3/2 at 198.8 eV and 2p1/2 at 200.4 

eV, with ΔE = 1.6 eV, which can be assigned to a typical lattice Cl bonding with metal 

atom instead of adsorbed or interlayer Cl species at 198.0 eV.39, 40 This observation was 

also supported by ToF-SIMS 3D reconstructed elemental distribution within the 

Co@KMO-Cl system (Figure 6.17). As can be observed, during sputtering of the 
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nanostructure the signals of the Co and Cl species appear to be homogeneously 

distributed in the same x-y plane. The combination of the STEM-EDS, XPS, and ToF-

SIMS suggest the presence of a strong chemical bond O…Co…Cl on the Co@KMO-

Cl.  

 

The changes on the electronic structure and oxidation state were evaluated by XAS. 

Figure 6.7a shows the XANES spectra at the Co K-edge for Co@KMO-Cl and 

different cobalt oxides, which were used as standard reference compounds. A linear 

correlation between the K-edge edge position (defined as the maximum of the first 

derivative) and the metal oxidation state was previously established.41 The average Co 

valence of Co@KMO-Cl was estimated to be 2.75+ (Figure 6.8). Figure 6.7b shows 

the spectra collected at the Mn K-edge, and the comparison with the pristine KMO. In 

this case, the analysis is significantly more complex due to the wide pre-edge features 

(inset of Figure 6.7b) and the influence of Mn coordination on the main edge.42-44 For 

this reason, we performed X-ray emission spectroscopy (XES) characterization to 

determine quantitatively the ratios of Mn2+/Mn3+/Mn4+ in KMO before and after the Co 

incorporation (Figure 6.9 and Table 6.1). The results indicate that 78% of the Mn4+ 

ions in KMO were converted to Mn3+, leading to a clear decrease of the mean oxidation 

state of Mn from 3.9+ on KMO to 3.1+ on Co@KMO-Cl. This change of the reduced 

Mn4+ is consistent with the percentage of oxidized Co2+ and demonstrates the proposed 

reaction pathway: 

 

δCo2+ (liq.) + Mn4+ (cryst.) → δCo3+ (cryst.) + Mn(4-δ)+ (cryst.)      (0 < δ < 1)             [6.3] 

 

The Co K-edge EXAFS-FT of Co@KMO-Cl and reference samples are shown in 

Figure 6.7c. The first peak at around 1.50 Å (not phased shift corrected) can be assigned 

to the first coordination shell Co–O, whereas the second peak at 2.50 Å is due to Co–

Co and Co–Mn scattering (Figure 6.10 and Table 6.2). Figure 6.6d shows the FT of 

the synthetized Co@KMO-Cl and KMO samples collected at the Mn edge, as well as 
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the reference compounds. The first peak at ~1.5 Å (not phase shift corrected) is due to 

the Mn-O scattering and the second peak at ~ 2.5 Å (not phase shift corrected) is due 

to Mn-Mn and Mn-Co scattering (Figure 6.11-12 and Table 6.3 and 6.4). Nearly 

identical distances between Mn and its closest neighbor atoms for Co@KMO-Cl and 

KMO demonstrate the local coordination environment of Mn is largely maintained in 

the bulk. The Co-Mn redox reaction did not modify the KMO structure, consistent with 

the HRTEM image in Figure 6.2e but induced point defects in the lattice that lead to the 

loss of crystallinity, as confirmed by the XRD results. 

 

Figure 6. 7 Normalized XANES spectra at the (a) Co K-edge, (b) Mn K-edge of the 

synthetized electrocatalysts. Spectra for reference compounds have been included as a 

comparison. Insets show the pre-edge region. Structure in Figure 6.6b represents the 

structure of edge shared M-O octahedra from KMO where the red atoms are O, the dark 

blue atoms are Mn. EXAFS FTs of k3 χ(k) functions for the materials from Figure 6.6a 

at the (c) Co K-edge, and (d) Mn K-edge.  
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Figure 6. 8 Mean Co oxidation state as a function of the Co K-edge position for the 

prepared Co@KMO catalysts.  

 

 

Figure 6. 9 Measured experimental XES spectra of (a) Co@KMO-Cl, (b) KMO with 

corresponding fitting contributions from MnO, Mn2O3 and MnO2 standard oxide 

compounds. 
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Table 6. 1 Ratio of Mnn+ fractions and corresponding mean Mn oxidation state 

of prepared CoKMO-Cl determined by XES. 

 Mn4+ (%) Mn3+ (%) Mn2+ (%) Mean oxidation state 

KMO 90.5 ± 1.1 7.2 ± 2.7 1.6 ± 1.7 3.9 ± 0.2 

Co@KMO-Cl 12.5 ± 2.5 87.5 ± 2.6 - 3.1 ± 0.3 

 

 

Figure 6. 10 k3 weighted Fourier transform EXAFS data fits and k3 weighted χ data of 

Co@KMnO-Cl at the Co K-edge. 

 

 

Figure 6. 11 k3 weighted Fourier transform EXAFS data fits and k3 weighted χ data of 

Co@KMnO-Cl at Mn K-edge. 
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Figure 6. 12 k3 weighted Fourier transform EXAFS data fits and k3 weighted χ data of 

KMO at Mn K-edge. 

 

Table 6. 2 EXAFS distances and fitting parameters for the Co@KMO-Cl catalyst. 

Fitting parameters: S0
2 = 0.8 calculated using a Co foil standard; fit range 2.7 < k < 11.3, 

1.0 < R < 3.0. ΔE0 = -3.1 ± 1.7 eV; Rfactor = 0.016 

Scattering CN R / Å σ2 x 103 / Å2 

Co–O 4.7 ± 0.9 1.91 ± 0.02 9.7 ± 3.4 

Co–Co/Mn 2.3 ± 0.7 2.82 ± 0.02 3.2 ± 2.5 

 

Table 6. 3 EXAFS distances and fitting parameters for the Co@KMnO-Cl catalyst. 

Fitting parameters: S0
2 = 0.8 calculated using a Mn foil standard; fit range 3.0 < k < 

13.8, 1.2 < R < 3.5. ΔE0 = 0.2 ± 1.0 eV; Rfactor = 0.011 

Scattering CN R / Å σ2 x 103 / Å2 

Mn–O 3.3 ± 0.3 1.90 ± 0.01 2.7 ± 1.0 

Mn–Mn/Co 6.8 ± 1.3 2.91 ± 0.01 9.8 ± 2.3 

Mn–Mn/Co 1.7 ± 1.1 3.15 ± 0.03 4.2 ± 3.6 

 

Table 6. 4 EXAFS distances and fitting parameters for the KMO catalyst. Fitting 

parameters: S0
2 = 0.8 calculated using a Mn foil standard; fit range 3.0 < k < 12.2, 1.2 

< R < 3.2. ΔE0 = -2.3 ± 1.7 eV; Rfactor = 0.010 
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Scattering CN R / Å σ2 x 103 / Å2 

Mn–O 3.8 ± 0.5 1.90 ± 0.01 1.3 ± 1.1 

Mn–Mn 6.4 ± 2.3 2.91 ± 0.03 7.5 ± 3.1 

Mn–Mn 2.4 ± 1.6 3.13 ± 0.08 7.5 ± 3.1 

 

6.3.2 Effect of the anions on morphology and electronic structure of Co@KMOs 

We extended the investigation to the preparation of Co@KMO to explore the effects of 

the anions, examining both (NO3)
- and (SO4)

2-, denoted as Co@KMO-NO and 

Co@KMO-SO. The SEM and TEM images of Co@KMO-NO and Co@KMO-SO 

show similar morphologies to Co@KMO-Cl with the main feature as the formation of 

densely packed ultrathin Co-OH nanoflakes on the surface of the KMO nanoparticles 

(Figure 6.13). The EDS in Figure 6.13g-h, XRF spectra in Figure 6.14 and XPS in 

Figure 6.15 confirmed the incorporation of Co into the KMO particles. Interestingly, 

the signals associated to S or N elements on the Co@KMO-NO and Co@KMO-SO 

were absent in both the XRF and EDS, in contrast to the observation of a considerable 

contribution of Cl in the spectra of Co@KMO-Cl. Since the sensitivity of non-metal 

ions on XPS is better than the XRF/EDS techniques, fairly weak N and S signals were 

detected in Figure 6.16f, which contrast to the sharp peak of Cl. The XRF, EDS and 

XPS deliver consistent results, although slight difference due to the measuring 

resolution.  

 

The presence or absence of the anions in the catalyst was further evaluated by ToF-

SIMS 3D reconstruction (Figure 6.17A). As can be seen in the ToF-SIMS depth 

profiles (Figure 6.17B), the Co-O is the dominant etched species in the three catalysts. 

With regards to the Co-anion species, the spectra indicate coordination of the Co-Cl 

and Co-NO3 in the corresponding catalysts. However, the correlation of Co to SO
2- 

4  

species is very poor. On the other hand, the signal of the SO4 is significant when 

detected as MnSO4. These results suggest a stronger interaction of Cl- and NO
- 

3  with 

Co, while the SO
2- 

4  is interacting more strongly with Mn rather than with Co. It should 
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be noted that the sensitivity of XPS/ToF SIMS is higher than the sensitivity of XRF and 

EDS. Therefore, XPS/ToF SIMS provide more accurate information of anions Cl, N, S 

than the XRF and EDS. 

 

Figure 6. 13 (a-c) SEM, (d-f) TEM and (g-i) EDS spectra of Co@KMO-Cl, Co@KMO-

NO and Co@KMO-SO as indicated left of the figure. 
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Figure 6. 14 XRF spectra of (a) Co@KMO-Cl, (b) Co@ KMO-NO and (c) Co@ KMO-

SO, with corresponding elemental atomic fractions summarized in table. 

 

Figure 6. 15 XPS spectra of KMO before/after reaction with different Co salts. 
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Figure 6. 16 High resolution XPS of pristine KMO and the relative Co reacted samples, 

(a) K 2p, (b) Mn 2p, (c) Co 2p, (d) O1s, (e) C 1s, (f) Cl 2p of Co@KMO-Cl, N1s of 

Co@KMO-NO, S 2p of Co@KMO-SO. KMO, Co@KMO-Cl, Co@KMO-NO, 

Co@KMO-SO.  
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Figure 6. 17 (A) ToF-SIMS positive ions 3D data reconstruction on the Co@KMO-Cl, 

Co@KMO-NO and Co@KMO-SO catalysts supported on glassy carbon. ToF-SIMS 

data were acquired using collimated, burst, alignment mode.45, 46 The 3D overlay 

images are reconstructed with the Co+ fragments (m/z= 59) in green and the anion (Cl, 

NO3 and SO4) fragments in red respectively. Each system was acquired with a different 

field-of-view (FoV); 50 × 50 µm2 for the Co@KMO-Cl and Co@KMO-SO systems 

and 20 × 20 µm2 for the Co@KMO-NO system. (B) ToF-SIMS negative ions depth 

profiles using the spectrometry mode (high-current bunched mode) on the Co@KMO-

Cl, Co@KMO-NO and Co@KMO-SO catalysts. Information about the acquisition and 

sputtering is given in the experimental section.   
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Figure 6.15-16 show the survey and fine-scan XPS spectra of Co modified samples. 

For the Co 2p spectra, previous reports have shown that the separation of the peaks (Δ) 

associated to Co 2p3/2 and 2p1/2 can provide useful information of the electronic 

structure of the material. It has been suggested that for high spin Co2+ the separation 

between the two peaks is 16.0 eV and for low spin Co3+ is 15.0 eV.47, 48 The separation 

of the peaks for Co@KMO-Cl is 15.3 eV, whereas this separation for Co@KMO-NO 

and Co@KMO-SO is 15.0 eV. The oxidation state of Co on Co@KMO-Cl suggests that 

it has a lower oxidation state in comparison with the other two samples. The oxidation 

of Co on Co@KMO-Cl is in accordance with the XAS analysis. Detailed deconvoluted 

spectra of the Co 2p with fits of 2p3/2. are presented in Figure 6.18a. The changed 

electronic structure can be attributed to the Cl incorporation, since the Mn shows 

identical chemical state for all Co modified samples (Figure 6.19). Partial Cl bonding 

with Co changes the electron density, leading the Co easily bonding with OH (as shown 

in the following O 1s spectra analysis). This result provides solid support to the 

formation of O…Co…Cl bonding.  

 

The detailed XPS spectra of the O 1s convolution and fitting curves for the unmodified 

and Co-modified materials are presented in Figure 6.18b. The band assigned to the 

lattice-O component (oxygen-metal interaction) shifted positively from 529.4 eV on 

KMO to 529.9 eV for all the Co-modified samples due to the new contribution of O-

Co or the mixed interaction of O-Mn/O-Co. The branch at around 531.1 eV can be 

assigned to an OH contribution,49 and this component increased markedly in all Co-

modified samples while the lattice-O branch simultaneously decreased. It is important 

to notice that the highest gain was observed on the Co@KMO-Cl compared to 

Co@KMO-NO and Co@KMO-NO. This strongly suggests that the presence of Cl 

favours the adsorption of OH, which is the active phase towards the OER. The small 

convoluted peak at ~532.5 eV can be assigned to adventitious carbon contaminations.50 

Figure 6.19 displays the multiplet fitting curves of Mn 2p3/2 of KMO and Co@KMOs. 



Page 183 

 

 

Figure 6. 18 High resolution XPS spectra of different Co-modified KMOs: (a) Co 2p, 

(b) O 1s.  
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Figure 6. 19 High resolution Mn 2p3/2 spectra of KMO, Co@KMO-Cl, Co@KMO-NO, 

and Co@KMO-SO. correspond to the original data, correspond to the convoluted 

curves of Mn+3, correspond to the convoluted curves of Mn+4 and correspond to the fit.  

 

To systematically study the surface redox reaction taking place on KMO, Co@KMO-

Cl samples were prepared in varying CoCl2 concentrations. Figure 6.20-21 shows the 

SEM, TEM images of KMO modified with different CoCl2 concentration (0.5 M, 0.25 

M, 0.05 M and 0.01 M). It is clearly observed that the density of Co-OH nanoflakes on 

the surface is proportional to the CoCl2 concentration. Thus, the electrochemically 
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available surface area (ECSA) as a function of the concentration of chloride for the 

samples Co@KMO-Cl0.5 and Co@KMO-Cl0.01 were evaluated by measuring of the 

double layer capacitance as described in the experimental section. As shown in Figure 

6.22, the sample synthesized using a concentration of 0.5 M shows larger ECSA of 6.3-

fold higher than that of 0.01 M.  

 

Figure 6. 20 SEM (a-d) and TEM (e-h) images of Co@KMO-Cl prepared by different 

concentrations of CoCl2 as indicated in the figure. 
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Figure 6. 21 STEM-EDS mappings of Co@KMO-Cl0.5 and Co@KMO-Cl0.01. 

 

 

Figure 6. 22 Difference of the anodic and cathodic current densities (Δj) at 1.15 V vs 

RHE as a function of the scan rate.  

 

The electronic structure of Co@KMO-Cl0.5 and Co@KMO-Cl0.01 were also 

investigated by XPS. As can be seen in Figure 6.23-25, a significantly weaker Cl signal 

0 10 20 30 40 50 60 70 80 90
0.0

0.2

0.4

0.6

slope: 1.22*10-3

 0.5 M

 0.01 M

 

 


j 
(m

A
 c

m
-2

)

Scan rate (mV s-1)

slope: 7.70*10-3



Page 187 

 

was detected in Co@KMO-Cl0.01. Correspondingly, the binding energies of Co 2p and 

O 1s were negatively shifted for Co@KMO-Cl0.01 as compared to Co@KMO-Cl0.5. 

Deconvoluted curves in Figure 6.24 confirms that the valence of Co slightly increased. 

At the same time the OH component in O 1s was clearly decreased. Unchanged Mn 2p 

spectra depicted that the Cl ligand has negligible effect on the Mn, which in turn 

suggested the bonding with Co. XPS elements analysis in Figure 6.25 shows that the 

ratio of Co/Cl was 0.24 in Co@KMO-Cl0.5, while this value in Co@KMO-Cl0.01 

decreased to 0.07. Incorporation of Cl led to a promoted interaction between Co and O, 

as the content of Cl decreased, this effect was found to be weakened. Hence, the 

tailoring effect of Cl on electronic structure was confirmed. 
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Figure 6. 23 Survey and high resolution XP-spectra of Co@KMO-Cl0.5  and 

Co@KMO-Cl0.01.    
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Figure 6. 24 (a) Co 2p3/2 and (b) O 1s fit results of Co@KMO-Cl0.5 and Co@KMO-

Cl0.01. 

 

 

Figure 6. 25 XPS spectra and elements ratio of (a) Co@KMO-Cl0.5 and (b) Co@KMO-

Cl0.01. 
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6.3.3 Assessment of the oxygen evolution reaction on Co@KMOs 

The electrocatalytic performance and durability of Co@KMOs were evaluated in Ar-

saturated 1 M NaOH solution using a rotating disk electrode (RDE). Figure 6.26a-c 

shows the comparison of the iR-corrected voltammetric profiles for all the Co@KMOs 

catalysts. The current density is reported as mA cm-2, where the area is the geometric 

area of the electrode. All the Co@KMO catalysts are highly active towards the OER in 

contrast to the pristine KMO that does not show any catalytic activity as demonstrated 

in previous works.27 Amongst all the catalysts prepared, Co@KMO-Cl exhibited the 

highest catalytic activity (ηonset = 170 mV, η10 = 245 mV).  Co@KMO-NO displayed 

the second best performance (ηonset = 220 mV, η10 = 338 mV) and Co@KMO-SO the 

lowest catalytic activity ( ηonset = 230 mV, η10 = 377 mV).  

 

A close look at the potential window between 0.9 and 1.5 V vs RHE, (Figure 6.26b) 

shows a large increase in the double layer capacity of the Co@KMO voltammograms. 

This increase is largest for the Co@KMO-Cl sample, which might be indicative of 

differences in the surface area. Common practice in the literature is the utilization of 

the double layer capacity to determine the electrochemical surface area of metal oxide 

catalysts, however this electrochemical double-layer capacitance-based method 

involves empiric assumptions, which are certainly inaccurate.51, 52 A more tangible 

method of comparison of electrocatalyst is the normalization per mass of the active 

center, which in the case of this work is the mass of cobalt. In order to be able to provide 

a result that enables us to compare the catalytic activity of our catalyst with other reports 

in the literature we provide the catalytic activity using both methods: i) normalization 

per ECSA and ii) normalization per mass of Co. The determination of the ECSA based 

on the double layer capacitance (Cdl) is described in the experimental section,13 and the 

results presented in Figure 6.27. The largest increase in Cdl and thus, ECSA, was found 

for the Co@KMO-Cl compared to that for Co@KMO-NO and Co@KMO-SO. Such 

an increase of the ECSA can be associated with the different material morphologies 

described above.  
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Figure 6. 26 (a) Stable cyclic voltammograms of Co salts reacted Co@KMO at pH=14 

after 10 consecutive scans in NaOH electrolyte, with a scan rate of 20 mV s-1. The 

profile of the glassy carbon (GC) support is included for comparison. All the curves are 

iR-corrected. (b) Enlarged region showing the double layer region of various 

Co@KMO. (c) The onset overpotential (ηonset) and overpotential at j = 10 mA cm-2 (η10) 

obtained from (a). (d) Tafel slopes for the OER on the Co@KMO catalyst prepared with 

different anions. 
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Figure 6. 27 Cyclic voltammetry in the double-layer capacitive potential window a at 

different scan rates (a) Co@KMO-Cl, (b) Co@KMO-NO, (c) Co@KMO-Cl, (d) KMO. 

(e) difference of the anodic and cathodic current densities (Δj) at 1.15 V vs RHE taken 

from (a-d) as a function of the scan rates. 

 

The mass activity normalized by Co loading and the ECSA-normalized curves of 

Co@KMOs are shown in Figure 6.28. As can be seen, the catalytic activity of the 

Co@KMO-Cl is larger than that of the Co@KMO-NO and Co@KMO-SO independent 

of the normalization method. Considering that our primary figure of benchmarking the 

catalyst against those in the literature is the overpotential required to achieve a current 
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density ECSA at 10 mA cm-2, the catalytic activity of the Co@KMO-Cl is comparable 

or better than the non-precious metals state-of-art catalysts for the OER in alkaline 

media (Table 6.5). 

 

Figure 6. 28 Mass activity normalized by loaded Co mass of Co@KMOs (solid line); 

ECSA-normalized curves of Co@KMOs (dot line) measured in 1M NaOH electrolyte. 
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Table 6. 5 Comparative values of state-of-the-art catalyst for the oxygen evolution 

reaction in alkaline media. 

Material Electrolyte   (10 mA/cm2) Comment Ref. 

Co@KMO-Cl 1 M NaOH 245 mV 

GCE (5 mm), 

Loading: 0.2 mg cm-2 

This work 

IrO2 1 M KOH 300 mV GCE (5 mm) 53 

IrO2/MoO3  0.1 M NaOH 350 mV 

Ti plate, 

Loading: 0.2 mg cm-2 

54 

RuTe2 porous nanorods 1 M KOH 285 mV 

GCE (5 mm), 

Loading: 0.2 mg cm-2 

55 

Co2Mo3O8@NC‐800 1 M KOH 331 mV 

GCE (3 mm), 

Loading: 0.14 mg cm-2 

56 

Fe doped Co3O4 

hierarchical NPs 

1 M KOH 262 mV 

GCE (5 mm),  

Loading: 0.25 mg cm-2 

57 

CoO/Co3O4 1 M KOH 260 mV 

Ti foil or CFP 

Loading: 0.5 mg 

58 

CoFe oxide 

heterostructure 

1 M KOH 302 mV 

GCE (4 mm),  

Loading: 0.3 mg cm-2 

59 

ER-Co3O4 nanowires 1 M KOH 344 mV GCE 60 

Co3O4/CeO2 hybrid 

nanostructure 

1 M KOH 270 mV 

GCE (5 mm), 

Loading: 0.2 mg cm-2 

61 

RuSAC@CoFe LDH 1 M KOH 198 mV 

CFP, (1 cm2) 

Loading: 1 mg cm-2 

62 

Note: GCE: glassy carbon electrode, CFP: carbon fiber paper 

 

In order to get more insight regarding the kinetics of the reaction and the rate-

determining step (RDS), the Tafel slopes were extracted for all the samples (Figure 

6.26d). The smallest Tafel slope (faster kinetics) was found for the Co@KMO-Cl (42 

mV dec-1); while the values of Co@KMO-NO and Co@KMO-SO are 63 and 71 mV 
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dec-1, respectively. The proposed proton-coupled electron-transfer mechanism (water 

nucleophilic attack) for the OER in alkaline media on Co catalyst is as follows:63, 64 

Co* + OH- → Co*OH + e-                                              [6.4] 

Co*OH + OH- → Co*O + H2O + e-                                            [6.5] 

Co*O + OH- → Co*OOH + e-                                          [6.6] 

Co*OOH + OH- → Co* + O2 + H2O + e-                                      [6.7] 

(*) correspond to adsorbed species, for example *OH, *O and *OOH. Based on the 

values of the Tafel slope, we propose the RDS of the OER for the Cl-containing sample 

is the second electron transfer step (Eq. 6.5, a theoretical value of 40 mV dec-1). On the 

other hand, Tafel slopes of 60 mV dec-1 observed on the Co@KMO-NO and 

Co@KMO-SO samples, suggest a change of the reaction mechanism. Thus, Eq. 6.5 can 

be written as nonconcerted proton-electron transfer steps 65, 66:  

Co*OH + OH- → Co*O- + H2O +                                                 [6.8] 

Co*O- → Co*O + e-                                                              [6.9] 

the RDS is associated with the deprotonation step of Co*OH to Co*O-, which occurs 

prior to the second electron transfer. As shown in Figure 6.18 and Figure 6.24, the 

electronic structure of Co@KMO-Cl was tailored by the presence of Cl. The positively 

shifted Co 2p binding energy and the enhancement of OH adsorption on Co@KMO-Cl 

suggest a favorable interaction of the OH- reactant with the active sites, which moved 

the RDS to second electron transfer step. This effect on Co@KMO-Cl can be also 

associated with the negatively shifted OER onset potential, where the adsorption step 

has finished and subsequent electron-proton step is initialized.66, 67 Furthermore, a 

possible explanation for the higher catalytic activity of the chloride containing samples 

can be linked to the presence of a higher density of defects on the surface of the catalyst 

as a result of the etching of cobalt hydroxides by chloride ions.68 

  



Page 196 

 

Figure 6.29 shows the voltammograms and Tafel plots of the OER on the Co@KMO-

Cl prepared with different concentration of CoCl2 precursor. When normalized by the 

geometrical area, the catalytic activity of the OER increases as the concentration of 

CoCl2 used in the preparation of Co@KMO-Cl increases from 0.01 M CoCl2 to 0.5 M 

CoCl2. Thus, we assume that the activity is directly controlled by the Co-OH species 

generated on the surface due to the increase in concentration of the CoCl2 precursor. To 

confirm this assumption, the loading of Co on the catalyst as a function of the 

concentration of the precursors was determined by XRF and the mass activity 

(normalized by the Co loading) is shown on Figure 6.29a. It is evident that higher Co 

loading resulted in higher mass activity, following the same trend observed for 

geometrical activity. A higher catalytic activity was observed on the Co@KMO-Cl0.5, 

which only requires an overpotential of 230 mV to reach 50 mA g
-1 

Co. 

 

Figure 6. 29 (a) Stable cyclic voltammograms in 1 M NaOH solution of Co@KMO-Cl 

samples synthesized with different concentrations of CoCl2 as indicated in different 

color, solid lines (left Y axis): geometrical activity; (◦) symbols (right Y axis): mass 

activity. The stable voltammogram was recorded after 10 consecutive scans. The 

voltammogram of the glassy carbon (GC) support is included for comparison. All the 

curves are iR-corrected. Scan rate = 20 mV s-1. (b) corresponding Tafel plots in the 

potential range between 1.4 and 1.7 V vs RHE. 
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6.3.4 Long term stability of Co@KMOs during the oxygen evolution reaction 

The long-term stability also plays a pivotal role in the evaluation of an electrocatalyst, 

especially for commercial applications. Figure 6.30a shows the electrolysis in a 1 M 

NaOH solution at 1.48 V vs. RHE for 22 h using the Co@KMO-Cl0.5 as electrocatalyst. 

The chronoamperometric curve shows a stable signal of j ≈ 10 mA cm-2 during the total 

duration of the experiment. HR-TEM and cyclic voltammetry of the catalyst before and 

after the electrolysis were recorded in order to determine any changes or degradation 

of the catalyst over time. HR-TEM image of Co@KMO-Cl0.5 after 22 h electrolysis 

shows transformation of the edge of the Co-OH nanoflakes from a more crystalline 

structure to a more amorphous one (Figure 6.30b, c). Such changes during OER 

process have been previously reported and have been associated with oxidation state 

evolution of active sites and its coordinations.69-71 Even though, structural changes were 

observed on the electron microscopy, the cyclic voltammograms of the Co@KMO-Cl 

before and after the electrolysis show negligible differences (Figure 6.31). No 

additional signals were found in the Raman spectra on Co@KMO-Cl after a long-term 

stability test, while slight change in peak intensity at 578 cm-1 clearly demonstrated the 

surface reconstruction, as observed in TEM image. In order to confirm whether the 

changes of the morphology of the catalyst occurred at the start of the reaction or during 

the whole chronoamperometry, high resolution SEM images where obtained after 10 

cycles between 0.8 and 1.5 V (Figure 6.32). It was observed that the structure of the 

catalyst changed at very early stages of the reaction. Thus, after the formation of this 

reconstructed morphology, the catalyst is stable not only in terms of catalyst activity 

but also the morphology of the matrix. Despite of the local surface reconstruction, the 

identical phase structure (Figure 6.33) and homogenous element distribution visualized 

by SEM-EDS (Figure 6.34) confirm the observed stability.  
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Figure 6. 30 (a) 24 h chronoamperometry profile of Co@KMO-Cl0.5 at 1.48 V vs. RHE 

in 1 M NaOH solution. HR-TEM images of Co@KMO-Cl (b) before, and (c) after 

electrolysis. 
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Figure 6. 31 Cyclic voltammograms of Co@KMO-Cl before and after long term 

durability test.  

 

 

Figure 6. 32 SEM images of Co@KMO-Cl after 10 cycles of OER. 
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Figure 6. 33 Raman spectra of Co@KMO-Cl before/after chronoamperometry. 

 

 

Figure 6. 34 SEM-EDS mapping of Co@KMO-Cl after chronoamperometry at 1.48 V 

vs. RHE in 1 M NaOH.  
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6.4 Conclusions  

In this work, we demonstrated that surface galvanic formation of Co-OH on Birnessite 

is a clean, green route for the design of highly efficient catalysts for OER. This simple 

method provides a route for the synthesis of ultrathin and high surface area Co-OH 

nanosheets with 3-4 nm thickness supported on KMO. The simple and clean synthesis 

method involves the surface redox reaction of hydrated Co2+ and crystalline Mn4+ at 

ambient temperature, without use of additional surfactants or capping materials. Thus, 

the resulting catalyst can be implemented directly as catalyst without extra cleaning or 

high-temperature steps. 

  

XAS and XPS analysis confirmed the changes in the oxidation state of the bulk and 

surface species Co+2 → Co+2.75 and Mn+3.9 → Mn+3.1. The effect of the anions of Co 

precursors, such as CoCl2, Co(NO3)2 and CoSO4 was evaluated. It was found that the 

use of different anions in the preparation of the catalyst results in changes to the 

coordination chemistry and electronic structure of the catalyst. These changes 

influenced the activity of the catalyst with Co@KMO-Cl being identified as the most 

active for OER compared to Co@KMO-NO and Co@KMO-SO catalysts. The presence 

of Cl was found to favor the formation of Co-OH. Further, the kinetic analysis suggests 

that such an increase in the catalytic activity on Co@KMO-Cl is due to the change of 

the RDS from the OH adsorption step to the coupled electron-deprotonation step. The 

Co@KMO-Cl showed improved catalytic activity in comparison with non-precious 

metal state-of-the-art catalyst for the OER in alkaline media with an overvoltage of only 

245 mV to achieve 10 mA cm
-2 

geo (Table 6.5). Long-term stability tests demonstrated 

that the Co@KMO-Cl has an excellent stability by showing steady current density 

during the OER for at least 20 h. 
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Chapter 7 Conclusions and future work 
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7.1 Conclusions    

Under the global demand of developing highly efficient electrocatalysts with low cost 

to realize industrial scale production of hydrogen fuel, this thesis aims to fabricate 

supported catalysts for water electrolysis based on layered metal oxide family. Cost-

effective layered manganese oxide and titanate oxide materials have been developed as 

support to accommodate small loading of Ni, Co and Pt active species. Ultrahigh atomic 

efficiency has been achieved due to the highly dispersed active atoms, cluster and phase. 

Excellent mass activity of our electrocatalysts indicate the great potential of these 

materials to be employed in practical applications. In addition, the correlation between 

coordination/electronic structure and HER/OER catalysis was elucidated through 

systematically physical characterization and electrochemical study. This understanding 

provides effective guideline for new catalyst design.  

 

Since the properties of metal oxide supports themselves have a strong effect on the 

HER/OER active species deposited, the phase transformation from layered structured 

lepidocrocite TiO2 (L-TiO2) nanosheets to its polymorphs anatase/rutile TiO2 (R- TiO2 

and A- TiO2) was studied firstly (Chapter 4). Phase transition of the L-TiO2 nanosheets 

as a function of temperature and pH reveals that the temperature determines the final 

phase-structure of the TiO2 nanoparticles while the pH mostly influences the 

morphology and particle size. By fixing the reaction temperature of 180 °C, dominant 

A-TiO2 was obtained at all range of pHs. Whereas A-TiO2 particles in acid solution 

(pH=3) exhibit granular shape amorphous structure, while in alkaline solution pH=9 

the nanoparticles are shuttle-like with highly exposed (101) lattice plane. The 

synthesized A-TiO2 with different electronic structure exhibit different responses to the 

UV-Vis light. On the basis of this feature, Pt decorated TiO2 with modified electronic 

structure were synthesized through a photochemical reduction reaction. UV-Vis spectra 

and XPS clearly confirm the charge transfer from Ti to Pt on Pt@TiO2-pH9 which 

resulted from stronger absorption towards UV-Vis light irradiation. Pt species on 

Pt@TiO2-pH9 with reduced oxidation state exhibited better electrochemical HER 
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performance than the Pt@TiO2-pH3 counterpart. Moreover, in terms of mass activity 

and long-term stability, photochemical deposited Pt@TiO2-pH9-N300 with ultralow Pt 

loading (~1 wt%) exhibits a current density of 3954 A g
-1 

Pt  at an overpotential of 30 mV, 

which is 17-folds larger than that of commercial Pt/C.   

 

As the counter reaction of HER, OER on the anode commonly requires higher 

overpotential because of the sluggish kinetics from four electron transfer steps. Ni 

intercalated catalysts based on layered manganese oxide and layered titania oxide were 

synthesized and investigated (Chapter 5). Combination of XRD and XAS/XES reveals 

the intercalation of Ni2+ taken place at Mn3+ sites, via reduction of Mn3+ to Mn2+. The 

amount of Ni intercalated in each of the samples is proportional to the concentrations 

of Mn3+, where 8 wt% Ni was detected in Ni-KMO and 16 wt% in Ni-HMO. With 

EXAFS analysis, different coordination environments of Ni species were confirmed in 

Ni-KMO and Ni-HMO, where Ni-K/H2O in Ni-KMO was replaced by Ni-H2O in Ni-

HMO. The alignment of H2O molecules in interlayer gallery therefore altered. Changed 

coordination structure leads to different electrochemical redox feature of Ni2+/Ni3+ 

transition, which further give rise to different OER activities. Electrochemical study 

shows that the geometrical activity of Ni-KMO (η10 = 240 mV, Tafel slope = 60 mV 

dec-1) in 1 M NaOH electrolyte is much smaller than that of Ni-HMO (η10 = 300 mV, 

Tafel slope = 113 mV dec-1). It can be concluded that instead of positive relation 

between Ni content and OER activity, the coordination structure plays a more essential 

role in determining catalytic activity. The optimal Ni loading intercalation with optimal 

alignment of H2O molecules can boost higher activity. In terms of mass activity, Ni-

KMO and Ni-HTO show excellent mass activity of 602 A g
-1 

Ni  and 710 A g
-1 

Ni  at 

overpotential of 240 mV, respectively. Ni-HTO shows a 6-fold increase in catalytic 

activity per mass of Ni in comparison with the state-of-the-art Ni-based nanocatalysts. 

 

Chapter 6 further extended the interaction of active species of cobalt with layered 

manganese oxide. Different to intercalation mechanism of Ni, redox reaction 
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mechanism was demonstrated in Co-KMO system due to more labile chemical property 

of high spin hydrated [Co(H2O)6]
2+ than the low spin [Ni(H2O)6]

2+. HRTEM and 

HAADF-STEM show that ultrathin Co-OH nanosheets with poor crystallinity in-situ 

formed at the KMO surface. Such core-shell structure significantly alters the surface 

roughness and increase the ECSA by 16-folds. XAS and XPS analysis confirmed the 

changes in the oxidation state of the bulk and surface species Co+2 → Co+2.75 and Mn+3.9 

→ Mn+3.1. By means of XES analysis, the change of each Mn species (Mn2+/Mn3+/Mn4+) 

in Co@KMO and KMO were determined that the reaction mechanism was proposed: 

δCo2+ (liq.) + Mn4+ (cryst.) → δCo3+ (cryst.) + Mn(4-δ)+ (cryst.) (0 < δ < 1). This reaction can be 

extended to varying type of Co precursors, such as CoCl2, Co(NO3)2 and CoSO4. It was 

found that the use of different anions in the preparation of the catalyst results in changes 

to the coordination chemistry and electronic structure of the catalyst. These changes 

can be associated to OER activity. The presence of Cl was found to favour the formation 

of Co-OH, which increase the ECSA and change of the RDS from the OH adsorption 

step to the coupled electron-deprotonation step instead. Obtained Co@KMO-Cl 

showed excellent catalytic activity in comparison with non-precious metal state-of-the-

art catalyst for the OER in alkaline media with an overvoltage of only 245 mV to 

achieve 10 mA cm
-2 

geo. This work provides a clean, surfactant free and large scalable 

strategy for electrocatalyst design.  
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7.2 Further work 

In this thesis, highly efficient catalysts based on layered metal oxides (titania and 

manganese) for water splitting and their electrochemical properties are presented. 

Through the photochemical reduction, ion exchange and surface redox reaction, active 

species can be readily incorporated and have a strong interaction with the oxide support. 

Owing to the interaction, charge transfer between active species and support, 

coordination structure difference originated from spacing confinement and ligand effect 

have been elucidated and correlated to the electrochemical behavior. However, some 

issues still need attention and further work to get deeper insight.  

 

All the physical characterizations in this thesis are ex-situ that can not provide real-time 

dependent information during the electrochemical process. For example, the valence 

state and coordination environment of Pt species on Pt@TiO2 samples in the catalytic 

HER process is not clear. In-situ XANES characterization is a powerful technique to 

monitor chemical state change under a fixed applied potential. In Chapter 5, we infer a 

crystal structure transition of Ni(OH)2 → NiOOH inserted in Mn-O layers. In-situ 

EXAFS technique can reveal the coordination structure change during the 

electrochemical process that provides direct evidence of structure change.  

 

The developed catalysts for HER and OER in this thesis were evaluated in different pH 

solutions. Pt@TiO2 catalyzed HER in acidic medium while Ni-KMO and Co@KMO 

samples promoted OER in alkaline medium. Further work needs to be done to design 

bifunctional catalyst which has the capability to drive the HER/OER at the same 

condition. In that way, membrane-electrode-assembly made by synthesized catalysts 

can be operated at single cell for practical application.  

 

In addition, layered metal oxides with a wide range of elements pool, such as Ti, V, Mn, 

Co, W, Mo, et al., have great potential to be the support or nanoreactor. For example, 

recent work on widened interlayer gap of layered MoO3 have been applied in lithium 
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ion battery.1 Through lithiation/delithiation, O defects and water molecules have been 

introduced into MoO3. It can be supposed that the modified MoO3 can be an ideal 

support for foreign atoms anchoring/deposition thus to fabricate specific catalysts, i.e. 

hydrogen evolution reaction. Rodriguez’s group previously reported that Cu 

intercalated titania oxide can catalyze the photoanodic oxygen evolution.2 In future 

work, by means of ion exchange protocol to intercalated Cu into layered oxides, 

different valence state Cu species and specific coordination environment can be 

engineered. Deep insight into the correlation of valence/coordination structure and 

catalytic reaction needs to be explored.  

 

  



Page 211 

 

References 

1. M. Yu, H. Shao, G. Wang, F. Yang, C. Liang, P. Rozier, C.-Z. Wang, X. Lu, P. Simon and X. Feng, 

Nature communications, 2020, 11, 1348. 

2. M. J. Lawrence, V. Celorrio, X. Shi, Q. Wang, A. Yanson, N. J. E. Adkins, M. Gu, J. Rodríguez-

López and P. Rodriguez, ACS Applied Energy Materials, 2018, 1, 5233-5244. 

 




